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Recently, our group has developed four- and five-

gated field emitter arrays (FEAs) with an 

electrostatic lens (einzel lens).
1, 2)

 The five-gated 

FEA has successfully realized a crossover of the 

electron beam without any external optical system.  

However, these multi-gated FEAs has large 

aberrations due to the highly negatively biased 

einzel  lens with a small aperture and a large 

electron emission angle at the incident plane of the 

lens electrode.  In addition to it, the speed of 

electrons accelerated by the voltage of the extractor 

is much higher than that expected for a micro scale 

electrostatic lens.  

    In this presentation, we have designed and 

fabricated a novel microcolumn with multi-gated 

FEAs, as shown in Fig. 1. The microcolumn consists 

of an objective lens and an electron gun. An 

acceleration lens was used as the objective lens. The 

electron gun was designed to produce a parallel 

electron beam. The electron gun has three gates and 

a field emitter tip. The key components are the 

second (focusing) and third (waist) electrodes. The 

focusing electrode can focus and align the electron 

beam like a condenser lens without reducing the 

electric field at the top of the emitter tip.  The waist 

electrode with a small aperture can electrically 

isolate the condenser from the acceleration lens just 

above the electron gun. By applying a lower voltage 

to the waist electrode than to the first electrode, 

which acts as an electron extractor from the tip, the 

electron beam can be decelerated before being 

injected into the objective lens. The slow electron 

beam enables us to use an acceleration lens as an 

objective lens.  

    We measured current-voltage characteristics of 

each electrode for the microclumn.  The current 

variation of each electrode indicates that each 

structure controls the electron beam and the 

objective lens focuses the electron beam of about 40 

mm at working distance 2 mm and a magnification 

of 400 times without applying an electric field from 

the microcolumn to the anode.  

 

 
Fig. 1  Cross sectional SEM image of the microcolumn 
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Physical properties of nanometric particles are 

surprisingly different from volume effects, 

particularly regarding the semiconducting materials. 

Organic materials form a very impressive range of 

nanometric applications, especially in such fields as 

medicine.  
 

An outstanding example is the creation of a 

blood substitute as pioneered by Prof. Thomas 

Chang at McGill University in Canada.  
 

Polymer-biomolecule hybrids are suited for a 

number of potential nanomedicine applications. 

Polyhemoglobin cells are used as artificial cells. 

They are employed successfully for trauma surgery 

already. No  side effects have been reported so far. 

They stay in circulation up to 27 hours and transfer 

oxygen and  carbon-dioxide. 
 

Similarly, the delivery of drugs and other 

medical tasks are possible. 
 

Nanometric electronics is based on 

semiconducting materials. The concepts of analogue 

circuitry will typically have input signals from 

sensors, leading to amplified output for sending 

antennas. The required bias supply by batteries is 

difficult so that energy transfer is considered by 

optics or microwaves. 
 

More advanced possibilities are then digital 

signal processing. 
 

Sensors are provided to measure any data of 

interest. Antennas are introduced to transfer data to 

the outside. Piezo-Nano-Electromagnetic Systems ( 

NEMS) are used for motion. 
 

All these details are to be introduced on 

surfaces of the order of size of a few micrometers so 

 

 

 

 

 

 

 

 

that the conductor lines are typically around 5o 

nanometers in size, a dimension now used for 

ultrahigh IC-packaging. 
 

Identification of chemical compositions is 

possible by Terahertz sensing. 
 

Fluid flow measurement and control are 

performed by other suitable sensing approaches. 

Also, the identification of bacterial structures is 

attempted at the present time.  Research is 

performed on living tissues. Also the supply of 

medicaments is envisaged to specific parts of the 

body. The transfer of material into living cells is 

attempted by adhesion of suitable molecules. In 

particular, some promising ideas are considered to 

perform in similar ways suitable  material transfers  

in view of cancer treatment. 
 

In the future, it can be envisaged that these 

nanometric units can be made to interact with each 

other via electromagnetic signals, received at inputs 

and emitted at their outputs. 
 

This then gives entire systems mutually 

interacting for sensing, delivery, activating etc in 

particular environments such as biological bodies. 

Such intelligent nano-environments will be relevant 

for both small dimensions such as blood transporting 

vessels as well as for climatic applications in rooms 

or cavities. 
 

It is envisaged to have these as part of clothing 

for medical applications or for severe thermal 

operation of workers in extreme winter conditions. 

Of course these possibilities are of particular interest 

for military applications. 
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I. INTRODUCTION 

Patient safety is a fundamental cornerstone of patient 

care and a critical component of health care quality. 

However, recent research suggests that the rate of 

medical errors with serious consequences for patients is 

extremely high, reaching 10% of admissions [1,2,3]. 

Some of these errors are due to adverse events related to 

medical devices failures. Progress in health services in 

recent decades has been accomplished, largely through 

the progress and developments in technology. Medical 

technology has become more reliable, efficient and 

secure than before. Currently, all medical devices are 

produced and “placed on the market” according to 

international standards and have the necessary 

certification in compliance with the Medical Devices 

Directives and guidelines for the EU, and/or FDA 

approval for the US. However, even the best designed 

products, which are manufactured according to 

international quality standards and bear CE marking, 

could potentially fail in clinical practice and cause 

serious problems or death to patients and staff [1,2,3]. To 

avoid such adverse incidents, or more correctly to avoid 

their reoccurrence at a different time or place, the 

European Directives on MDs include provision for the 

establishment and operation of MD vigilance systems in 

the European Union [4,5,6]. These systems must be 

created under the responsibility of each member state 

and should collect reports of adverse incidents involving 

medical devices, perform investigation when 

appropriate, and disclose the information to the other 

member states and the EU Commission in order that 

necessary precautions are taken [7,8]. It is basically a 

system for collecting and exchanging sensitive 

information similar to that of drug-surveillance 

[9,10,11]. 

 

Consequently, one of the most important tasks of the 

Competent Authorities (CAs) in the field of medical 

devices is the implementation of procedures for 

vigilance. Early warning of adverse effects should be 

performed by users reporting to the national authorities 

(User Reporting System) or to manufacturers (Post 

Market Surveillance) [12,13,14]. For this reason, the 

authorities must implement the necessary means to 

ensure that adverse incidents involving medical devices 

are indeed reported, investigated and, where necessary, 

appropriate measures are taken to prevent reoccurrence. 

This requirement is also described in the Guidelines on 

Medical Devices Vigilance System [4]. Greece has not 

taken any action in this direction, so it appears as 

perhaps the only EU country in which adverse incidents 

involving medical devices do not occur at all! 

 

On the international level, the implementation of a 

Biomedical Technology Unit, Department of Medical Physics, Faculty of Medicine 

University of Patras, Greece 

nipa@upatras.gr 
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uniform system remains difficult, since a number of 

critical issues relating to nomenclature, coding, 

classification and use of information on medical devices 

have not been solved yet. With tens of thousands of 

manufacturers who put one million of different products 

on the international market and hundreds of thousands of 

local health devices producers, especially for custom 

made products, in local markets around the world, the 

problems arising are significant, making it difficult to 

achieve a common approach. An important effort to 

overcome these problems was initiated in the late 

nineties through the European Concerted Action 

EUROMEDIES (European Medical Devices Information 

Exchange System), coordinated by the Institute of 

Biomedical Technology (INBIT). That work laid the 

foundations for the creation in 2004 of a European 

Database for Medical Devices, EUDAMED (European 

Database on Medical Devices), which also incorporates 

an adverse events reporting system. At the same time a 

major effort began and continues up to now, in order to 

achieve uniform nomenclature, coding and classification 

of medical devices, initially at the EU level and then 

internationally, through the creation of a single system 

for all these products, namely the GMDN (Global 

Medical Devices Nomenclature). It has been proposed as 

an alternative to the UMDNS (Universal Medical 

Devices Nomenclature System) of ECRI (Emergency 

Care Research Institute) and supported by the 

international cooperation initiative Global 

Harmonization Task Force [15,16]. 

 

Despite these international actions and initiatives, 

changes that emerged in information exchange, mainly 

through the Internet, have created a new environment. 

Recent studies [6,8] show that the search and extraction 

of interesting information can and should be done in 

parallel, from sources outside the official systems of 

vigilance. This project work is headed in this direction. 

The establishment of a Medical Devices Vigilance 

System is a key element for the creation of a safer 

environment in healthcare and a condition for the 

prevention of adverse events in hospitals. 

II. METHODOLOGY 

The purpose of the Vigilance system is to improve the 

protection of health and safety of patients, users, and 

others by reducing the likelihood of the same type of 

adverse incidents being repeated in different places at 

different times. This is achieved by the evaluation of 

reported incidents and the dissemination of information 

when necessary, in order to prevent repetitions of the 

same type of incidents or to alleviate their consequences. 

This work includes issues related to the analysis of 

adverse events, codification and classification of medical 

equipment, data collection, data standardization and data 

mining. The classification of adverse events is 

accomplished by two different means. The first one is 

according to the medical equipment category and the 

second one according to the related cause of damage or 

malfunction. The medical products under investigation 

may be as simple as disposable gloves, or as complex as 

computer tomographic imaging systems. Recent studies 

have shown that a large number of problems are 

associated with devices used in medical imaging, 

anaesthesia and in vitro diagnostics. Concerning the 

causes of harm, most of them are related to the 

operation, production, quality and maintenance of 

medical equipment. Moreover, a significant number of 

the incidents is lately related to the operation of the 

software embedded or used in medical devices. A global 

example of the software failure was the year 2000 case, 

involving many medical devices, but it was treated 

successfully and ultimately caused no serious problems. 

 

The data that are stored in the databases are collected 

from different sources with heterogeneous data sets, 

which can be in structured, semi-structured or 

unstructured form. This results in difficulty concerning 

the identification and collection of data, thus making it 

necessary to turn to data mining, data standardization, 

and integration. Data mining techniques have already 

been successfully applied in various healthcare 

applications, such as evidence-based medicine and 

epidemiology, aiming to provide reliable data-driven 

models, which represent more complex knowledge than 

typical statistics and density distributions, in order to 

facilitate decision support. It is estimated that 90% of the 

electronically available information is available in 

unstructured form and the amount of unstructured textual 

documents that are accessible through the web, intranets, 

fora, etc. is enormously increased every year. Therefore, 

identifying and extracting knowledge in unstructured 

documents is of paramount importance. 

 

Efficient data mining approaches include association 

rule mining, neural networks, Bayesian networks, 

Markov models, support-vector machines, decision trees, 

classification and clustering methods. Inclusion of 

semantics into data-driven modelling is also an active 

research area. The range of medical applications of data 

mining is constantly expanding: brain injuries, stroke, 

geriatrics, trauma care, cardiovascular disease care, bone 

marrow transplantation, etc [17,18]. Several applications 

integrate various data mining approaches in order to 

obtain the most efficient and optimal results [19,20]. 

Integrated analysis of structured data with data available 

in semi-structured and unstructured form has been 

recently explored. 

 

Although data exploration and mining have become 

an important means in a wide range of healthcare 

applications, the potential of data mining to enhance 

patient safety and improve healthcare quality in terms of 

medical devices vigilance, which is a crucial patient 

safety issue, has not yet been explored. In the context of 

this work, selected data mining techniques are properly 

adapted and combined in order to allow identification 

and extraction of knowledge from heterogeneous 

datasets and from different sources. The achievement is 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 

 

  19 

the development of a novel pattern recognition system 

able to identify patterns that reveal adverse events and 

potential medical equipment malfunction. Moreover, a 

unified framework for the codification of adverse events 

and of the available information is developed; this 

framework could be exploited in other applications as 

well, besides medical device vigilance. 

 

The prototype Vigilance system is composed of three 

modules with different functionalities: 

 

• The first module consists of a database on adverse 

incidents and the collection, extraction and storage of the 

relevant information. The database of adverse incidents 

is populated with vigilance related information mainly 

provided by international sources: national authorities, 

international organizations, manufacturers and suppliers 

of medical equipment. Additional data are extracted 

from other sources on the web through the development 

of specific tools as described in the following section. 

Data from the different sources follow standardization 

process before being imported into the database. 

Information on adverse events directly reported by the 

hospitals on a voluntary basis is also been taken into 

account and retrieved where necessary. 

 

• The second module is developed through the 

creation of a second database of medical devices, 

containing information from hospitals’ Medical 

Equipment inventories and warehouse. Studies are 

conducted for customized information related to existing 

medical devices that are used in hospitals. The resulting 

medical equipment inventory should be maintained and 

continuously updated. This implies the use of Medical 

Equipment Management Systems (MEMS) or at least a 

simple e-inventory of medical devices with the necessary 

information to uniquely identify each item. 

 

• The third module is a versatile Comparison and 

Detection Engine that identifies and reveals potentially 

hazardous medical devices. This means comparison of 

the data between the two databases of adverse events and 

medical devices, and detection of potentially dangerous 

medical devices. In the majority of cases, the 

information in the two databases differs significantly in 

terms of syntax. Therefore, to avoid the poor 

performance of the Comparison and Detection Engine 

leading to poor vigilance results, the algorithm for 

correlation and detection is based on flexible comparison 

of the manufacturer-model data between the two 

databases. It suggests possible matching relations which 

undergoes approval by the user. The procedure is based 

on self-training methods throughout its running, 

featuring continuous improvement of the vigilance 

results-reports, as well as improvement in the processing 

speed. The detection of eventually problematic medical 

devices is performed, either on demand by the user for 

one or more medical devices, or through an automatic 

procedure running for the total device inventory 

database. 

 

The information related to the medical devices is 

collected from various sources, which in most of the 

cases provide the data with significant differences. This 

implies difficulties in importing the data, and imposes 

the need to use data mining, data standardization and 

integration of information before its storage. Algorithms 

for data mining are developed and used for the analysis, 

collection of the data from different sources, composing 

and summarizing it into useful information. The analysis 

is conducted from many different dimensions or angles 

to allow full correlation of the data. Analysis of large 

amounts of data from heterogeneous sources is a key 

factor in the implementation of the proposed MD 

vigilance system, aiming to provide reliable models that 

can be used to highlight the link between certain 

parameters, like device characteristics and clinical 

evidence, and the identification of adverse events and 

possible device malfunction. Such models, which are 

automatically trained using the available data, represent 

more complex knowledge than typical statistics and 

density distributions, and could include various machine 

learning and pattern-recognition paradigms. In the 

context of data mining, the exploration of MD vigilance-

related data involves the entire spectrum of relevant data 

from distributed and heterogeneous sources, e.g. 

manufacturers’ sites and hospitals’ adverse events 

reporting systems, and requires a comprehensive 

approach to data analysis. 

 

Given that data extracted from the web is in 

unstructured form, text mining is performed in order to 

extract features that can be used to support analysis of 

the available data in order to recognize potential risks 

and adverse events. These features are identified, and 

appropriate techniques for their extraction are designed 

and developed. A combination of rule-based and 

machine-learning approaches for extraction of the 

relevant information from different sources has taken 

place. The extracted features are assessed using 

statistical methods for feature selection in order to 

identify the most suitable ones that can be used to 

support MD adverse incidents system. Given the 

heterogeneity of the data space, a hybrid approach to 

both data and text mining approaches is designed and 

implemented. Techniques are adapted based on 

association rule mining, one of the most important and 

well researched techniques of data mining, which 

extracts interesting correlations, frequent patterns, 

associations or casual structures among sets of items in 

data repositories. The potential of neural networks for 

modelling and profiling processes and outcomes of MD 

monitoring and performance evaluations are also 

explored. In addition, the possibility of using 

semantically-integrated data coming from relevant fora 

is examined, in an attempt to take into account personal 

experiences of people using the medical devices under 

question, which may have not been officially reported; 

the inclusion of semantics in this context could 

potentially lead to the development of additional novel 
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data mining techniques for effective knowledge 

discovery. 

 

Satisfying user requirements while providing fast 

access to up-to-date and accredited resources of 

information are prerequisites for the successful 

implementation of the medical device vigilance system. 

Nevertheless, modelling of the system design prior to the 

implementation is an essential part for the application 

development. System modelling is considered to be 

successful when the following requirements are met: the 

system’s functionality is formally described and correct, 

the end-user needs are met, scalability and extensibility 

are supported, the system’s design is visualized, checked 

for errors and edited before its implementation. This 

work suggests that the design requirements of the 

vigilance system are described formally using the 

Unified Modelling Language (UML), the current state-

of-the-art language for system design. UML provides a 

family of diagrammatic notations by which a software 

system can be described at a high level of abstraction 

that enforces system modularization, by splitting the 

Figure 1. Overview of the system operation and information flow Figure 1. Overview of the system operation and information flow 
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system’s functionality into a collection of connected 

components. 

 

The design and development of the proposed vigilance 

and user reporting system are customized, in order to 

satisfy the specific requirements within the healthcare 

sector in Greece. An overview of the system operation 

and information flow is schematically shown on Figure 

1. The Alerts Incidents database is populated with 

vigilance data provided mainly by international sources, 

e.g. National Authorities, International Organizations, 

manufacturers and suppliers of medical equipment, but 

additionally with information extracted through the 

internet using data mining techniques. Data from the 

different sources is going through a standardization 

procedure, before their import into the Alerts-Incidents 

database. At the same time, Alerts-Incidents database is 

also populated with data about adverse incidents 

reported by the healthcare facilities. On the other hand, 

in order to provide the healthcare units with customised 

information concerning devices locally used, and avoid 

the wide spread of not useful information, hospital 

medical device inventories should be maintained and 

continuously updated. This database is created and 

maintained by regular data import from existing hospital 

devices inventories, when available, or such inventories 

are built from the beginning, where necessary. Medical 

devices of the hospital inventories are periodically cross-

checked versus the vigilance information from the 

Alerts-Incidents database, by using the Comparison and 

Detection Engine through a flexible comparison 

procedure. As a result, customised vigilance reports are 

generated, which are further on assessed, verified, and 

distributed to the hospitals concerned in order to take the 

necessary preventive actions. 

III. RESULTS 

For the purposes of the Medical Device Vigilance 

System, analysis and codification of adverse incidents 

have been first investigated and accomplished. Adverse 

events are classified according to the type of medical 

devices, according to its primary function and according 

to the cause of failure. Also, a key parameter in the 

analysis is whether the medical equipment uses software 

necessary for its operation and whether the failure occurs 

because of the software. 

 

Classification of the adverse events according to the 

basic functionality of the Medical Devices has been 

performed in compliance with the Generic Categories of 

the Global Medical Devices Nomenclature (GMDN). 

Specifically these categories are: 

01 Active implantable devices 

02 Anaesthetic and respiratory devices 

03 Dental devices 

04 Electro mechanical medical devices 

05 Hospital hardware 

06 In vitro diagnostic devices 

07 Non-active implantable devices 

08 Ophthalmic and optical devices 

09 Reusable devices 

10 Single use devices 

11 Assistive products for persons with disability 

12 Diagnostic and therapeutic radiation devices 

13 Complementary therapy devices 

14 Biological-derived devices 

15 Healthcare facility products and adaptations 

16 Laboratory equipment. 

 

Further on, classification of the adverse incidents has 

been performed according to the failure symptoms of the 

medical devices. Recent studies have shown that most of 

the problems that occur with medical devices are 

associated with the operation, performance, appearance 

and upgrade of the device software [8,13]. As a result, 

the adverse events have been classified into 11 

categories: 

1. Behavior - the system performs a physical 

action due to some output of a function, e.g. gantry 

movement. 

2. Response - the system performs not expected 

function, e.g. sudden emission of radiation. 

3. Data - corrupted or lost. 

4. Display - these symptoms are related to 

incorrect visual display of texts, numbers or images by 

various means, such as monitors and printers. 

5. Function - there are errors in calculations and 

certain functions of the code. 

6. General - for the cases with no sufficient 

information, impossible to be assigned to other 

categories. 

7. Input - these symptoms are related to input 

improper feeding of functions or modules, e.g. data 

entered by user or read from a storage device. 

8. Output - these symptoms are related to 

erroneous outcome of functions or modules. 

9. Service - the system performs a malfunction 

involving more than one subsystem. 

10. System - an overall system problem. 

11. User instruction - refers to mistaken manuals or 

other documentation for the user. 

 

A significant number of adverse incidents with 

medical devices is due to software failures. An analysis 

of reports of medical device failures over the past several 

years indicated that a significant number of them are 

associated with software. This figure is reaching 

approximately 50% when adverse incidents concern 

active medical devices. Dealing with software safety is 

considerably more complex than hardware, as it cannot 

be fully tested in the same way as hardware, and it is 

easy to modify or update, potentially introducing 

unforeseen errors. 

IV. CONCLUSION 

Regarding the MD vigilance, as stated by the Medical 

Device Directives, the Competent Authorities are 

required to establish and maintain a comprehensive MD 

vigilance system for reporting adverse events with the 

involvement of all healthcare facilities in the country, as 
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well as the MD manufacturers or their authorized 

representatives. However, the most difficult target to 

achieve is a trustful connection between the users, the 

service providers and the manufacturers of medical 

equipment in order to facilitate the exchange of 

information in this crucial area. The implementation of 

this prototype vigilance system will play a catalytic role 

towards achieving this goal. Since we are currently 

experiencing a new era of communication, it is expected 

that the telematics tools, which are developed and used 

by the vigilance system, provide the means for an 

effective and mutually acceptable approach to 

information sharing. 

 

In Greece, the users of medical equipment are, so far, 

reluctant to report adverse events to the Competent 

Authority. They prefer informal communication with 

manufacturers, which explains the very low number of 

vigilance reports from Greece. This situation should 

change in the future through a strong information 

campaign. Training of professionals in the healthcare 

sector will focus on the importance of the MD vigilance 

system. The establishment of effective and efficient 

means of communication between all involved parties to 

exchange information about alert and adverse events will 

facilitate the success of this process, although it will take 

time to reach the level of European Union countries with 

a tradition in this field. 
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I. INTRODUCTION 

Metal nanostructures capable to support plasmonic 

excitation by incident light essentially modify light—

matter interaction resulting in local concentration of 

incident light, modification of radiative and non-radiative 

transition rates, and the probability of photon scattering. 

Thus all types of secondary emission (spontaneous 

emission and scattering of photons) may experience 

considerable enhancement under certain conditions.. 

II. RESULTS 

A rather general consideration of incident field 

concentration and photon density of states concentration 

provides a rationale for huge enhancement factors for 

Raman scattering (more than 1010) and noticeable 

enhancement factors for luminescence [1,2].  

Based on joint incident field and photon density of 

states enhancements it is possible to assign definite 

physical notions to so-called “hot spots” in plasmonic 

nanostructures. These are such places on a nanotextured 

metal surface or near metal nanobodies where 

simultaneous spatial redistribution of electromagnetic 

field occurs both at the frequency of the incident radiation  

and at the frequency of scattered radiation. The first effect 

is the so-called “the field enhancement factor” whereas 

the second is local density of states enhancement.  

 “Hot spots” promise enormous enhancement of the 

secondary radiation emitted by molecules or other species 

located in the proper positions within plasmonic 

nanostructures.  When multiplying incident field 

enhancement and photon local density of states 

enhancement, e.g. for a spheroidal metal particle, one can 

get the product exceeding 1012[2]. Such values can never 

be obtained for photoluminescence enhancement (because 

of the competitive non-radiative bypass) but these can 

even be exceeded in surface enhanced Raman 

experiments. 

Experimental performance of luminescence for 

molecular systems and semiconductor quantum dots using 

randomized, multilayer and spatially organized metal-

dielectric nanostructures is performed experimentally 

evidencing that one order of the magnitude enhancement 

factors can be performed routinely for high-yield species 

whereas up to 103-fold enhancement can be realized for 

low-yield (bio)molecules.  Figure 1 shows an example of 

fluorescence enhancement for a representative model 

system, namely bovine serum albumin labeled with FITC. 

Such system reproduces to large extent the features of real 

antibodies with fluorescent markers. This means that 

routine medical analyses become feasible with approx. 

10-fold enhancement in sensitivity.  

Extensive modeling of luminescence and Raman 

scattering for simple but instructive systems is presented 

aimed at optimizing the design of metal nanostructures to 

get high net enhancement for desirable practical tasks. An 

overview can be found e.g. in Refs. [1,3].   

During last decade, special attention is given to 

plasmonic enhancement of luminescence and Raman 

scattering for semiconductor nanocrystals (quantum dots) 

provided these are considered as promising fluorescent 

and Raman markers in biomedical application. High 

photostability of quantum dots as compared to organic 

fluorescent molecules stimulates extensive research 

towards conjugation of biomolecules with quantum dots. 

Data for plasmonincally enhanced Raman scattering for 

quantum dots is rather poor and further research is to be 

performed. Our recent experiments showed more that 

104-fold overall enhancement of Raman scattering from 

ZnO nanocrystals on silver-based colloidal substrates 

(Figure 2). Well pronounced and relatively simple Raman 

spectra from quantum dots, its finger-print-like 

equidistant multi-phonon lines, readily conjugation with 

biomolecules make quantum dots promising Raman labels 

for immunospectroscopy. 

Notably, advances in plasmonic enhancement of 

Raman scattering put forward the practical routine 

implementation based on simple and cheap Raman testers 

instead of complicated and expensive Raman 

spectrographs. Such targeted tester can include a special  

multiband selective filter (one filter for one task) instead 

of mono- or polychromator and a single photodetector 

instead of a CCD array. The concept of Raman testers 

(Figure 3) was recently  presented in our paper [5].  
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presented and compared. Reasonable agreement of experimental data with the theory is outlined. Special 

attention is given to biomedical applications including fluorescent and Raman immunospectroscopy. 
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Fig.1 Enhancement of fluorescent signal from 

biomolecules labeled with fluorescein based dye. The 

figure presents emission spectra, AFM image of the 

substrate and photographic image of substrate on a glass 

plate with one half being free from silver nanoparticles 

for reference measurements. 

 

 
 

 

Fig.2 Enhancement of Raman scattering of ZnO 

nanocrystals with silver-based colloidal substrates [3]. 

III. CONCLUSION 

In conclusion, nanoplasmonic enhancement of 

fluorescence and Raman scattering has become a mature 

field of research with high potential application in 

biomedicine, first of all in immunospectroscopy  based on 

signal enhancement from labeled antibodies. Remarkably, 

quantum dots may not only substitute organic molecules 

as photostable fluorescent label but can also serve as 

promising Raman markers in ummune analyses based on 

evaluation of Raman rather than fluorescent labels 

attached to antibodies. Then cheap Raman testers can 

readily replace expensive Raman spectrometers. 

 

 
 

 

Fig. 3. A concept of the simple Raman tester based on 

multiband selective filter 
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I.  BIOMEDICAL ENGINEERING: CONTENTS, 

BRANCHES, EDUCATION 
 

Aspiration to health and life, an inexorable datum of 

humans, propels healthcare industry  as the world's 

biggest industrial sector, with a turnover approaching 

£100 billion and an expanding rate of 7% per annum [1]. 

Other estimates for the US, using more comprehensive 

definitions, spoke on a “bioengineering market”  revenue 

close to USD 1 trillion, from which  medical device slice 

amounts USD 200 billions and biopharmaceuticals  USD 

600 billions [2]. 

 Healthcare industry includes 15,000 registered 

manufacturers, about 10,000 generic devices and > 1 

million products & brands. About 50 percent of the 2007 

diagnose & treatment technologies pertained to the last 10 

years (GMDN Ag., Med. Techn. Brief  2007, quoted in 

[3]).  

Biomedical engineering occupies a central place in 

healthcare industry and it is one of the few areas of 

engineering that is expected to continue to grow for many 

years, despite any crisis [1].  

Debates upon the object of biomedical engineering 

(BME) concluded as early as 1975 [4].  

Accordingly, BME is made up of bioengineering and 

clinical engineering.  

Bioengineering is academically orientated towards 

theory and research in biology by using methods of so-

called exact sciences emerging from maths and physics.  

Clinical engineering (the term was  first used in 1969) 

has rather a practical orientation given by the general  

 

management of clinics and hospital equipment – 

particularly the interaction with suppliers, adapting to 

specific clinical needs, safe utilization of equipment 

systems, conducting maintenance and development in situ 

– and by the partnership with the medical staff in high 

technology diagnostic or therapeutic interventions.  

The clinical engineer’s partnership with the medical 

staff, first making public surface with the implantation of 

artificial pacemakers (a bioengineering product), has 

come along with the rapid growth of computerized X-

scan/RMN techniques as a distinct mark of quality for 

medical diagnose. At the end of the 60’s, due to the 

volume of advanced technologies rapidly growing, the 

most important hospitals have created specialized clinical 

engineering divisions. Subsequently, departments of 

clinical/biomedical engineering were established in all 

American hospitals from the sub-regional size up.               

In Western-Europe establishing in biggest hospitals of 

specialized departments, if any, was made with a 

considerable delay.   

Biomedical technology has been the only industrial 

sector that went through the US recession in the early 90’s 

without losses. 

Nowadays, the branches or domains of biomedical 

engineering are seen as in Figure 1.  MEMS are micro 

electro-mechanic systems and  MCT Engr refers to 

molecular, cell & tissue engineering.   

The curricula of biomedical engineering was establish 

in the US as early as in starting 60’s within working 

groups from electrical or mechanical engineering 

departments having as task biology and medicine problem 

solving with the help of theoretical and methodological 

concepts of engineer’s sciences. 

Biomedical Engineering 2013: 

The State of The Art 

Abstract — The ubiquitous aspiration to health and life propels healthcare industry as the world's biggest 

industrial sector. Biomedical engineering (BME) occupies a central place in healthcare industry and it is one 

of the few areas of engineering that, as a whole,  is expected to continue to grow for many years. The US 

Bureau of Labor Statistics projects a 21 percent growth for biomedical engineers, with an estimated 3,000 

new careers created in the industry through 2016. Prospects are less optimistic in Europe and and a recent 

analysis called for steps from the EU Parliament in order to offer biomedical engineering adequate funding 

and support. In Romania the gap is yet larger: a precarious setting is due not to schooling capabilities or  

total number of professionals but to the very weak absorption of the practitioners into the health public 

system. At present the Academy of Medical Sciences of Bucharest tries to promote improvements by means of 

programming the EU structural funds for 2014 – 2020. In Moldova the establishing of the Moldavian Society 

of BME in 2010 and the recent setting up of the Chair of “Microelectronics and Biomedical Engineering” 

within the Technical University’s IT & C Department hold a good promise for the future of medical 

technologies and public health.     
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Fig. 1. Branches of biomedical engineering [cf. 2].  

 

In fact, medical electronics and prosthetics & 

rehabilitation domains have been parts of university 

curricula since that time.  

American College of Clinical Engineering (ACCE) has 

defined in 1992 the clinical engineer as “a professional 

that supports and contributes to patient’s care by applying 

managerial and engineering skills to the technologies used 

for this purpose” [5].  

 The Working Group for Clinical Engineering of the 

Europe-based International Federation for Medical and 

Biological Engineering (IFMBE), has accepted in 

November 1992 the definition given by ACCE and has 

recommended the bachelor of sciences (BS) degree in 

engineering as a minimal training standard for such a 

carreer. IFMBE International Registration as a Clinical 

Engineer in 2005 requires B.Sc. + 3 years experience in a 

clinical engineering job or MSc or PhD (in 

bioengineering) + 2 years experience [6]. 

Nowadays, education of biomedical engineers in the 

US often combine formal training in mechanics and 

electronics with focused biomedical training to operate 

confidently in the field.  Notice that, uncommonly, many 

entry-level biomedical engineers hold a master's degree. 

Some schools provide undergraduate degrees in 

biomedical engineering and typical coursework includes 

neuroengineering fundamentals; biofluid mechanics; 

electrophysiology; diagnostic imaging physics; and drug 

design, development, and delivery [7].  

In the UK, most courses of Medical Engineering (this 

is the preferred syntagm  in Europe) have todays a 

mechanical or electronic foundation, others may be biased 

more to materials, physics or biology. E.g., the University  

of Hull offers core modules of mechanics and basic 

medicine, together with modules in biomechanics, 

biofluids and biomaterials, implant design and artificial 

organs, rehabilitation, computer and robotic assisted 

surgery, tissue engineering, physiological measurements, 

medical imaging, and regulatory issues & medical ethics 

[1].  

II. THE US: GRADUATES AND JOBS                       

JUST BEFORE AND DURING  PRESENT 

CRISIS  

Figure 2 shows rate of increase of BME 

under/graduation in the USA just before thr present world 

financial crisis.  Percent growth ratios versus other most 

dynamic engineering domains lay between 3/2 and 3/1 as 

for 1999 to 2007. 

 
Fig. 2. BME graduation in the US 1999 - 2007 as 

compared with other key domains [cf. 2]. 

 

BME employment projections encompassing the years 

of crisis remained optimistic. 

Thus, prediction for 2012 of BME job growth made by 

the US Bureau of Labor Statistics (BLS) [cf. 2] were 

(percent increase versus  2004-05) in order of importance:  

 1. Healthcare and social assistance: + 32.4 

 2. BME and biotechnology: + 21 - 35 

 3. Nanotechnology 

 4. Security and defense 

The actual setting of BME jobs is illustrated by the 

14,000 biomedical engineers employed US nationwide, 

most of them beeing employed in medical equipment and 

supplies manufacturing [7]. Other large employing groups 

include pharmaceutical and medicine manufacturing, 

scientific and research development services, and general 

medical and surgical hospitals. According to BLS quoted 

in [7], biomedical engineers’ mean annual earnings were 

about $ 79,610 in 2007 (cf. BLS). Those working in 

medical equipment and supplies manufacturing saw 

slightly higher salaries, at $ 81,950, while those working 

in scientific research and development earned $ 92,870. 

Careers with strongest competition often require 

applicants to have a master’s degree. 

Mid-term prospects say that, although some 

engineering specialties are expected to rise slowly or even 

decline in the coming years, biomedical engineers should 

see growth. The BLS projects a 21 percent growth for 

biomedical engineers, with an estimated 3,000 new 

careers created in the US industry through 2016. The 

demand for increasingly sophisticated medical devices is 

behind the predicted employment increase [7]. 

By the way and interestingly enough, job prospects for 

medical engineers in the UK are also seen as excellent, 

despite the gap actually separating Europe from the US, 

namely: companies working on the design, development 

and manufacture of medical devices; in hospitals working 

with clinical colleagues in providing non-clinical services; 

in academic or governmental research facilities; and in 
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government regulatory agencies. Medical engineers can 

also work as technical advisers for marketing departments 

[1]. 

Long term prospects in the US are suggested by the job 

datasheet for the biomedical engineer over 2010-2020 [8]: 

• 2010 Median Pay: $81,540 per year,      $ 9.20 

per hour  

• Entry-Level Education: Bachelor’s degree 

• Work Experience in Related Occupation:    None 

• On-the-job Training: None 

• Number of Jobs 2010: 15,700 

• Job Outlook 2010-20: + 62% (much faster  than 

average) 

• Employment Change 2010-20: +  9,700. 

III. BME IN EUROPE:  AN OBVIOUS GAP 

VERSUS THE US 

The recent recommendations of the Expert Policy 

Workshop on BME  held March 27th 2012 under EU 

Parliament and European Alliance for Medical and 

Biological Engineering & Science (EAMBS) aegis, 

include (excerpta from 9 items) [9]:  

“ 1.  […] It is important that the European Union 

recognises the full potential of BME and consequently 

promotes collaborative research in this field. Furthermore, 

Biomedical Engineering should be understood as a stand-

alone discipline […] 

2. […]   promoting growth and well being, including 

ad Active and Healthy Ageing. 

3. Biomedical Engineering research should be made an 

explicit priority by introducing it into European Union 

policies and legislation […]. 

4. Strengthening of funding for Biomedical 

Engineering research, by dedicating specific research 

programmes and by supporting the commercialisation of 

research results, is essential. 

5. More emphasis should be given to covering the full 

innovation cycle and focus on the “missing mile”, the gap 

between the completion of a research project and the 

provision of sufficient (clinical) evidence to attract private 

investments. 

6. Consideration should be given to the impact of the 

regulatory framework on research and commercialization 

of health technologies [...] 

7. Biomedical Engineering should be included into 

Horizon 2020, in the section on Key Enabling 

Technologies, as a distinct and separate field from 

biotechnology […]. 

8.  A fair balance between biological, medical and 

technological research should be struck in EU research 

and innovation programmes […] “.   

In his conclusions, Dr. Thomas Ulmer - MEP, host of 

the meeting, pointed out that: European Union approach 

to biomedical engineering is fragmented and support for 

Biomedical Engineering is not seen as a priority on the 

EU agenda; given the societal challenges facing the 

Member States such as an ageing population, the current 

situation regarding biomedical engineering is 

unacceptable because it has gone unrecognised at the EU 

level and that it is not being included in EU projects; the 

need that biomedical engineering have adequate support 

provided and that the European Parliament would ensure 

that this becomes a reality. 

IV.  BME IN ROMANIA: THE GAP YET 

LARGER 

Diligences of Bucharest AISTEDA University and Iasi 

Univ. Med. & Pharm./Faculty of  Medical Bioengineering 

succeded an early 2000 introduction of professions of 

Clinical Engineer under code no. 221401 and Medical 

Bioengineer code no. 222907, respectively, into the 

Classification of Occupations in Romania (COR, see 

[10]). Clinical engineering appears the actualized cf. 

ISCO 88 edition under major group 22, minor group 221 

with the  (supplementary) numeric indicative 2214 - 

clinical engineers; this inclusion has  the following 

specification: “clinical engineers cover general 

management of hospitals and clinical equipment - 

particularly professional interface with suppliers, 

adjustment to specific clinical needs, safe utilization, 

maintenance, and in situ development - as well as 

partnership with medical staff for high technology 

diagnostic or therapeutical interventions” and has as only 

occupational component: 221401 - clinical engineer. 

 Despite this salutary legal provision, setting is 

precarious not because of schooling capabilities and total 

number of practitioners but because of the very weak 

absorption into the health public system the majority of 

Romanians rely upon, due in part to the chronical 

underfinancing of the health sytem. 

All these happen on a background of modest 

technological endowment of most hospitals & clinics and 

of under-usage of high-tech equipments available in big 

towns/university hospitals. 

Most recently the Academy of Medical Sciences 

(AMS) tries to promote changes within the framework of 

Ministry of Health debate on programming of EU 

structural funds for 2014 – 2020.  

BME education in Romania is based nowadays on 5 

main national centers: Bucharest -  Politehnica Univ, Fac. 

of Med. Engng. - undergrads, and Bioengng. & 

Biotechnology Dept. - master’s of Bioengng.; Iasi - Univ. 

of Med. & Pharm., Fac. of Med. Bioengng - undergrads & 

master’s; Cluj - Technical Univ., Fac. of Electrical 

Engng., major & master’s of Med. Engng., also in 

Bistrita; Brasov - Transilvania Univ., Fac. of Mechanical 

Engng.- major of Med. Engng; and Timisoara - 

Politehnica Univ., Fac. of Mech. Engng., major & 

master’s of Med. Engng. Intriguingly enough, collection 

of data from the above centers, needed for the  AMS 

initiative, is rather hardly advancing.  

As a rough guide, based on fragmental data collected 

from the web sites [11- 15], in 2012 Romanian 

universities are qualifying about 200 people at the 

undergraduate or master’s level, as follows: Bucharest, 

undergrads, masters – 75; Iasi, undergrads & masters – 

50; Cluj, undergraduate specialty & masters – 25;   

Brasov,  undergraduate specialty – 25; Timisoara, 

undergraduate specialty & masters – 25. Grosso modo 

(see also next case study) one can count one thousand 

BME-trained Romanian professionals. Partition between 

clinical engineers and bioengineers seems to be fairly 

balanced. No accurate date on those working for the 
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health public system are available but general perception 

is that absorption is very weak. 

   * 

BME education in Timisoara: a case-study  [16].  

*Univ. Politehnica, Fac. of Mechanics, Major 

(specialty) of Med. Engng: 

*2012: undergrads - 19; masters (implants/ 

prostheses/biomechanics) – 12; 

*Total undergrads (since 2007) - 181; total masters 

(since 2010) – 42; 

*Main jobs: service engineers – 17%; technical sale 

agents – 11%; medical device manufacturing – 5 %; 

  *Practitioners in the health public system (HPS): 3 %. 

   *Steps seen as necessary to encourage absorption in 

the HPS:  

     1. novel personnel chart regulations in hospitals, e. 

g. requiring 1 technologist  for  every 5 – 8 medical staff  

depending upon technical  endowment (US standards are 

1 per 4-6); 

     2. incentives for development of indigenous 

manufacturing of medical devices  beyond  a few 

prostheses/ortheses and gait–aid devices offered 

nowadays  by small companies mainly involved in 

imported equipment retail. 

The AMS pledge concerning BME in Romania is 

structured as follows. 

Goals. 

Novel regulations concerning the technological 

support of medical care in Romania, as: 

- establishing BME departments in big hospitals 

(county, university) starting from an 1/8 ratio between the 

specialized technical personnel (including bioengineers 

with research labs) and the medical staff (T to M ratio), 

with gradual evolution towards 1/5 until 2015;  

- establishing clinical engineering departments with 

medium size hospitals or small hospital networks starting 

from an 1/10 T to M ratio with gradual evolution towards 

1/6 until 2015;   

- when updating hospital technological endowment, 

mandatory appropriation of  20 percent of the new 

technology  value  for biomedical engineers remuneration. 

Appealing the EU structural funds 2014 - 20120 is a 

necessary condition, given the actual and future setting of 

bugetary appropriations for health in Romania.  

Elements of the SWOT analysis. 

Strengths: 

- BME setting in countries with the most advanced 

HPS, offering models for the EU and Romania. 

- National capability of education in BME. 

- Significant increase in recent years of (bio)physics 

and informatics courses in the medical curricula; 

increased interest of medical students for basic knowledge 

of electricity, electronics, automation - in preview of their 

next involvement with top medical technologies. 

Weaknesses: 

- Unsatisfactory setting of BME in the EU (even if on 

a superior level versus Romania) 

- Routine, information deficit, mentality of a part of 

the medical personnel for whom the health system is a 

professional fief where technical intruders stand for a 

threat. 

- Inertia of managers of health system for whom the 

specialized personnel of non-medical or mixed training is 

barely known and their integration  looked at as a source 

of problems. 

Opportunities: 

- The professional framework of BME carreers is 

already established with the COR: clinical engineer - code 

221401 and medical bioengineer - code 222907. 

- University/professional mobility of medical people in 

the Europen or Atlantic areas can configure mentalities 

towards communication and co-working with colleagues 

of technical education in the common interest of pacients’ 

health and own carreer progress.  

- The model offered by the private health sector in 

which BME has its place according to American or 

British organizational charts.        

- Opportunity offered by the HPS as for hiring 

personnel without previous working experience required 

as a rule in the private. 

- Once recession overcome, resuming research in the 

biomedical area, together with increased experience in 

accessing EU research funds,  could stimulate the demand 

for bioengineers in public institutions. 

- The annual Ingimed conferences (edition XIII in 

2012) under Romanian Federation of BME, and sister-

conferences organized in Iasi and Cluj by Rom. Soc. Med. 

Bioengng. and National Soc. of Med. Engng. & Biol. 

Techology (3 editions each) respectively, have established 

salutary communication and science collaborations 

between medical and BME milieux. 

Threats:  

- World financial crisis, EU and Romania included, 

makes more and more difficult funding of novel medical 

technologies and BME personnel. 

- Actual and future shortage of medical personnel in 

Romania, as related to migration towards Western more 

prosperous countries, will inherently decrease the demand 

of biomedical engineers whose number is correlated with 

the medical staff.  

- Conflicts originated in communication difficulties 

(language, expression, approaching modes) generated by 

differences between medical education and the 

polytechnical one (even if the latter is somewhat 

alleviated by knowledge offered by preclinical courses 

taught to BME students).  

 

V. PROSPECTS OF BME IN MOLDOVA 
 

The Chair of “Microelectronics and Semiconductor 

Devices” (MSD) was founded in 1974 within the 

Department of the Technical University of Moldova 

called today the Faculty of Computing, Informatics & 

Microelectronics. The MSD Chair supervised a BME 

major beginning with 2006 and  restructured itself as the 

“Microelectronics and Biomedical Engineering” in 2012. 

The quality of its specialized training in microelectronics 

and, more recently, in biomedical engineering is 

highlighted by over 200 PhD & doctor habilitatus degrees 

awarded on these topics and followed by successful 

professional tracks both in Moldova and abroad 

(Germany, U.S., Switzerland, Russia, Romania). 

R & D subjects in BME currently include cardiosignal-

based assessment of autonomic balance under stress, laser 

therapy, cold plasma coagulation, osteo-rehabilitation, 
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antimicrobian phototherapy, and medical technology 

management [17]. 

The 1
st 

Int Conf on Nanotech & BME combined with a 

German - Moldovan Nanomaterials Workshop held July 

2011 in Chisinau  stood for a huge organizing effort and 

an undeniable success university seniors and young 

scientists of the concurrent summer school contributed 

and shared. 

Under such auspices Moldavian BME holds a good 

promise for a significant contribution to a better public 

health in next future. 

   

VI. CONCLUSIONS 
 

Propelled by inexorable aspirations of human being, 

biomedical engineering holds good  to recession, and 

progresses across the world under the impetus of the US 

scientists and practitioners.  

Europe unfortunately trails, while Romania presents an 

undesirable contrast between educational capabilities and 

the level of intervention in the health public system the 

majority of Romanians relies upon. 

However, an effort is in progress both in Europe and 

Romania to offer the status and the level of intervention 

into the public health BME obviously deserves. 

More recently instituted  Moldavian biomedical 

engineering forces the pace and pledges a significant 

contribution to a better public health in next future.  

As a whole, biomedical engineering holds one of the 

best promise to improve health and save lives within 

world healthcare systems on medium and long terms. 
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I. INTRODUCTION 

Traditional methods by which the acoustic properties of 

bulk materials are determined are reliant upon the use of a 

piezoelectric transducer to create and sense an acoustic 

pulse. However, round-trip times for materials with sub-

micron thickness are typically 100ps, faster than 

achievable with conventional electronics.  

Time-resolved reflectivity using femtosecond pump 

and probe pulses provides a convenient, non-contact 

means to determine the acoustic phonon velocity and 

dispersion in nanomaterials. Below two examples of our 

recent work using picosecond ultrasonic spectroscopy are 

highlighted. 

II. MULTIFERROIC THIN FILMS 

Multiferroic materials exhibit multiple hysteretic 

orders, such as ferromagnetism and ferroelectricity [1]. In 

magnetoelectric multiferroics these properties are 

intimately coupled - allowing, for instance, the electrical 

switching of magnetisation. Bismuth ferrite (BFO) is a 

room temperature multiferroic, and exhibits both weak 

ferromagnetism and ferroelectricity in thin-film form [2]. 

Using two-colour time-resolved reflectivity we created 

acoustic phonon pulses (400nm pump) and tracked their 

propagation (800nm probe) through BFO thin films and 

into the substrate. Low frequency (<40GHz) modes were 

assigned to longituidinal acoustic phonons (see Figure), 

while pronounced magnon modes were observed in Dy-

doped and Dy and La co-doped. 

III. QUANTUM CASCADE STRUCTURES 

Quantum cascade lasers (QCLs) are compact and 

convenient electrically-pumped sources of light in the 

mid- and far-infrared. Terahertz-frequency QCLs [3] are 

currently limited to cryogenic temperatures, and are 

reliant upon precise epitaxial growth of high quality 

quantum well interfaces. We have used ultrafast time-

resolved reflectivity to investigate the acoustic phonon 

dispersion of THz-QCL heterostructures fabricated from 

GaAs quantum wells and AlGaAs barriers [4]. 

Zone-folding of the acoustic phonons created numerous 

optically-active modes that enabled superlattice 

periodicities to be determined with a precision of 0.1%. 

Rougher interfaces were found to degrade the number of 

zone-folded modes seen at higher frequencies. The 

impulsive resonant generation of the acoustic phonons 

was studied by wavelength and temperature tuning [4]. 

 
Figure - Oscillations in the time resolved reflectivity of 

a thin film of the multiferroic bismuth ferrite from 

acoustic phonons in the film (<100ps) and substrate 

(>100ps). 
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Ultrafast Spectroscopic Probes of Acoustic 

Phonons in Multiferroic Thin Films and 

Semiconductor Heterostructures 

Abstract — The interaction of an ultrashort pulse of light with acoustic phonons provides a convenient and 

non-contact methodology to determine the elastic properties of nanomaterials. The epitaxial growth of thin 

films with thicknesses of a few hundred nanometres can create multiferroics with properties tailored by 

strain engineering. Ultrafast photoacoustic spectroscopy was used to determine the elastic constant and 

magnon response of the room temperature magnetoelectric bismuth ferrite. When applied to semiconductor 

quantum well heterostructures photoacoustic spectroscopy provides a precise probe of superlattice 

periodicity and interface quality. 

 

Index Terms — acoustic phonons; multiferroics; quantum cascade lasers; thin films; ultrafast spectroscopy. 

James LLOYD-HUGHES 

University of Warwick 

j.lloyd-hughes@warwick.ac.uk 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 

31 

The geopolitical landscape of the 21
st
 century 

has become relatively complex, dynamic, and 

unpredictable than that faced in the previous 

century. Implementation of effective tools to address 

such challenges demands an understanding of 

transformational emerging sciences, concepts and 

theories. Numerous technological advances arise 

from the potential of nanoscale materials to exhibit 

unique properties that are attributable to their small 

size.  Furthermore, advances in material synthesis, 

device fabrication and characterization have 

provided the means to study, understand, control, or 

even manipulate the transitional characteristics 

between isolated atoms and molecules, and bulk 

materials. Consequently, various “designer” 

materials capable of producing devices and systems 

with remarkable, tunable, and desired properties 

have recently been fabricated.  Such advances 

coupled with information technology, cognitive 

sciences, biotechnology, artificial intelligence, and 

genetics offer novelties and potential solution 

pathways in ways never imagined possible earlier, 

such as deployment of systems with enhanced 

capabilities, information gathering, and thwarting 

threat at point-of-origin (PO2).  

This presentation provides many examples of 

such innovations using nanomaterials, such as in 

sensors/detectors, employing materials, phenomena, 

and effects including multilayer semiconductor 

structures, specially formulated interfaces, and 

exploiting different regions of electro-magnetic 

spectrum provide various functionalities. 

Mechanisms such as refractive and nonlinear effects, 

absorption of electromagnetic radiation, 

fluorescence, avalanche phenomena for the detection 

of small fluxes of optical radiation, remote detection 

of explosives by neutron radiation, etc., provide 

additional sensing capabilities, in conjunction with 

algorithms for complex processing of information, 

providing end-to-end strategic assessments and 

modeling of mixed and complex hazardous 

environments to delineated signal from background 

interactions. Specific examples relating to radiation 

sensors based on polymeric materials, sensors for 

toxic industrial chemicals (TICs), and/or toxic 

industrial materials (TIMs), e-tongue to identify 

rapidly several waterborne microbial pathogens, and 

bio-mimetic using siderophores will be illustrated. 

The overall scope encompasses abilities to sense, 

detect chemical-biological-radiological, nuclear, 

high yield explosive, and water borne contaminants 

– all from safety and security standpoint. Thus, in 

order to provide accurate intelligence, surveillance, 

preparedness and interdiction of such combative 

postures, advances in S&T offers prudent 

preparedness. 
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There is an increasing demand for portable 

sensor systems in health care that enable on-site 

analyses e.g. at local medicare centers, in 

ambulances or even at home. Semiconductor 

nanowires offer a highly sensitive and label free 

detection principle for biochemical applications that 

makes it possible to scale down the size of complete 

analysis systems. In particular silicon nanowires, 

making use of current CMOS technology, offer 

multiple parallel detection of a large number of 

different biomolecules such as proteins or DNA 

strands. Thus, silicon nanowire devices show great 

potential in effectively providing rapid on-site 

detection to avoid costly laboratory analyses. 

The mechanism for sensing can be explained 

by charging effects when target molecules hybridize 

with antibodies/probes bound to the nanowire 

surface. This induces a depletion or an accumulation 

of carriers in the nanowire resulting in a change in 

current which can be detected. The nanowire then, in 

principle, works as a MOS transistor with an open 

gate in close proximity to the functionalized surface. 

This provides an internal gain mechanism that 

allows even small changes of the surface to be  

 

sensed. As a result, very high sensitivity can be 

achieved approaching the femto-molar (10
-15

 M) 

range. Indeed, for a model system 

(biotin/streptavidin) with high affinity, we have 

demonstrated a sensitivity approaching ~20 target 

molecules (Elfström et al., Nano Letters 8, 945, 

2008). This sensitivity may possibly be extended to 

the single molecule level. 

In this talk I will review the progress in the 

field towards biomolecule electrical sensing using 

nanowires. I will also describe our own work 

towards a multiple detection biochip using CMOS 

technology in combination with on-chip 

microfluidics. Finally, I will point out the many 

hurdles to overcome requiring a detailed 

understanding both of the physics involved as well 

as of the chemistry, electrochemistry and 

biochemistry. Examples are various types of 

instabilities, the screening of molecule charges by 

the charges of the ionic buffer solution, the 

electrochemistry of the oxide surface in combination 

with the counter electrode etc. These difficulties 

need to be overcome and have so far delayed 

commercialization of nanowire sensors. 

Schematic of a silicon nanowire, defined from the top silicon 

layer of an SOI wafer, functionalized with a receptor molecule for sensing of a specific target molecule

. 
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I. INTRODUCTION 

 

Topological insulators (TI) represent a new class 

of materials and they  have  sparked a massive search for 

new states and phenomena in condensed matter physics.  

A TI can easily be identified by a few simple rules: the 

presence of large spin–orbit coupling, an odd number of 

band inversions between the conduction and the valence 

band by increasing the average nuclear charge, and a sign 

change of the symmetry of the molecular orbitals. 

Part of interest in TIs stems from the fact that 

they represent a new topological phase of noninteracting 

electrons: the TI character of a material is its bulk 

property, nontrivially encoded in the wavefunctions of the 

occupied (valence band) states. However, it is the 

presenceof the helical edge/surface states which leads to 

observable consequences. Their surface states are 

protected by time-reversal symmetry and show the Dirac 

cones connecting the inverted conduction and valence 

bands [1]. Like the Hall state the “bulk” of the electron 

gas of TI is an insulator, but along its suface, the states 

can be gapless. Within a certain parameter range the 

surface states of TI are well described by a Dirac cone, 

allowing for parallels with graphene and relativistic 

physics, and prohibiting backscattering.. These Dirac 

cones constitute the topological transport regime, which 

has the gapless conducting and spin-momentum locked 

surface states leading to the suppression of backscattering. 

Such extraordinary surface states of the three-dimensional 

topological insulators may occur, as the term ‘‘surface’’ 

already suggests, only at the surfaces or, more generally, 

interfaces where the topological invariant changes [2]. 

Unlike graphene, the states on the Dirac cone on 

the surface of the TI are spin filtered; they have fixed spin 

directions for each wave number k. In such way among  

 

many new  topics developed  in  such  materials  and 

nanostructures, the most exciting one may be spintronics. 

Spintronics (or spin-electronics) is the term to express a 

field of electronics utilizing both charge and spin degrees 

of freedom possessed by an electron, which have been 

treated independently until recently.  

Because the state at k and  that at –k have the 

opposite spins, the perfect backscattering from k to −k is 

forbidden. The gapless helical surface states with linear 

dispersion is similar to photons.Therefore, when two 

different TIs are attached together, the refraction 

phenomenon similar to optics is expected at the junction.  

Exploring the properties of nanoscale topological 

insulators is a growing area of research and the present 

paper reveals some aspects of new interface and device 

physics of such materials. the spectrum and characteristics 

of topological interfaceface states  (TIS) depending on 

geometrical configuration  can be manipulates by 

different factors: electrical and magnetic fields, strain and 

deformation ets. For this reason TI are being explored 

with a view towards applications, as a potential platform 

for tailoring nanostructures and nanomaterials properties. 

This topics cover the main  part of the paper. 

Thermoelectric aspect of TSS are discussed in the context 

of TI materials Bi2Se3 and Bi2Te3 knowing as the best 

thermoelectrics.  

 

II. TOPOLOGICAL ELECTRONIC STATES OF 

TI HETEROSTRUCTURES 

We consider a junctions at z = 0 between between TI 

and BI or (another TI) The  electronic states of  such 

materials  are described by the same type of low-energy 

effective 3D Hamiltonian [3], which has the 4 × 4 matrix 

form and can be expressed in general form  as 

Topological Interface States and Effects for 

Next Generation of Innovative Devices 
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IIEN, ASM, str. Academiei 3/3, MD 2028, Chisinau, Republica Moldova 

Abstract — Topological insulators (TI) have opened a gateway to search new quantum electronic phase of the 

condensed matter as well as to pave new platform of  modern technology. This stems mainly on their unique 
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, v  , v  are the 

electron Fermi velocities, and  V(z) is the potential, which 

incorporates the change in the work function in the 

structure and applied gate voltage.Following the results of 

our early works [4] we introduced  the vector parameters 

u which describes the electrical  polarization and  the 

scalar L to describe the antiferromagnetic ordering with 

the antiferromagnetic vector along z-axis. 

The junction breaks translation symmetry in the 

z-direction, and we let kz → −i/z to obtain a system of 

second order homogeneous differential equations H(k→ 

−i/z) = E. They are solved with the ansatz of the 

effective mass approximation. 

We firrst analyze  topological  states  bound to 

the inteface of TI and BI like PbTe/SnTe without 

antiferromagnetic ordering L=0 and electrical polarization 

u=0. In this case  the energies of the TIS are

21

0


  Dkv
EE , where

2

21

2

21

2 )()( VVD   and  

1

2112210 ))((  VVE .  

In Fig. 1 we show TIS  energy dispersion of the 

[111] valley states formed at  the PbTe/Pb1-xSnxTe 

heterointerface  in the configuration of wide quantum 

well. 

 

 
 

Fig. 1. Energy dispersion of TIS for PbTe/Pb0:54Sn0:46Te 

quantum well grown in [111] direction, with PbTe widths d of 

12 and 100 nm (undistinguishable), plotted as a function of 

inplane wave k vector. 

 

The helical nature of these states can be seen by 

calculating the expectation values of spin operators , i.e. 

the spin vector is perpendicular to k, pointing clockwise 

(anticlockwise) for negative (positive) energy branch. 

This helical nature of surface topological states 

of TI leads to new interface physics of heterojunction of 

two TI. In the case of two TIs, at the junction we expect a 

coupling between two surface states belonging to 

different TIs. In the framework of  a simple model [5] 

which includes phenomenological coupling between 

massless relativistic states of the two TIs, it was shown 

earlier that the properties of the junction surface states 

strongly depend on the relative sign of the Fermi 

velocities of the two Tis. The analysis was performed on 

the basis of the refraction phenomena on the junction 

between the two TI surfaces with different velocities. The 

resulting reflectance and transmittance reflect the 

backscattering-free nature of the surface states of TIs. 

When the velocities of the TI surface states for the two 

TIs have different signs, we show that the gapless states 

appear on the interface (Fig.2). The existence of the 

gapless states is shown by using the mirror Chern 

number, and thus is topologically protected by the mirror 

symmetry. 

 

 

 
 

Fig.2. Dispersion on the TIS between the two TIs in Eq. (5) 

with different velocities 

 

Another investigations [6] shows that the 

junction surface states of two TIs, in certain situations,  

can exhibit superluminal (tachyonic) dispersion of Dirac 

fermions. The obtained results indicate that for general 

variation of the parameters of TI-2, the junction surface 

states show one branch with unique dispersion relation 

that resembles the dispersion of the tachyons. The 

existence of a tachyonic branch in the dispersion relation 

of junction states means that the energy dispersion 

becomes a non-analytic function of the 2D surface 

momentum, i.e., the group velocity kkEvg   /)(1  

is infinitely large. 

A systematic study of the possible combinations 

of Tis was performed in [ 7]  using a quantitative model 

for a strong TI and  the existence of different types of 

topological interface states was demonstrated (Fig.3). 

These interface states are not protected in the same 

manner as the surface states of a single TI, instead they 

are protected by mirror symmetry. The physics of this 

system resembles certain aspects of bilayer graphene, 

because both result from the hybridization of Dirac cones. 
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Fig.3. Dispersion of the TIS  between TIs for  the cases: i)when 

the velocities in the junction are opposite sign,but in the 

perpendicular direction – the same; ii) wheh both velocities 

change the sign across the junctin. 
 

III. TOPOLOGICAL ELECTRONIC STATES OF 

TI HETEROSTRUCTURES INDUCED BY 

ELECTRICAL POLARIZATION AND 

ANTIFERROMAGNETIC ORDERING 

Further we analyse on the basis of the 

Hamiltonian (1) the TIS for topological insulator 

heterostructures with incorporated electrical polarization 

u using the metod of supersymmetric quantum mechanics. 

We assume that the spatial variation of the quantities   , 

u and V  is determined by the same function  zf :

   zfz   ,    zfuuzu   ,

   zfVzV 0 ,  where   ,4gagb EE 
 

  ,2gagb uuu 
and   1zf .  

To study the energy spectrum of a nonuniform 

structure consisting of a heterojunction, we transform eq 1 

into an equation of supersymmetric quantum mechanics 

[4]  

 
 

 

  

  0

2

0

22

2

02

2

22




















































 z

Vu

EVup
E

up

dz

zdW
vzWp xzIIx 

,(2) 

 where W(z) is the supersymmetric potential and  is given 
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According to a theorem of supersymmetric quantum 

mechanics [4], when the asymptotic expression for the 

superpotential  zW  have opposite signs, i.e. 

when 
 

1
2

0

22

0 








Vu

EVupu
, Eq 2 has 

so-called zero mode as eigenvalue. The energy spectrum 

of the TIS  is not degenerate in terms of spin and  it is 

determined from 
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This solution determines two-dimensional 

boundary electronic states of the TIS type, which are 

localized near the interface.TIS exist in limited intervals 

of the energy and the transverse momentum 

  kvp  . These intervals are defined by 
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We easily see from (4) and (5) that TIS  arise 

only if 0 u . Consequantly, if 0 u , two-

dimensional electronic states appear at the heterojunction 

only at finite values of the difference between work 

functions 00 V . In this case TIS bands lie against the 

background of either bulk conduction bands. 

The proposed TI heterostructures driven by 

electrical polarization  has many unique advantages, 

including: 1) it can be realized based on commonly used 

semiconductors and be integrated into various devices; 2) 

itis driven by large intrinsic polarization fields; 3) the TI 

state can be manipulated by applying external fields or 

injecting charge carriers and can be adjusted by standard 

semiconductor techniques, including doping, alloying and 

varying the QW thickness; 4) The proposed TI has many 

unique advantages, including: 1) it can be realized based 

on commonly used semiconductors and be integrated into 

various devices; 2) it is driven by large intrinsic 

polarization fields; 3) the TI state can be manipulated by 

applying external fields or injecting charge carriers and 

can be adjusted by standard semiconductor techniques, 

including doping, alloying and varying the QW thickness; 

4) the polarization field can induce a large Rashba SOI in 

this system containing only light elements, which 

provides a new approach to manip- ulating spin freedom 

in such systems.caninduce a large Rashba SOI in this 

system containing only light elements, which provides a 

new approach to manipulating spin freedom in such 

systems. 

To ilustrate the generation  of TI states  driven by 

the polarization field recently [ 8] the edge states of a Hall 

bar of GaN/InN/GaN quantum well have been analysed  

(Fig.4). The kp simulations show that the band structure 

of the GaN/InN/GaN QW is inverted when the QW width 

is larger than 1,55 nm. The presence of edge states in the 

gap between E1 and LH1 subbands is clearly 

demonstrated, and the distribution of these states in real 
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space shows that they are highly localized in the vicinity 

of the edges of the Hall bar. These edge states are 

topologically invariant under scattering, and therefore the 

corresponding mean free paths of the carriers can be 

exceedingly large. 

 

 

 
 

Fig.4 Band structure of a GaN/InN/GaN QW obtained on the   

basis of band kp model. 

 

Another opportunity to tailor the TIS is offered 

by the antiferromagnetic ordering of the materials, which 

constituted heterostructure. In the simplest form this 

situation is described by Hamiltonian (1). After the 

transformation 
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, the Hamiltonian (1) become 
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The energy spectrum of bulk materials consists 

of the four spin-split energy branches  (Fig.5) 
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Using the anzatz of the supersymmetric quantum 

mechanics with the same spatial variation of the quantities 

  , u ,Land V   determined by the same function  zf
we obtaine the following solution of the TIS 
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Fig.5 Energy spectrum of topological interface states in the 

heterostructure with antiferromagnetic ordering and electrical 

polarization. 

 

The obtained states are of the inteface type 

because its wave function  is localized at the interface 

boundary.Taking into account the supersymmetric we 

obtaine the range of TIS existence,which is determined by 
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Comparing the expression (7) for the energy 

levels of the homogeneous semiconductors and (8) for 

interface heterojunction states one gets that the interface 

states are situated nearer to the middle of the gap of the 

constituents (Fig.5). Thus if in the studied semiconductor 

heterojunctions the Fermi level, for example by means of 

doping, gets into one of the two-dimensional interface 

bands, then it leads to the magnetic ordering into the 

interfaceplane. The magnetic moment as it follows from 

the analysis  is exponential attenuated moving 

away from the interface plane. 

 

IV. TUNABLE TOPOLOGICAL STATES IN 

NANOWIRES AND NANOTUBES 

The surface contribution is easier to extract 

experimentally in TI nanowires , where the surface-to-

volume ratio is more advantageous. In this case, 

introduction of a magnetic flux  piercing the nanowire has 

allowed to successfully identify the Aharonov-Bohm 

effect caused by the topological  surface state. 

In this part of the paper the TIS of cylindrical 

nanowires and topological insulator Bi2Te3 with 

cylindrical pores are analysed. The developed low-energy 

Hamiltonian (1) for bulk Bi2Te3 is adequate to highlight 

TIS on the cylindrical surface.  
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Fig.6.  Electronic structure of TI Bi2Te3 nanowire with a radius 

of 10 nm. 

 
The TIS forming inside the bulk gap (Fig.6) 

corresponds to one dimensional bands indexed by total 

angular momentum. For nanowire or nanopore of radius 

R, the wavefunction to vanish at the boundary r = R is 

required, which is automatically ensured by expanding in 

the orthonormal set of radial Bessel functions Jm or Ym 

with integer m. In comparison with gapless character os 

TSS of flat surface all TIS modes of  cylindrical surface 

have a finite gap described qualitatively by relations Egs 

~v/R (Fig.6). In results nanowire and nanopore 

composites of TI have distinct pecularities from layered 

ones and offer new opportunities in tailoring the 

properties of nanostructures.  

Figure 7 depicts a dependence of the direct band 

gap at the Γ point of the TI Bie2Te3 and Bi2Se3 

nanowires on radius. The band gap depends 

nonmonotonically on radius. It achieves a minimum value 

of 0.012 (0.03) eV at a Bi2Te3 (Bi2Se3) NW radius of 30 

nm. Therefore, by adjusting NW radius, the band gap can 

be decreased by 50 (15) times compared to the 

corresponding value of 0.6 (0.56) eV at the Γ point for the 

Bi2Te3 (Bi2Se3) bulk material. 

 

 
Fig.7  Dependence of the direct band gap at the Γ point of 

the topological insulator Bie2Te3 (solid line) and Bi2Se3 

(dashed line) nanowires on radius. 

 

Figure 8 describes the electronic structure of the 

TI Bi2Te3 nanotube with an external radius of 60 nm and 

internal radius of 10 nm. Here, the first 3 (4) electron 

(hole) modes e1,1, e2,1, and e3,1 (h1,1, h2,1, h3,1, and 

h4,1), corresponding to different values of angular 

momentum quantum number and radial quantum number 

being equal to 1, are presented.  

 

 

 
Fig.8. Electronic structure of TIS Bi2Te3 nanotube with 

an external radius of 60 nm and internal radius of 10 nm. 

The origin is at the Γ point. 

 

The origin of the graph is set at the Γ point. The Bi2Te3 

material is an indirect band gap semiconductor, as a 

result, both electron and hole energy dispersion curves 

increase with wave vector at the vicinity of the Γ point. A 

splitting between the hole subbands and their dependence 

on ratio b/a is much greater compared to that for 

electrons, because the effective hole mass is less than the 

electron effective mass. With increasing of wave vector, 

the electron (hole) modes merge. The electron and hole 

ground states (e1,1 and h1,1) are located near the bottom 

of the conduction band of the bulk material and they are 

located away from other subbands. 

V. TOPOLOGICAL INSULATOR 

NANOSTRUCTURES AND ENHANCED 

THERMOELECTRICAL PERFORMANCE 

In this part of the paper we try to analyze how new 

surface topological states could lead to improved 

thermoelectric performance. The physical system to be 

studied here is a thin film,nanotube and nanowire of 

Bi2Te3. To estimate the surface contribution of TI to the 

transport coeffcients we assume the bands to be Dirac-like 

with a subgap  and use Boltzmann equation in the 

relaxation time approximation [9].We show that by 

making holes in these TI materials  and inducing subgap 

in their surface states by means of geometrica land others 

factors  one can significantly enhance their thermoelectric 

eficiency.The high density of holes in the direction of 

transport has two positive effects: 1) to trap 

phonons and thus reduce the thermal conductivity; 2) to 

increase the surface to bulk ratioand therefore effectively 

enhance the electric conductivity of the sample. The 

effect of the 

Using the electron dispersion the in-plane 

(longitudinal for nanowire) transport coefficients for the 

surface states together with bulk ones  were obtained and 

calculated as well as for the figure of merit ZT (Fig 9). 
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Fig .9.  ZT for the thin film including bulk contributions at 175 

Kelvin. The straight line in each figure corresponds to the best 

known ZT at the same temperature. Dashed line indicates the ZT 

for the surface states alone and Dashed-Dotted line indicates ZT 

for bulk Bi2Te3. 

 

As is evident from Fig. 9, at temperatures below 

150 K, which are important for several Peltier cooling 

applications, the thermoelectric performance of the 

topological  insulator thin film is signifcantly enhanced 

because of the high ZT of the protected edge topological 

states. At low temperature the bulk contribution is smaller 

than the surface contribution so that the unknown 

chemical potential dependence of bulk properties is not 

too significant. Crucially, the gap in the hybridized 

surface mode band structure can be controlled by tuning 

the thickness of the film to get high ZT in a specific 

temperature range.  

 

The geometry of thin films is also very effective in 

reduction of phonon thermal conductivity, so there will be 

even larger enhancement for the topological  insulator like 

Bi2Te3 thin films. The same approach applies as well to 

nanowires. 

CONCLUSIONS 

Due to their unique ability to form new 

electronic phase and generate new phase of the electronic 

systems at the surface and interface topological insulators 

stem at present in the center of materials and device 

physics investigations. Unique peculiarities of the 

topological surface states related to time-reversal 

symmetry, Dirac cones attributes of the spectrum and  

spin-momentum locking property open new gateway to 

reconfigure the electron systems at the contact of TI with 

BI as well as at the junction of two different TI. TSS in 

heterojunctions are converted in new type of two-

dimensional electronic states – TIS -  with very reach 

physics and new useful attributes to design electronic 

devices.  A systematic study of the possible combinations 

of TI heterojunctions  was performed and  the existence of 

different types of topological interface states was 

demonstrated. Polarization fields and antiferromagnetic 

ordering was shown to be the drivers of new type of TIS. 

Due to spin-momentum locking property the evolution of 

TSSin nanowires and nanotubes has new qualitative 

attributes. A one-dimensional (1D) electron waveguide 

with modes indexed by the half-integer total angular 

momentum j is formed, where each mode contains a right 

and a left-mover. The spin direction is always tangential 

to the surface and perpendicular to the momentum. The 

gap in nanowires and aother nanostructures can be opened 

and in the results increased thermoelectric performance 

can occur as well as new ways of electronic dedevices. 
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I. INTRODUCTION 

EBIP emerged from electron beam contamination 

lithography for fine electronic or physical structures [1]. 

The use of organo-metallic precursors and of inorganic 

precursors opened the field for nano-structured 

conducting structures and for modification of structures 

by etching and the deposition of insulators. Figure 1 

shows the principle of FEBIP Focused  Electron Beam 

Induced Processing, which is till today the process used in 

photo-mask repair in the semiconductor industry. 

From FEBIP diode experiments it was discovered, 

that miniaturized electron sources have very superior 

characteristics if compared to conventional electron 

emitters [2], like carbon nano-tubes, or Molybdenum tips. 

In figure 2 high resolution TEM images are shown, from  

deposited tips fabricated from three precursors using a  

JEOL 840F SEM with Cold W <311>-FE source at 20 kV 

and 3 nA. Molybdenum-Hexa-Carbonyle gives an 

amorphous deposit composed from Mo, MoO, MoC. The 

material can sustain like similar W compounds a current 

density J < 167 kA/cm² only. Bottom images show 

nanogranular tips, left, deposited from Dimethyl-Gold-

Trifluoro-Acetyl-Acetonate, and right from Cyclo-

Pentadienyl-Platinum-Trimethyl.  

TEM images by R. Scholz MPI Halle.  Such 

Materials deliver in field emission currents up to 1.3  mA 

per emitter tip and sustain in the emitter wire a current 

density of J > 2 MA/cm², and at the  tip >0.1 GA/cm² [3].  

II. THE PROBLEM: CONDUCTIVITY IN 

NANOGRANULAR MATERIALS 

The materials characteristics is the behavior of a 

nanogranular metal /C compound material, which has due 

to geometry quantization surface plasmon Eigenstates in 

the crystals, which have energy levels with a separation as 

small as 60 meV  ( Au/C) or 120 meV ( Pt/C)[4], see 

figure 3. Like on a multi atom compound, e.g. a benzene 

ring, also in a nanocrystals the surface atoms contribute 

charges, which can occupy surface orbital modes. Due to 

Bohr’s law for stable Eigenstates in a central potential  

such orbits can have  energy levels with a level distance 

of 120 meV for Pt crystals and 60 meV for gold 

crystals[5]. The Fullerene matrix around the crystals 

possibly supports such thoughts. Due to the small 

distances between metal crystals a hopping of electrons 

along several orbits is possible, and a high, fast current 

conduction is a result of such a structure [6]. This is also 

supported by the measurement of the hopping activation 

energy of the two nanocrystals systems, which gave very 

similar energies . In a further experiment a photon 

induced current has been measured with white light [7], 

and lately with red light, indicating a multi-electron per 

photo quantum harvesting capability[8] Such energy 

packages can lift electrons to higher levels, from where 

they tunnel to the next nanocrystal.  Since the 

nanocrystals, which are produced from Au or Pt 

precursors have a diameter  < 5 nm, all quantum 

'Anomalous Electron Transport' with “Giant 

Current Density” at Room Temperature 

Observed with Nanogranular Materials 
Hans W.P. KOOPS  

HaWilKo GmbH Ernst Ludwig Strasse 16, 64372 Ober-Ramstadt, Germany  

hans.koops@t-online.de 

Abstract — Focused electron beam induced deposition is a novel bottom up nano-structurization 

technology. An electron beam of high power density is used to generate nano- structures with dimensions > 20 

nm, but being composed from amorphous or nanogranular materials with crystals of 2 to 5 nm diameter 

embedded in a Fullerene matrix.  Those compounds are generated in general by secondary or low energy 

electrons in layers of inorganic, organic, organometallic compounds absorbed to the sample. Those are 

converted into nanogranular materials by the electron beam following chemical and physical laws, as given 

by “Mother Nature”. Metals and amorphous mixtures of chemical compounds from metals are normal 

resistors, which can carry a current density J < 250kA/cm². Nanogranular composites like Au/C or Pt/C with 

metal nanocrystals embedded in a Fullerene matrix have hopping conduction with 0-dimensional Eigen-value 

characteristics and show ‘anomalous electron transport’ and can carry “Giant Current Densities” with 

values from > 1 MA/cm² to 0.1 GA/cm² without destruction of the materials. However the area connecting the 

nanogranular material with a metal with a 3-dimensional electron gas needs to be designed, that the flowing 

current is reduced to the current density values which the 3-D metal can support without segregation. The 

basis for a theoretical explanation of the phenomenon can be geometry quantization for Coulomb blockade, 

of electron surface orbitals around the nanocrystals, hopping conduction, and the limitation of the density of 

states for phonons in geometry confined non percolated granular materials with strong difference in mass 

and orientation. Several applications in electronics, signal generators, light sources, detectors, and solar 

energy harvesting are suggested. 
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processes are performed with a full charge, according to 

[9], see figure 4. Typically current flow through such not 

percolated metal islands is called coulomb blockade, with 

a resistivity of  h/2e² = 12,9 KΩ [10]. Since all 

experimentally measured current densities surmount the 

HTc Superconductors capability, see Figure 5 [11], it is 

assumed that a Bose-Einstein-Condensation possibly 

takes place in the NG materials. This is to be shown. 

 

 
 

Fig. 1 Principle of focused electron beam induced 

processing 

 

 

 
Mo C, Mo O, Mo amorphous  (J < 165 KA/cm²) 

 
 

Fig. 2:  Deposited tips from three precursors using JEOL 

840F Cold W <311>-FE source 20 kV 3 nA Top: 

Molybdenum-Hexa-Carbonyle. Amorphous deposit : Mo, 

MoO, MoC. Bottom: J > 2 MA/cm² 

Left: Dimethyl-Gold-Trifluoro-Acetyl-Acetonate,  

Right:  Cyclo-Pentadienyl-Platinum-Trimethyl.  

TEM images by R. Scholz MPI Halle. 

 

 

 

 

 
Fig 3: Schematic representation of surface orbital modes 

in nanocrystals with circular and through the crystal 

modes. 
 

 

 
Fig. 4:  Discrete or continuous charge in quantum dots 

versus temperature and region for NGM –nano-granular 

materials 

 

 
Fig. 5: Comparison of the critical current density for HTc 

Superconductors at 40K and with  FEBIP produced NG 

materials from Au and Pt precursors at room temperature 

300K [10]. 
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III. CONCLUSION 

Focused electron beam induced processing is a 

modern bottom up nanostructure fabrication technology. 

The theoretical explanation of the experimentally 

observed characteristics of such materials is a formidable 

task, and needs to be achieved.  

The technical exploitation of NGM allows many 

ground breaking applications for miniaturized and 

macroscopic structures and systems.  A design of a 

miniaturized triode with a field emission cathode and a 

beam parallel to the wafer surface was used for an 

electron-beam 10 digit dial system with miniaturized 

lenses[12], and a Smith Purcell THz source design [3].  

FEBIP also allows building large area IR to x-ray 

image intensifiers, photovoltaic cells and massive parallel 

beams. With field emitter electron sources a miniaturized  

Orbitron pump can be developed to evacuate payload 

chambers on small wafers carrying the special 3D-

constructions for nanoelectronics [13]. Such pumps can 

evacuate free-electron electronics, field-emitter lamps, 

and other vacuum nano-electronics devices.  

Miniaturizing typical electron tubes allows accessing of 

much higher frequencies in amplification and radiation 

generation. This leads to the design of THz emitting 

sources based on a miniaturized Dynatron employing two 

powerful free electron beams for a THz radiation source 

[14]. Production machines with many parallel high power 

electron beams are suggested to be fabricated using a self 

reproducing scheme[15]. Illuminating deposited lines and 

structures produced by FEBIP did prove that structures 

act as photo-detectors and optical sensors for near IR-, 

visible, and X rays. Theoretical development for this 

experimental result and electrical measurement did prove 

that very sensitive detectors for IR to X rays can be built 

for IR- and X-Ray tomography, field-emitter lamps of 

high brightness and high energy conversion ratio, for 

fabrication of high current power switches, high current 

density power cable working at room temperature, and 

very efficient solar cells with a capability to harvest 

multi-electrons per photon. 

Using these materials in electric power distribution 

field emitter switching devices which contain thousands 

of NGM field emitters in power distribution system can 

be built. They can be switched on and off with < 100 V 

and can replace mechanical plasma tube power disrupters. 

Large emitter tip arrays allow construction and use of 

energy efficient field emitter lamps. For those lamps 

arrays of NGM tips are assembled in an emitter- extractor 

planar structure. Such lamps will efficiently convert up to 

65% of input energy into light. They will be far superior 

to present LED technologies. 

 Also high power miniaturized X-Ray sources can be 

achieved, which have finer beam spots than 

conventionally reached with CNT or Reticulated carbon 

cathodes [16]. Finally thin NGM layer photon detectors of 

high sensitivity and high power harvesting capability 

become possible, which can collect energies as low as 60 

therefore release up to 15 times more electrons from 

visible light quanta than silicon solar cells, and 2 to 4 

times higher electron numbers than HgCdTe- IR 

detectors[17], which have  250 meV band gap. NGM 

detectors have the advantage, not to need an active Peltier 

cooler for operation when detecting near to far infra-red 

photons. Such detectors could lower the X-Ray dose 

required in medical investigations by a factor >10. This 

would protect humans during medical investigations and 

treatments. 
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I. INTRODUCTION 

In the present work the galvanic fabrication of Ni 

crystallites and nanowires in porous InP is described and 

their structural and magnetic properties are discussed. The 

combination of a piezoelectric and a magnetostrictive 

material produces a multiferroic composite with unusual 

properties that can be used, e.g., for magnetoelectric 

sensors [1].  

As piezoelectric component InP is used for this 

composite material. InP is a III-V compound 

semiconductor with poor bulk piezoelectric properties [2, 

3]. The piezoelectric properties of InP can be highly 

increased (factor of 30) by producing a self-organized, 

hexagonally close-packed array of current-line pores with 

completely overlapping space charge regions (SCR) by 

electrochemical etching and post-etching [4].  

To fabricate a multiferroic 1-3 composite it is 

necessary to deposit a magnetostrictive material – such as 

Ni – inside the porous InP. In principle, this can be done 

by atomic layer deposition (ALD) and galvanic 

deposition. The major disadvantages of ALD are the 

extremely long processing time for thick films and the 

huge problems in the deposition of metal films, which – 

on the other hand – can be easily overcome by galvanic 

deposition. Nevertheless, the galvanic deposition of 

metals and alloys in very high aspect ratio semiconductor 

pores is a very sophisticated process, although the 

galvanic deposition of metals has been widely 

investigated for porous alumina [5, 6]. Granitzer et al. 

have deposited Ni crystallites inside a very high aspect 

ratio Si pore array, but it has not been possible to grow 

dense nanowires homogeneously from the pore tip [7, 8]. 

Tiginyanu et al. have shown for InP pore arrays that it is 

possible to coat the pore walls homogeneously with Pt 

resulting in Pt nanotubes embedded in an InP pore array, 

but nanowires could not be obtained [9]. A possible 

reason is the leakage current through the InP pore walls 

allowing the nucleation of metal clusters directly on the 

pore walls. Thus a thin dielectric interlayer is deposited 

on the pore walls preventing a leakage current flow 

through the pore walls. By applying this concept solid Ni 

nanowires with very high aspect ratios of about 1000:1 

embedded in an InP membrane could be grown. Without 

this dielectric interlayer roundish Ni crystallites are 

deposited on the InP pore walls. 

II. EXPERIMENTAL 

In this work single-crystalline (100) oriented InP 

wafers were used, doped with S at a doping carrier 

concentration of 1.1 · 10
17

 cm
-3

 and a resistivity of 0.019  

Ω cm. Two different samples were produced, an InP pore 

array and an InP membrane. InP wafers with two different 

thicknesses are used, 500 µm ± 10 µm and 400 µm ± 10 

µm, respectively. The wafers were double-side polished. 

The sample size was A = 0.25 cm² in both cases.  

The first step is the formation of so-called current-line 

oriented pores (curro-pores) in a self-organized highly 

regular array [10]. This is done by electrochemical 

etching in an electrochemical double cell [11] using a 

6 wt.% aqueous HCl electrolyte at 20 °C. A homogeneous 

nucleation of the curro-pores is achieved by applying a 

high voltage pulse for the first second, followed by a 

constant anodic etching potential. In the case of the pore 

array the etching time is 1.5 min, while it is 41 min for the 

membrane. 

The membrane is obtained by opening the bulk back 

side in a two-step etching process combining 

photoelectro-chemical and photochemical etching in 6 

wt% at 20 °C. This etching process is described in detail 

in [12]. 

The next step is the post-etching of the InP pore array 

and membrane. This step is necessary to produce 

overlapping SCR around each pore. Since no free charge 

carriers are present in the SCR, the conductivity of the 

InP pore walls can be highly reduced.  For the post-

etching, an HF:HNO3:EtOH:HAc (3:8:15:24) based 

electrolyte is used. It is kept at 20 °C during the entire 
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post-etching time. In the case of the pore array, the post-

etching is performed under open circuit conditions for 48 

h, while the membrane is post-etched under a cathodic 

bias of –0.8 V for 17 h. Afterwards the samples are 

thoroughly rinsed in deionized water and air-dried. 

To avoid unfavorable current flow through the pore 

walls, an 8 nm layer of Al2O3 is deposited on the pore 

walls of the InP membrane. This dielectric layer is formed 

by 80 cycles of trimethylaluminum (TMA) and H2O at 

300 °C in a Picosun Sunale R200 ALD tool. To achieve 

homogeneous wall coverage in the very high aspect ratio 

membranes the diffusion time of the gases is extended. 

The galvanic Ni deposition is performed in an 

electrochemical cell with a three-electrode configuration: 

a Pt counter electrode, a Pt pseudo-reference electrode 

(both immersed into the electrolyte), and the working 

electrode. In case of the InP pore array the pore array 

itself is the working electrode, while for the membrane, a 

400 nm Au layer that is sputter-deposited on the back side 

of the membrane is acting as working electrode. Using 

this thick Au layer ensures that the back side is 

completely covered with Au. The Ni electrolyte is a 

typical Watt’s type with a pH value adjusted to around 3. 

The electrolyte temperature is 20 °C for the pore array 

and 35 °C for the membrane. In the case of the pore array 

the current density of 20 mA/cm² is applied in pulses of 

0.8 s with a recovering time of 4.6 s, while for the InP 

membrane the current density of 17 mA/cm² is applied 

constantly. For both cases the Ni deposition time is 60 

min. 

Both composite structures were investigated using an 

FEI Helios D477 SEM and a Seifert XRD 3000 TT (Cu 

K  = 0.154 nm). For the structural investigation TEM was 

performed using a Tecnai F30 STwin microscope (300 

kV, field-emission gun, spherical aberration constant 

Cs = 1.2mm). For the preparation of the specimens a 

conventional method was applied: two face-to-face 

bonded films were mechanically thinned and 

subsequently ion milled (PIPS). The magnetic properties 

were investigated using a LakeShore 7300 vibrating 

sample magnetometer (VSM). 

III. RESULTS & DISCUSSION 

Structural properties 

Figure 1 (a) presents the cross-sectional view on the 

InP pore array after Ni deposition. The aspect ratio of the 

pores obtained after electrochemical etching and post-

etching is about 500:1. One observes a high density of Ni 

crystallites on the pore walls. Due to the pulsed deposition 

with high recovering time no plugging of the pore 

openings is observed. The Ni crystallites seem roundish 

and almost of equal size. The average Ni crystallite size is 

around 50 nm determined from SEM images. They are 

homogeneously distributed along the complete length of 

the pore. At several positions, these crystallites have 

grown into each other forming a tubular structure – as 

shown in the left part of the inset of Fig. 1 (a). This 

growth behavior is very similar to the Pt tube grown in 

highly doped InP pore arrays obtained by Tiginyanu et al. 

[9]. 

In Fig. 1 (b) the cross-sectional view on the InP 

membrane filled with Ni nanowires is depicted. The 

aspect ratio of the membrane after electrochemical 

etching and cathodic post-etching is about 1600:1. The 

nanowires were grown from the Au plating base to the 

top. Since they were produced in a membrane consisting 

of rectangular pores, they exhibit a rectangular shape with 

a typical aspect ratio of about 1000:1. The distance 

between neighboring wires is about 100 nm. Similar to 

the Ni crystallites in Fig 1 (a) the Ni nanowires appear 

bright in the SEM if they are broken and partially sticking 

out of the membrane. These fractures originate only from 

the sample cleavage and are not a property of the 

nanowires themselves. The two SEM images show 

impressively that the use of a thin dielectric interlayer 

consisting of Al2O3 prevents efficiently the current flow 

through the pore walls and thus allows a homogeneous 

formation of solid nanowires. 

The XRD pattern of the Ni crystallites deposited inside 

the InP pore array is presented in Fig. 2 (a). It shows one 

InP peak and three peaks that can be assigned to Ni with 

the fcc crystal structure. The Ni peaks are indexed as 

Ni{111}, Ni {200} and Ni {220}. The {110} peak is 

almost suppressed. From the peak broadening the Ni 

crystallite size can be calculated by the Scherrer formula. 

The average crystallite size obtained from all three Ni 

crystal peaks is about 10 nm. The difference in crystallite 

size compared to the result obtained from SEM images 

can be explained by oxidation of the Ni crystallites 

leaving a much smaller crystalline Ni crystallite. Since the 

Ni crystallites have a high surface area compared to their 

volume they can oxidize easily. This oxidization results in 

the formation of a crystalline Ni2O3 phase indicated by 

the additional Ni2O3 peaks in the XRD pattern. The peak 

indexed with the asterisk cannot be assigned to Ni, all 

kinds of Ni oxide, or InP. Most probably this is an 

artifact. 

 
(a) 

 
(b) 

Fig. 1 Cross-sectional view on the (a) InP pore array with Ni crystallites, 

inset: high magnification of Ni crystallites, and (b) InP membrane with 

Ni nanowires, inset: high magnification image of single Ni nanowires. 
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Fig. 2 XRD patterns of (a) Ni crystallites embedded in the InP pore array 
and (b) Ni nanowires embedded in the InP membrane. (c) HRTEM 

micrograph of an InP pore wall, (d) magnified and filtered [13] view of 

the marked area with (e) associated FFT along the zone axis [101]. The 
marked intensities indicate the growth direction <100>. 

 

In Fig. 2 (b) the XRD pattern of the Ni nanowires  

embedded into the InP membrane is depicted. It shows 

that the nanowires are not single-crystalline. The three 

single Ni peaks are much sharper compared to the Ni 

peaks of the embedded Ni crystallites. Additionally, the 

Ni {220} peak is more pronounced compared to the 

corresponding peak of the Ni crystallites. In contrast to 

the Ni crystallites, the Ni {111} and the Ni {200} peaks 

are as sharp as the InP {400} peak, which indicates rather 

large coherently scattering areas. The crystal size is 

determined from the Scherrer formula. It is about 20 nm 

for the Ni {200} and {220} peak, while it is about 60 nm 

for the Ni {111} peak. This is an indication for a slight 

{111} texture of the Ni nanowires, discussed in the 

magnetic properties section in more detail. 

The crystallinity of the InP pore array was additionally 

investigated by high resolution TEM (HRTEM). The 

resulting images are presented in Fig. 2 (c)-(e). Figure 2 

(c) gives a typical cross-sectional view on the pore wall 

with the InP pore wall in the center of the image. The FFT 

along the zone axis [101] – depicted in Fig. 2 (e) – of the 

selected high magnification view [Fig. 2 (d)] reveals the 

expected single-crystalline zinc blende structure of the 

InP with the growth direction parallel to <100>.  

 

Magnetic properties 

The magnetic properties of the Ni crystallites and Ni 

nanowires are investigated by in-plane ( = 0°) and out-

of-plane ( = 90°) VSM measurements.  

For the Ni nanowires additional hysteresis loops were 

measured in 15° steps between in-plane and out-of-plane 

orientation. Here in-plane means, the magnetic field is 

parallel to the sample surface, but perpendicular to the Ni 

nanowires. Since the Ni nanowires have a rectangular 

cross-sectional area, also in-plane hysteresis loops under 

angles from 0° to 90° in 15° steps are performed. 

In Fig. 3 (a) the hysteresis loops for Ni crystallites are 

shown. The in-plane ( = 0°) hysteresis loop is narrow. 

The coercivity HC is about 125 Oe and the remanence 

squareness S is about 0.12. Compared to the in-plane 

hysteresis loop, the out-of-plane ( = 90°) hysteresis loop 

is much broader and the slope around HC is much steeper. 

The coercivity is around 218 Oe and the remanence 

squareness increases to about 0.33. 

In Fig. 3 (b) the hysteresis loops of the Ni nanowires 

are presented. It is found that the hysteresis loops broaden 

as well and the slope around HC steepens with increasing 

angle . Compared to the in-plane hysteresis loop of the 

Ni crystallites, the in-plane hysteresis loop of the 

nanowires is even narrower. The coercivity HC is about 

100 Oe. The remanence squareness S is about 0.08. 

According to [14], this indicates an almost perfect 

alignment of the easy axis of the Ni nanowires parallel to 

the long wire axis. Compared to the in-plane hysteresis 

loop, the out-of plane hysteresis loop is much broader. 

The coercivity is about 240 Oe and the remanence 

squareness increases to about 0.36 indicating a rather 

random distribution of the easy axis in parallel to the 

surface.  

 

The resulting in-plane hysteresis loops are shown in the 

inset of Fig. 3 (b). No change in the hysteresis loops is 

found, showing that the magnetic properties of the Ni 

nanowires are independent of the rectangular wire cross-

section. 

40 50 60 70 80
*

N
i 2
O

3
(1

0
0
)N

i(
1
1
1
)

In
P

(4
0
0
)

N
i(
2
2
0
)N
i(
2
0
0
)

N
i 2
O

3
(1

0
0
)

 

 
in

te
n
s
it
y
 /

 a
.u

.

2 angle / °



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

46 

 (a) 
 

  

 

 

 

(b) 
 

Fig. 3 Hysteresis loops of (a) Ni crystallites embedded in the InP pore 

array measured in in-plane (0°) and out-of plane, (b) Ni nanowires 
embedded in an InP membrane measured between in-plane and out-of-

plane in 15° steps. Inset: angular dependence of in-plane hysteresis 
loops under various in-plane angles of the magnetic field with respect to 

the Ni nanowires. 

SUMMARY & CONCLUSION 

The formation of Ni crystallites and solid Ni nanowires 

by galvanic deposition in very high aspect ratio porous 

InP structures has been shown. In order to obtain solid 

nanowires it is beneficial to homogeneously coat the 

porous InP with a thin dielectric interlayer of Al2O3. 

Roundish Ni crystallites could be obtained by pulsed 

galvanic deposition in InP pores without an interlayer. In 

both cases the resulting Ni structures are crystalline. The 

magnetic properties obtained in both deposition 

procedures are very similar. In general the hysteresis 

loops of the Ni crystallites are much broader and more 

rectangular compared to the Ni nanowires. The 

remanence squareness of the Ni crystallites is not as 

pronounced as for the nanowires, which also applies to 

the coercivity. It was also found that the rectangular 

cross-sectional area has no influence on the magnetic 

properties of the Ni nanowires. 
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I. INTRODUCTION 

Macroporous Si has been prepared in different ways 

and forms in the past, but the modulation of the pore 

diameter has been restricted to n-type Si, where various 

models for the pore growth are known [1 - 7]. Macropores 

provide for an impressive number of possible 

applications; the reviews [3, 8 - 10] supply in-depth 

information about the making and the use of macropores. 

On the other hand, until recent reports of applications 

using p-type Si [11, 12], it was believed that the 

modulation of pores in p-type Si was nearly impossible. 

p-type porous Si is of importance for applications 

where an excess of holes is necessary, e.g. for metal 

deposition, but also for other reasons. Macropores in p-Si 

discussed in this paper are typically around 1 µm in 

diameter and 5 - 150 µm deep. Their growth is initiated 

by providing nucleation at lithographically defined 

positions, resulting in ordered pore arrays. In what 

follows only macropores with modulated diameters in p-

type Si will be considered because they are instrumental 

e.g. for: 

1. Making superior anodes for Li ion batteries. 

2. Making Si nano needles with defined geometries. 

Producing defined pore diameter modulations in p-type 

Si is, however, not an easy task. The first part of the paper 

therefore will introduce into this topic. 

 

During steady-state growth of macropores the pore 

diameter dP and the distance dW between pores is 

constant. The volume V of Si dissolved per time 

increment t is constant and given by V  n  Q; with n =  

valence of the dissolution process (= number of electrons 

needed to flow through the external circuit in order to 

“dissolve” one Si atom), Q = It = total charge 

transferred during t. 

Changing the external current I by some dI changes the 

dissolved volume by an amount dV  dI  n  t as long as 

the valence n is constant. That is not necessarily the case. 

The system can and often will react by changing the 

dissolution valence n but that is not important for what 

follows and will be neglected.  

 
 

Steady 

State 

Reduced 

current 

dP dW 

 
Fig. 1. Incremental pore growth at steady state (left) and 

the two extremes for a decrease in current.  

 

Introducing the nominal current density j (= 

current/pore area), the change in dissolved volume thus is 

dV  dj. The concomitant change in the pore diameter, 

however, is still undetermined as schematically shown in 

Fig. 1 since the pore could keep the old diameter by 

growing slower or faster, or keep the old growth rate and 

thus the current density by changing the diameters 

accordingly, to name the extremes. It also could 

implement a mixture of the two extremes. In order to 

understand and thus to control what will happen upon a 

change of the current, more information about pore 

growth is needed. In particular, one needs to consider 

what kind of factors influence or determine the internal 

length scales of the system. A list of major input 

parameters includes: 

Doping type and level: Doping determines the width 

of the space charge region dSCR, which in turn determines 

(always up to a point) the minimal width of the pore wall 

thickness dWall(min)  2dSCR. Macropore growth is only 

possible if electrical breakdown and tunneling through the 

SCR does not happen and thus restricted to lightly doped 

Si. 

Applied potential U: Since the width of the SCR also 

depends on the potential, n-type and p-type silicon must 

be considered separately. For p-type Si, pore growth 

proceeds in the forward part of the IU characteristics. The 

SCR width is thus on the small side and changes if the 

current requires changes in the potential. 

For n-type Si pore-etching proceeds in the reverse part 

of the characteristics and current flow must be enabled by 

illumination (typically of the sample backside). Larger 
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dSCR can be realized in this way and changes in current are 

possible for constant U by adjusting the illumination 

intensity. 

Self-organization features. It is known that 

macropores in n-type Si tend to maintain a constant 

nominal current density while macropores in p-type Si do 

not. n-macropores thus can and will always reduce their 

diameters if the current is decreased, and increase their 

diameter for increasing current as long as the minimal 

pore wall width dWall has not yet been reached. 

Macropores in p-type Si have no preference for specific 

current density as long as it is not above a critical value 

and thus tend to always grow to a maximum diameter 

given by the nucleation geometry and the condition dW  

2dSCR. 

These points alone would allow “easy” modulation of 

n-macropore diameters and no modulations of p-

macropore diameters. There are indeed many 

investigations concerning “modulated” macropores in n-

Si [1 - 7] and hardly any for p-Si. Experimentally it is 

observed that modulating the diameter of macropores in 

n-Si, while easy in principle, is not easy in practice but 

still much easier than in p-type Si. Since modulated pore 

diameters are mandatory for key applications [11, 12] 

they have been investigated in some detail in the group of 

the authors. The key topic for success is one more 

parameter that influences the dissolution process during 

pore formation: diffusion-controlled passivation kinetics. 

II. PASSIVATION KINETICS AND DIFFUSION 

LIMITATION 

Pore growth results if current flow is restricted to the 

pore tip, which in turn demands that the sidewalls are 

“passivated” against current flow at all times. The term 

“passivation” is used broadly and includes all effects that 

prevent current flow. This includes always the saturation 

of the Si surface bonds by some species (typically 

hydrogen) that passivate electronic states in the interface 

to the electrolyte in such a way that no appreciable 

interface charge densities are found. Only in this case will 

the junctions behave like textbook junctions that have 

their parameters determined by external parameters. Pore 

etching in this model relies on etching being faster than 

passivation at the pore tip areas and far slower or zero at 

the wall areas. 

A growing pore continuously generates fresh and thus 

not yet passivated surfaces. The passivation of these fresh 

surfaces takes some time. Passivation must neither be too 

fast, preventing continues etching of the pore bottom, nor 

too slow, making pore walls susceptible to attack. These 

mechanisms show up most clearly when using high 

concentration of acidic acid in an aqueous electrolyte for 

etching macropores in n-Si using backside illumination. 

An optimum acidic acid concentration is found, above 

which the dissolution at the pore tips drastically 

decreases, while the stability of the pore walls and the 

sample surface continuously improves with increasing 

acidic acid concentration [13, 14]. Two more features 

well known for pore etching are tightly related to the 

surface passivation: dependence of the dissolution on the 

crystal orientation and changes of pore morphologies as a 

function of pore length, i.e. on concentration changes of 

products and educts induced by diffusion through the 

length of the pores. The most prominent examples are the 

current line oriented pores in InP and other 

semiconductors. These pores can only grow under a layer 

of crystallographically oriented pores, which provide the 

necessary diffusion limitation for the species relevant for 

the crystallographically dependent passivation of pore 

walls [15]. 

In this paper a further example for the importance of 

diffusion limitation for macropore etching will be 

discussed, i.e. adding approx. 0.01 M of polyethylene 

glycol (PEG) to the “standard” electrolyte: 5 wt.% of 

hydrofluoric acid (HF) dissolved in Dimethylformamide 

(DMF). PEG increases drastically the viscosity of the 

electrolyte; it hardly interferes with the etching properties 

of an electrolyte for not-so-deep and un-modulated pores. 

However, it enables deep pores and easy pore diameter 

changes in p-type Si, even for shallow pores (e.g. for 10 

µm pore length), which is nearly impossible without 

addition of PEG. The effect of PEG to allow for diameter 

modulation has been studied in two experiments by FFT 

impedance spectroscopy (IS) when applying sudden 

changes in the current density. The impedance 

measurements have been performed every 2 seconds by 

applying 30 frequencies between 10 Hz and 20 kHz 

simultaneously to the current and analyzing the linear 

voltage response. The current density profile is shown in 

Fig. 2; it starts with 19 mA/cm
2
 for 5 min., then 3 

mA/cm
2
 for 10 min., and finally 19 mA/cm

2
 for 2 min. 

Fig. 2 shows the results of the impedance analysis for 

experiments without (Fig. 2a) and with addition of PEG 

(Fig. 2b). With PEG a significant diameter modulation 

was found, no significant modulation was visible in SEM 

images without PEG. Correspondingly strong differences 

are found for the impedance results. Especially the time 

constants 1 and 2 show a significant difference. Without 

PEG the time constants 1 and 2 are much larger and the 

step like change in current density is nearly invisible in 

the curves. With PEG the step like change in current 

density is clearly visible in the curves for 1 and 2; in 

addition in the curve for 3 clearly a relaxation with a time 

constant in the order of one minute is visible. This time 

corresponds well to the length of the shoulder in the pore 

for the transition from large to small pore diameter. 

The experiments with PEG show larger absolute values 

for all resistances in Fig. 2 which just reflects the overall 

smaller dissolution rate in this highly viscous electrolyte. 

It is no contradiction to find better pore growth for larger 

transfer resistances because good pore etching is not just 

dissolution of silicon but dissolution of silicon with a high 

selectivity between dissolution of pore walls and pore 

tips. Obviously the time constants are more sensitive to 

this selectivity between pore walls and pore tips than the 

transfer resistances, i.e. the decisive category for 

understanding surface passivation is most probably speed 

and not strength. In case of optimal pore formation, i.e. 

when adding PEG, a reduced current density leads to a 

drastic increase of the impedance time constants in Fig. 

2b); such difference in local current density exists in each 

pore between pore walls and pore tips and thus leads to a 

self amplification of the selectivity for the passivation 
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(and thus dissolution) of pore tips and pore walls. This 

self stabilizing effect is missing in the experiment without 

PEG.  

a) 

 

b) 

 

Fig. 2. Comparison of the relevant IS parameters of pore 

diameter modulations a) without and b) with PEG 

addition to the electrolyte [16]. 

 

The high viscosity of the PEG containing electrolyte 

does not only enforce a strong difference in the 

concentration at pore top and pore tip (which in principle 

is a drawback for fast pore formation) but may allow for 

concentration gradients between pore tip and nearby pore 

walls, necessary to allow for the selectivity in local silicon 

dissolution rates, i.e. good pore formation. 

In what follows only optimized electrolytes with PEG 

additions are being used.  This allows a defined diameter 

change of growing pores at a pre-determined depth. 

Further diameter changes at larger depth must take into 

account that the first diameter variation changed the 

system (it provides for some geometric diffusion 

limitation, for example, if the diameter was decreased). In 

the end, a complex j(t) profile is implemented and 

controlled via in-situ FFT IS. 

The possibility of implementing controlled pore 

diameter variations will now be applied to the production 

of superior Si microwire anodes for Li ion batteries and 

the formation of uniform size-controlled Si nano needles.  

III. MAKING SUPERIOR SI MICROWIRE ANODES FOR LI 

ION BATTERIES BY MODULATING PORE DIAMETERS 

IN P-TYPE SI 

Pore modulation in p-type Si allows for the fabrication 

of Si microwire array anodes for Li ion batteries. Fig. 3. 

shows a SEM micrograph of an anode with the highest 

capacity theoretically possible (4200 mAh/g) that is stable 

for at least 80 charge/discharge cycles [17].  

The optimized Si microwire anode necessitates  

 that the free space between the wires is as small as 

possible, just what is needed to accommodate the 

volume change of the Si during lithiation and allowing 

contact to the electrolyte (via formation of a so-called 

solid electrolyte interface or SEI,  

 that the wires are as long as possible, and 

 that the surface of the wires is preserved to 

allow the deposition of (minimum amounts) of Cu as 

efficient current collector. 

In this context it is necessary to point out that in a real 

battery system the capacity of the anode must always be 

considered with respect to the combined weight of i) Si, 

ii) the weight of electrolyte the Si must be immersed in, 

and iii) the weight of the current collector. The weight of 

the items ii) and iii) determines the total weight; keeping 

it to a minimum necessitates the optimized Si microwire 

geometry outlined above and illustrated in Fig. 3. This 

structure can be only accomplished through pore diameter 

modulation. Fig. 4 shows a micrograph of a macroporous 

Si sample with modulated pore diameters to prepare Si 

microwires akin to the ones in Fig. 3.  

Diameter modulations are necessary to: 

 Produce the stabilizing planes that avoid “collapse by 

stiction”. The thicker parts of the wires, preventing 

stiction, are produced by reducing the diameters of the 

original pores (see encircled sections of the pores of 

Fig. 4). After chemical over etching, the original pore 

walls collapse to form the microwires; additionally 

there is still some material left between the wires at 

the positions of the diameter reductions, very 

efficiently preventing collapse by stiction, as shown in 

Fig. 3. 

 Pore diameters are increased close to the pore bottom. 

The microwires are then very thin at the interface to 

the Si substrate and can be easily detached by 

“pulling”. 

 The pore diameter is slowly increased as a function of 

depth so that less material needs to be removed in the 

depth of a pore during over-etching. This 

counterbalances the effect of reduced etching rates in 

depth. 

 

Fig. 3. Optimized Si microwire anode. In the upper 

section the wires are embedded in Cu, assuring a good 

mechanical and electrical contact. The encircled sections 

point to supporting layers that avoid stiction and allow 

easy processing. 

 

Fig. 4. Macroporous Si for the preparation of microwires 

(see Fig. 3). The encircled pore diameter reductions are 

necessary for the formation of support layers. 
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IV. MAKING SI NANO RODS WITH DEFINED 

GEOMETRIES AND HIGH YIELDS 

Through pore modulation in Si one may prepare also 

micro/nano Si particles with defined sizes and shapes, 

single crystalline. An example of the particles enabled 

with pore modulation is shown in Fig. 5. 

 

The fabrication process could be divided in the following 

two main steps. Exact details of the fabrication process 

will be published elsewhere. 

 Electrochemical etching of macropores with periodic 

diameter increases (“bulges”) are produced. The 

length between two bulges corresponds to the length 

of the final particles. The diameter can change 

abruptly or slowly between two values, according to 

the desired shape of the particles. The number of 

bulges translates into the number of particles that can 

be produced per microwire, obtained as before by 

overetching. An example of pores is shown in Fig. 6. 

 The second step, as for the preparation of microwires, 

is chemical etching of the pore walls producing 

particles. The minimum etching time is determined by 

the time needed to etch away the distance between the 

bulges, liberating the nano rods. The etching time can 

be extended if the desired diameter of the nano rods 

needs to be smaller. 

 

 
Fig. 5. Example of Si particle produced from 

macroporous Si with modulated pore diameter. 

 

 

Fig. 6. Macroporous Si with modulated pore diameters, 

for the preparation of Si nano rods. The close-up section 

depicts the last modulations.  

CONCLUSION 

Pore modulation in p-type Si can be accomplished 

through current modulation in time, and the selection of 

adequate additives like polyethyleneglycol, which help 

for the passivation of pore walls. 

Macroporous p-type Si with modulated pores is of 

great interest for different applications, like the 

preparation of high capacity Si wire anodes for Li-ion 

batteries, and Si nano rods for biological purposes. 
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I. INTRODUCTION 

Electrochemistry is a cost-effective tool for 

introducing porosity in semiconductors, including III-V 

and II-VI materials, and offers an accessible and cost-

effective approach for “drilling” holes in semiconductor 

materials. A variety of porous semiconductor structures 

have been produced by electrochemical etching of InP, 

GaP, GaAs, CdSe and ZnSe [1-4]. Porosity is an effective 

tool for engineering basic parameters of semiconductor 

materials [5]. Porous III-V and II-VI compounds have 

been less investigated as compared with porous Si [6,7]. 

In particular, porous materials were found to exhibit 

Fröhlich-type surface-related vibrations with porosity-

tunable frequencies [8] and efficient optical second 

harmonic generation [9,10]. Most experiments 

investigating emission characteristics of porous III-V 

materials have been restricted to photoluminescence. The 

photoluminescence of porous GaP, GaAs and InP at 

energies above the band gap of the bulk material has been 

attributed to quantum size effects. 

InAs is a material with crystal structure of zinc blende 

type and energy gap Eg of 0.35 eV. The indium containing 

narrow-gap III-V semiconductors such as InAs and InSb 

may have many potential applications in photonic and 

electronic devices. Their electronic characteristics (high  

carrier mobility and saturation drift velocities, band gap in 

the infrared region of the spectrum, and low effective 

masses) make these materials attractive for infrared 

detectors and emitters as well as for high-speed electronic 

devices. 

One of the key problems with electrochemical 

methods of introducing porosity in semiconductor 

materials is the appropriate choice of the electrolyte 

composition. This problem is solved individually for each 

material. Due to the narrow band gap of InAs it is very 

difficult to reach nanostructuring in this compound via 

electrochemical etching techniques. Nevertheless, the 

formation of InAs micro- and nano-pencils was reported 

[11]. It was found that pulsed anodization in a mixture of 

H3PO4:HNO3 in proportion of 1:1 leads to the 

nanostructuring of InAs surfaces and the authors 

succeeded to demonstrate their application in field 

emitters [11]. However, the obtained structures are 

inhomogeneous. Later, the nanostructuring of InAs 

substrates in a NaCl electrolyte was realized and the 

results of a comparative study of the morphology of 

etched InAs crystals in this environmental friendly 

electrolyte and electrolyte based on acids at pulsed 

potential were reported [12]. The obtained results 

demonstrated that the nature of the electrolyte does not 
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influence significantly the morphology of the InAs porous 

structures. 

II-VI semiconductors are prospective candidates for 

nanotemplates taking into account their large bandgap, 

high electron mobility, transparency in the visible region 

of the spectrum etc. ZnS is a relatively large band-gap II-

VI compound (Eg=3.6 eV at 300 K) and has prominent 

luminescence proprieties that opens opportunities to use it 

in optoelectronics and photonics. However, electrical 

parameters of this material are not as good as those of the 

other compounds of the same group. The maximum 

concentration of free charge carriers in n-ZnS is less than 

10
17

 сm
-3

 because of the compensation effect, and this 

material has extremely high contact resistance due to 

surface states [13, 14]. In case of CdS (Eg ~ 2.4 eV), it is 

easy to obtain the concentration of free charge carriers up 

to 10
20

 cm
-3 

[13]. As a result, ZnCdS solid solution 

crystals are of great interest, because they may have wider 

band-gap and good electrical parameters necessary for 

efficient electrochemical treatment. 

II. EXPERIMENTAL 

The studied materials are (100) oriented n-type InAs, 

InP and ZnSe substrates with free carrier concentration 

n=3∙10
17

 cm
-3

 at 300 K. To obtain ZnSe crystals with 

carrier concentration of 3∙10
17

 cm
-3

, the substrates were 

subjected to annealing in a Zn+Al melt with a content of 

30 % of Al at 950 
o
C for 100 h, as described elsewhere 

[10,15]. 

Zn0.4Cd0.6S single crystals were grown by physical 

vapor transport using HCl as transport agent. The as 

grown ZnCdS:Cl crystals possess high resistivity (>10
8
 

Ω∙cm) that was decreased by annealing in Zn + Cd 

vapors. The electrical parameters of Zn0.4Cd0.6S samples 

are as follows: concentration of charge carriers is 2∙10
18

 

cm
-3

, electrical conductivity is 20 (Ω∙cm)
-1

, and mobility 

of charge carriers is 70 cm
2
/(V∙s). 

Before the anodization process, the InAs samples were 

degreased in acetone, ethanol and rinsed in distilled water. 

An electrical contact was made on the backside of the 

anodized crystal with a silver paint. The copper rod and 

edges of the crystal were insulated from the solution with 

nonconductive epoxy. The anodization of InAs substrates 

was carried out in 2M and 4M KOH aqueous solutions at 

room temperature (T = 25C). A potentiostat capable to 

deliver up to 1 A and 100 V was used. The anodization of 

ZnSe crystals was performed in a K2Cr2O7:H2SO4:H2O 

electrolyte as described in [4]. InP and Zn0.4Cd0.6S 

crystals were anodized in an aqueous solution of 5 % HCl 

as described in [5]. After etching the morphology and 

chemical composition microanalysis of samples have 

been investigated by Scanning Electron Microscope 

(SEM) TESCAN Vega TS 5130MM equipped with an 

Oxford Instruments INCA Energy EDX system and Zeiss 

Sigma operated at 20 kV. 

III. RESULTS AND DISCUSSIONS  

Figure 1a presents the top view morphology of InAs 

porous layer anodized in 2M KOH aqueous solution. A 

potential of 35 V was applied between the sample and the 

Pt electrode for 5 min. The electrolyte was stirred during 

the experiment to ensure the recovery of electrolyte 

concentration at the electrolyte-semiconductor interface. 

The sample was analyzed in cross-section in order to 

estimate the deepness of the produced porous layer (see 

Fig. 1a). At these etching parameters the thickness of the 

obtained porous InAs layer is around 1 µm. 

With increasing the electrolyte concentration, the 

morphology can be essentially changed in sense of the 

increased porosity (see Fig. 1b). However, it is difficult to 

grow thick porous InAs layers, since uniform 

electrochemical dissolution proves to occur 

simultaneously with the pore growth. 

 

 
Fig: 1 SEM images of InAs samples etched during 5 

minutes with an applied potential of 35 V: in a 2M KOH 

solution (a) in a 4M KOH solution (b). Inserted is the 

cross sectional view. 

 

The composition of the films and the atomic ratio of 

In to As in the etched samples were investigated by EDX 

measurements. The diameter of the focused electron beam 

in the EDX analysis is about 100 nm, and the scanning 

area is of 5 µm x 5µm. The EDX measurements 

demonstrated that the chemical composition of the porous 

InAs skeleton is stoichiometric. Therefore, the 

morphology of the porous InAs layer can be controlled by 

the composition of the electrolyte and the applied 

electrochemical parameters. However, it is difficult to 

control the mechanism of the pore growth and to produce 

thick porous layers with uniform porosity, since isotropic 

electrochemical etching occurs simultaneously with the 

pore growth process in narrow band gap semiconductors.  
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      In premiere, Zn0.4Cd0.6S crystals were subjected to the 

electrochemical etching. This composition was chosen, 

since its bandgap is nearly equal to that of ZnSe. The 

polarization curve measured for Zn0.4Cd0.6S crystals, see 

the insert in Fig. 2, shows that the formation of pores 

starts at voltage around 5 V. The characteristic size of the 

obtained porous structure can be changed by the applied 

voltage and it increases up to around 30 nm with the 

increase of the applied voltage up to 18 V (see Fig. 2). 

 

 
Fig.2 SEM image of porous Zn0.4Cd0.6S layer anodized in 

a 5 % HCl electrolyte with an applied potential of 18 V. 

Inserted is the polarization curve measured at the 

beginning of electrochemical etching. 

 

It was previously reported [16] that current-line and 

crystallographically oriented pores can be grown in III-V 

semiconductors, whereas in II-VI (e.g. ZnSe and CdSe) 

semiconductors only current line oriented pores can be 

produced. This observation is corroborated by the present 

investigation of the pore growth in Zn0.4Cd0.6S crystals. 

The impossibility of growth of the crystallographically 

oriented pores in II-VI compounds is a reasonable 

explanation of the absence of long-range order in the 

spatial distribution of current-line oriented pores in these 

materials if one takes into account the model for the 

formation of pores proposed previously [5]. The absence 

of crystallographically oriented pores can be explained by 

the type of atomic bonds in these semiconductors. 

Covalent tetrahedral bonds due to sp
3
 hybrid orbitals are 

inherent to elemental semiconductors such as Si and Ge. 

Tetrahedral bonds are also inherent to compound 

semiconductors. However, these bonds can be both 

covalent and ionic, since the compound semiconductors 

consist of atoms with different electronegativities. Table 1 

presents the atom electronegativity difference for some 

semiconductor compounds calculated by Pauling's law 

[17]. 

 
TABLE 1 Values of electronegativity difference and degree of 

ionicity in II-VI and III-V semiconductor compounds. 

 II-VI III-V 

Compound ZnO Zn

S 

CdS  ZnS

e 

CdSe InP InA

s 

GsA

s 

InS

b 

GaP 

Electro- 

negativity 

difference 

 

2 

 

1 

 

1 

 

0.9 

 

0.9 

 

0.6 

 

0.5 

 

0.5 

 

0.3 

 

0.32 

Ionicity 

[%] 

63 22 22 19 19 11 9 9 2 2 

The electronegativity is an indicative of the strength 

with which atoms attract electrons. The difference in 

electronegativities of the constituent elements is therefore 

an indicative of the ionicity, as shown in Table 1 [18].
 
The 

higher is the ionicity, the stronger is the attraction 

between the atoms. One can see from Table 1 that the 

degree of ionicity of III-V semiconductor compounds is 

lower as compared to that inherent to II-VI compounds. 

As a result, crystallographically oriented pores can be 

obtained in III-V compounds, in contrast to II-VI 

compounds. 

Figure 3 presents SEM images of electrochemically 

etched InP, ZnSe and Zn0.4Cd0.6S crystals with the 

anodization potential intentionally changed during the 

pore growth.  

 
Fig. 3 SEM image of porous InP (a), ZnSe (b), and 

Zn0.4Cd0.6S (c) layers anodized with changing the applied 

potential [from 7 V to 1 V in (a); from 15 V to 13 V in 

(b); and from 18 V to 16 V in (c)]. 

 

One can deduce from Fig. 4 that changing the applied 

potential from 18 V to 16 V during the anodization of 

Zn0.4Cd0.6S crystals leads to the change of the mean pore 

diameter from 30 nm to around 15 nm. 
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Fig. 4 SEM image of porous Zn0.4Cd0.6S (c) layers 

anodized with the applied voltage of 18 V (a) and 16 V 

(b) illustrating the change of the pore diameter. 

IV. CONCLUSION 

The results of this study demonstrate that the 

mechanism of pore growth is strongly dependent upon the 

parameters of the anodized material, particularly upon the 

ionicity of the material, in addition to the dependence on 

the composition of the electrolyte and the technological 

conditions applied for porosification. The morphology of 

the porous InAs layer can be controlled by the 

composition of the electrolyte and the applied 

electrochemical parameters. However, it is difficult to 

control the mechanism of pore growth in InAs, since 

uniform electrochemical etching proves to occur 

simultaneously with the pore growth in narrow bandgap 

semiconductors, therefore leading to the limitation of the 

achieved depth of the produced porous layer. On the other 

hand, the pore growth mechanism in wide-band gap 

semiconductors is determined by the difference in the 

values of electronegativity of the constituent atoms and 

the degree of ionicity. Since the degree of ionicity of III-

V semiconductor compounds is lower as compared to that 

inherent to II-VI compounds, both current-line-oriented 

pores and crystallographically oriented pores can be 

produced in InP, while only current-line-oriented pores 

can be obtained in ZnSe and Zn0.4Cd0.6S.  
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I. INTRODUCTION 

This paper focuses on the surface modification of 

titanium (Ti) implant for dental applications. Ti is a 

widely used dental implant material due to its superior 

properties such as low toxicity, high biocompatibility, and 

high corrosion resistance [1, 2]. For utilization of Ti as 

implants in dentistry or orthopedics, the bone-bonding 

ability of the Ti should be enhanced to prevent the 

implants from loosening [3]. Thus, the aim is to change 

the surface structure of the Ti to increase 

osseointegration. The success of the Ti implants strongly 

depends on osseointegration, which is the direct structural 

and histological connection of the bone and the implants 

surface [2]. The osseointegration can be promoted by 

increasing the surface roughness of the Ti implant 

resulting in a much higher contact area between the 

implant and bone tissue. In principle, the surface structure 

can be modified by several techniques, e.g. by mechanical 

(polishing, blasting, grinding), chemical (etching, 

anodization) or physical (plasma spraying, sputtering) 

methods [2, 4, 5]. Purely chemical etching is of special 

interest, because it is an easy, fast and cheap method. It 

can be used not only in mass production, but also in small 

labs. It can be easily integrated in already existing 

production lines. Chemical etching allows to produce Ti 

surfaces with various degrees of roughness and various 

morphologies by varying etchants, concentration of 

etchants, temperature etc. It has been shown [6 - 8] that a 

surface coating of the implant with hydroxyapatite (HA) 

is beneficial for the osseointegration. The present work 

can be divided in two parts: 1st the Ti surface is modified 

in a chemical etching step with subsequent post-etching 

and sputter deposition, and 2nd functionalizing of the Ti 

surface by sputter deposition of HA. 

II. EXPERIMENTAL 

In the experiments Ti (Goodfellow Ti 007930: 

annealed, 99.6%) discs were used. The discs were 

machined to a diameter of 10 mm and a thickness of 1 

mm. To remove the sawing marks the Ti discs were 

polished with SiC grinding paper manually on each side, 

initially with microgrit P2500 followed by P4000 to 

obtain relatively smooth surfaces. To remove any oil 

contamination remaining on the surface, the Ti discs were 

kept in acetone for 5 minutes and air-dried before they 

were put into the etching solution. The etching solution is 

a 1:1 mixture of HCl (37%) and H2SO4 (95-97%). The 

etching is carried out in a plastic beaker at room 

temperature for 3 h. Afterwards a post-etching in pure 

H2SO4 (95-97%) is performed for 2 h to slightly reduce 

the surface roughness. After each etching step, the Ti 

samples are thoroughly rinsed in deionized water and air-

dried. The HA coating is done by magnetron-assisted 

sputter depo-sition under an incidence angle of 45° at a 

pressure of 3.4 · 10
-3

 mbar and a discharge power of 20 W 

for 20 h. To find the best surface conditions for cell 

proliferation and adhesion, three different groups of Ti 

surfaces were prepared: group 1: chemical etching and 

HA coating, group 2: chemical etching, post-etching, and 

HA coating, and group 3: chemical etching and post-

etching. For the cell adhesion tests, the Ti samples were 

sterilized in 70% ethanol and rinsed in a phosphate 

buffered saline solution (PBS) to maintain a constant pH. 

At least four samples of each group were prepared an 

used for the cell adhesion test. The samples were placed 

into a 12-well culture plate, each having a volume of 1.5 

ml standard medium solution and seeded with 20,000 

wild type rat embryonic fibroblast cells, followed by an 

over-night incubation for 17.5 h at 37C, with 5% CO2 

and 90% humidity. As reference two glass slides were 

used. For counting the cells under the fluorescence 

microscope the cells were stained with calcein – a 

membrane permeable, fluorescent dye labeling living 

cells.  

To determine how the cell adhesion is on each Ti 

surface also fluorescence microscopy images were taken. 

The surface morphology of the Ti discs was analyzed 

with a HELIOS D477 SEM. The fluorescence images 

were taken with an Olympus IX 81 microscope. 

III. RESULTS & DISCUSSION 

Figure 1 presents a top view on the typical surfaces of 

the Ti samples after the final processing step, Fig. 2 the 

corresponding fluorescence microscopy images. 

Surface Modification of Ti by Chemical Etching 

and HA Sputtering for Dental Applications 

Abstract — This work presents the surface modifications obtained in a two-step chemical etching process 

consisting of chemical etching and subsequent post etching. The additional post-etching results in an 

increased cell proliferation of almost 50% compared to the non-post-etched. An additional hydroxyapatite 

coating (about 160 nm thickness) is highly beneficial to further increase the cell adhesion on the etched Ti 

surface. 
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(a) 

 
(b) 

 
(c) 

Fig.1 Top view on surfaces of the Ti samples after the final 

processing step: (a) group 1 (chemically etched and HA coated), 

(b) group 2 (chemically etched, post-etched, and HA coated), 

and (c) group 3 (chemically etched and post-etched). 

Afterwards, the cell adhesion tests are performed on these 

samples. 
 

 

 
(a) 

 
(b) 

 
(c) 

 
Fig.2 Fluorescence microscopy images at 10 magnification of 

wild type rat embryonic fibroblast cells stained with calcein on 

the surface of (a) group-1, inset: cells on glass slide as reference,  

(b) group-2, and (c) group-3 Ti samples. 

 

 

 

Figure 1 (a) presents the typical surface of the group-1 

 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

58 

Ti samples (chemically etched and HA coated). The 

surface is homogeneous and contains many spike 

structures that are interconnected. The HA clusters on the 

surface are visible. 

Figure 1 (b) illustrates the typical surface of the group-

2 treated Ti samples (etched, post-etched, and HA 

coated). The surface contains many spikes and narrow 

hollows, but is less rough compared to the surface of 

group-1 samples [Fig. 1 (a)]. This is due to the additional 

post-etching step, which is performed directly after the 

initial chemical etching, to slightly smoothen the sharp 

and highly cornered spikes. No large HA clusters are 

found on the surface. The narrow hollows are almost 

filled up by the HA coating and the spikes are less 

pronounced compared to the surface of the group 1 

samples [Fig. 1(a)].  

In Fig. 1 (c) the typical surface of the group 3 treated 

Ti samples (etched and post-etched, no HA film) is 

depicted. The surface has a wavy structure, containing 

many wide and shallow bowls. It can be seen that the 

bowls are subdivided into smaller almost round cavities at 

the bottom of each bowl.  

Figure 2 (a) – (c) depict the fluorescence microscopy 

images of wild type rat embryonic fibroblast cells 

growing on the three differently processed groups of Ti 

samples. Each fluorescence microscopy image is given 

next to the Ti surface it is seeded on. The morphology of 

the rat embryonic fibroblast cells is a measure for the cell 

adherence and how compatible the surface is to the 

fibroblast cells. The cell adherence on the surface is good 

if the surface is compatible to cells. In this case the 

fibroblast cell morphology is roundish, while it is 

elongated and stretched if the surface is incompatible to 

the cells. 

The morphology of the cells presented in Fig. 2 (a) is 

highly elongated and stretched indicating that the cells try 

to minimize the contact area to the surface. Compared to 

the cells on the glass cover slide [see inset of Fig. 2 (a)], 

the cells on the group-1 Ti sample surface have low cell 

adherence. 

Figure 2 (b) shows the cells grown on the Ti surfaces 

belonging to the group-2 samples. The number of cells on 

the surface of group-2 Ti samples is higher compared to 

the group-1 samples. The cells grown on these surfaces 

are in average very broadly spread in contrast to group-1 

sample surfaces. This indicates that the cell adhesion is 

increased for the surface of group-2 Ti samples. The cell 

morphology is quite similar to the cell morphology of the 

reference sample, although the cells tend to have even 

spread better on the group 2 surface. 

Figure 2 (c) shows the shape of the cells on the surface 

of the group-3 Ti samples. The cells are broadly spread, 

and they form filapodia. Compared to the cell shape of the 

reference sample, there is hardly any difference detectable 

in the cell shape. 

Figure 3 presents the average numbers of cells on the 

three differently processed Ti samples. The group-1 

(chemically etched and HA coated) samples exhibit the 

smallest number of cells on the surface (about 2100) of all 

three groups. This is most probably due to the sharp and 

highly cornered spikes on this surface, so that the cells try 

to minimize their contact area [see Fig. 2 (a)].  

The highest number of adhering cells (about 3200) is 

found for the group-2 samples, being chemically etched, 

post-etched, and HA coated. This means the additional 

post-etching step results in an increase of the cell 

proliferation by almost 50%. Thus, it seems beneficial for 

the cell adhesion to smoothen sharp and highly cornered 

features on the surface, which is well known for other 

surfaces/materials as well. This result also shows that 

post-etching is a suitable way to not only increase the cell 

adhesion, but also to stimulate cell proliferation on the Ti 

surface.  

With about 2700, the mean number of cells on the 

surfaces of group-3 samples lies in between the results 

obtained for group-1 and group-2 samples. This means, 

the HA coating improved the cell adhesion and increased 

the number of cells on the surface by about 18%. 

 

Fig.3 Mean number of cells grown on each group of Ti sample 

surface (group 1: chemically etched and HA coated, group 2: 

chemically etched, post-etched, and HA coated, and group 3: 

chemically etched and post-etched). The standard deviation is 

given by the error bars. 

 

IV. SUMMARY & CONCLUSION 

In this work a two-step etching process consisting of 

chemical etching and subsequent post-etching of Ti 

surfaces is presented. The additional post-etching step has 

a high positive impact on the cell adhesion at the surface. 

It turns out that a high surface roughness is not beneficial 

in general, but smoothening of sharp and highly cornered 

features on the surface is more suitable for a good cell 

adhesion. On the other hand this also means that by 

choosing the right etching parameters a rather cell 

incompatible surface can be turned into a compatible 

surface. It is also shown that an HA coating of the 

chemically etched and post-etched surface is highly 

beneficial for the cell adhesion.  

Nevertheless, there are indications that it is still 

possible to improve the cell adhesion on the Ti surface by 

further modifications of the etching processes. 
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Electromagnetic signals at Terahertz frequencies 

have the advantage that their photon energies are in the 

low milli-electronvolt range and therefore not capable of 

breaking up organic molecules of living cells. Therefore 

they have been considered for many applications such as 

airport surveillance. These scanners can detect metals 

such as those of weapons hidden under clothing from a 

distance of several meters, without exposing the persons 

to harmful radiation. THz spectroscopy is used to 

characterize many materials, including packaging, 

explosives and drugs. A recent application has been to 

characterize single-wall nanotube thin film electrodes.  In 

another approach, using a separate pump beam to excite 

charge carriers in a material shortly before the THz 

analysis is carried out, information about ultrafast carrier 

dynamics may be obtained.  A recent example of such 

time-resolved THz measurement deals with poly (3-

hexylthiophene) and methanofullerene blended films. 
 

THz radiation can pass through clothing and 

packaging, but it is strongly absorbed by metals and many 

other inorganic substances. THz sources use a number of 

basic techniques, namely either harmonic extraction from 

the mm-waves or using various methods from the optical 

signals. The possibility of deep-infrared lasers by 

quantum-cascading reaches the low THz frequencies of 

interest only by cooling to liquid nitrogen or below. 
 

Here then several approaches are described as 

developed by the research team of the author and his 

international research partners, together with an 

assessment of the capability for wide-spread applications, 

in particular in the biological field. Of course a decision is 

made here to not base the approach on such techniques as 

quantum cascade lasers, where low-temperature usage 

appears to be required for the generation of lower THz 

frequencies as needed for the security issues under 

consideration. 
 

The development of THz power sources out of 

laser mixing is a primary interest. This concerns non-

linearity effects with various types of materials or with 

semiconductor structures, which initially need to be 

simulated by using permissible approximations. An 

important issue is the handling of waste heat in electronic 

structures introducing new ideas of heat sinking. 
 

The illumination of individual mixers of an array is 

undertaken by fibres from the output of two lasers 

operating at the difference frequency of the THz signal to 

be generated. The mixer array needs to be composed of 

mixers which are separated from each other by distances 

as required for good heat sinking. Such schemes are 

designed by us now on the basis of a heat-conducting 

thick metal grid. The THz antennas coupling out the 

electromagnetic waves are designed by us such that a 

narrow main lobe with only minimal side arms occurs. 
 

Work was undertaken towards a photonic Vector 

Network Analyzer for THz heterodyne phase-coherent 

measurements. This is based on the combination of a 

continuous wave (CW) THz photonic transmitter and a 

CW THz photonic front-end receiver that serve as THz 

interface extensions for a radiofrequency Vector Network 

Analyzer (VNA). The proposed PVNA would be able to 

perform measurements in the THz range, where both 

magnitude and phase are directly measured, eliminating 

all the delays associated with typical time-domain 

schemes, by adding phase control and measurement to 

existing photonic THz heterodyne receivers. The 

proposed scheme makes use of commercial, low cost 

components to achieve a compact and cost-effective 

system. This approach is the first scheme for vectorial 

measurements of THz radiation using a photonic 

approach for both generation and detection, combining in 

a single scheme the RF, THz and optical frequency 

regions. This study was presented at the European 

Microwave Week in Amsterdam. 

Imaging techniques are important issues towards 

the realization of a THz camera. To obtain Continuous 

Wave (CW) operation the main issue is power handling 

via suitable heat sinking strategies. Regarding a 

maximization of THz illumination, a new design structure 

and a first experimental approach is introduced by using 

Nitrogen implanted GaAs (N+i GaAs) material as a 

photoconductive material. The issue of CW operation 

requires careful heat transfer designs. Here a study is 

presented regarding multiple source interconnections in a 

matrix structure. This is aimed at broad illumination 

schemes. 
 

The image detection is then based on an array of 

photoconductive antenna heterodyne receivers  

illuminated with two phase-locked optical wavelengths 

obtained from an Optical Frequency Comb Generation 

(OFCG) for CW operation. This architecture allows for an 

efficient, phase controlled, Local Oscillator (LO) 

distribution with low losses intrinsic to the use of optical 

fibers, as well as amplitude and phase recovery due to the 

coherence of the LO distributed. Tunable operation is 

achieved using the different lines of the OFCG and 

broadband design for the photoconductive antenna. 
 

A design involvement concerns the opportunities 

of nanometric electronics. The assessment of the 

fabrication techniques are to be studied.  
 

THz fingerprints of explosive gases and materials 

is under study worldwide. The absorption spectra of 

dangerous compositions are widely identified nowadays. 

Many of the studies are to be reviewed, particularly the 

efforts of the group of the speaker.  
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T. University Darmstadt,  Merckstr.25 

64283 Darmstadt, Germany 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

61 

 

I. INTRODUCTION 

In the last year it is observed an increased demand for 

the thermoelectric detectors of infrared (IR) radiation. 

Despite the photoelectric detectors which are sensitive in 

the spectral interval of wave lengths shorter than 1.5 µm, 

the thermoelectric detectors can collect and detect 

radiation from a very large spectral interval, including 

that of far IR wave lengths. Such detectors are widely 

used for detection of IR radiations, in the systems of night 

vision, in the thermometers for contactless measurement 

of temperature including that of the human body one, in 

new thermal imaging systems.  

The main parameter that determine the possibility of a 

material to be used as sensitive element in the 

thermoelectric detectors of IR radiation is the 

thermoelectric power factor, P = σS
2
, where σ is the 

electrical conductivity and S is the thermopower (Seebeck 

coefficient). Higher the value of P is, the better this 

material is as sensitive element in the IR detectors. In the 

ordinary materials the simultaneous increase of electrical 

conductivity σ and of thermopower S is not possible, 

because the increase of σ usually leads to the decrease of 

S, and vice versa. New materials and structures with more 

complicated internal interactions are needed in order to 

overcome this contradiction.  

High values of the thermoelectric power factor P ~ 6.2-

6.6
 
10

-3
W/m.K

2
 have been measured in n-PbTe/PbEuTe 

quantum wells at room temperature [1]. Even higher 

values of P = 1.6⋅10
–2

 W/mK
2
 have been measured in p-

type PbTe/PbEuTe quantum wells [2]. We have 

calculated for (100) and (111) oriented n-PbTe/PbEuTe 

quantum wells P100 = 1.7510
-2

 W/mK
2
 and P111 = 1.110

-2
 

W/mK
2
, respectively [3] and P ~ 2.5⋅10

–2
 W/mK

2
 in p-

type quantum structures [4]. These values are much 

higher that P = 410
-3

 W/mK
2
 which is obtained in widely 

used thermoelectric material Bi2Te3. However, the 

technology to product such quantum structures is rather 

complicated and expensive. 

In the last years organic materials attract more and 

more attention as materials with more diverse and often 

unusual properties and which would be much less 

expensive in comparison with the inorganic ones. High 

values of the thermoelectric power factor have been 

already predicted in literature [5-7]. In [6] it was shown 

that in quasi-one-dimensional (Q1D) nanostructured 

crystals of tetrathiotetracene-iodide, TTT2I3, the optimal 

value of P = 1.5310
-2

 W/mK
2
 is expected. But this 

prediction was made on the base of a one dimensional 

crystal model.  

The aim of this paper is the modeling of the electrical 

conductivity, thermopower and thermoelectric power 

factor in a more complete physical model which takes 

into account the possibility of charge carriers to pass form 

one molecular chain to another, i.e. the kinetic interaction 

between the molecular chains is considered. For 

simplicity a two-dimensional (2D) crystal model will be 

applied.   

II. THERMOELECTRIC POWER FACTOR 

The physical model for TTT2I3 has been briefly 

described in [8]. The crystals are formed of segregate 

linear chains of TTT and iodine. But only TTT chains are 

electrically conductive and the carriers are holes. Due to 

such molecular structure the crystals have needle like 

form with the length of 3 -10 mm and thickness ~ 60 mm. 

Such crystals were grown from solution [9], from gas 

phase [10] and by gas transport reactions [11]. The 

electrical conductivity σ is very sensitive to the crystal 

perfection and therefore varies in rather large interval. In 

the most perfect crystals grown by gas transport reactions 

the values of σ ~ 10
4
 

-1
cm

-1
 have been measured.  

In order to describe the charge transport the tight 
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binding and nearest neighbors approximations are 

applied. The energy of hole with the 2D quasi-wave 

vector k with projections (kx, ky) is measured form the 

upper margin of the conduction band and has the form  

)]cos(1[2)]cos(1[2)( 21 akwbkw yx k ,        (1) 

where w1 and w2 are the carrier transfer energies between 

the nearest molecules along and between the chains, b and 

a are lattice constants along and in transversal direction to 

the chains. The conducting chains are directed along b 

which is taken as the axis x. Axis y is perpendicular to x.  

The frequency ωq of the acoustic longitudinal phonon 

with the 2D quasi-wave vector q and projections (qx, qy) is 

taken in the form  

)2/(sin)2/(sin 22
2

22
1

2 aqbq yxq   ,               (2) 

where ω1 and ω2 are the limit frequencies in the x and y 

directions. The conditions of the crystal quasi-one-

dimensionality impose that w2   w1, and ω2   ω1.  

Two the most important interactions of charge carriers 

with longitudinal acoustic phonons are taken into 

consideration. The first interaction is similar to that of 

polaron, but determined by induced polarization of 

molecules surrounding the conduction hole. The coupling 

constant is proportional to the mean polarizability 0 of 

TTT molecule.  In Q1D crystals the molecules are big and 

the polarizability is also big. Therefore, the fluctuation of 

the polarization energy due to the lattice vibrations must 

be taken into consideration.  

The second interaction is similar to that of deformation 

potential. The coupling constants are proportional to the 

derivatives 1w  and 2w with respect to the intermolecular 

distance of the energies w1 and w2 of a carrier transfer 

between the nearest molecules along and between the 

chains. Until our publications only this interaction was 

taken into account.  

The scattering of carriers on impurities is also taken 

into account and is described by the dimensionless 

parameter D0 which is proportional to the carrier 

concentration, and may be made very small, if the crystal 

purity is sufficiently high.  

The linearized kinetic equation for nonequilibrium 

distribution function of carriers has been deduced. In the 

energy conservation law for the scattering process it was 

neglected the phonon energy, because at room 

temperature the latter is much less than the carrier energy. 

It was neglected also the carrier kinetic energy in 

transversal direction with respect to the longitudinal one, 

due to the relation   w2  w1. In this case the kinetic 

equation can be solved analytically. The electrical 

conductivity along the chains σxx, noted also by σ, and the 

thermopower S have been expressed through the transport 

integrals [8]. As a result, for the thermoelectric power 

factor we obtain  

 

 P = σS
2
, where σ = σ0R0, S = (k0/e)(2w1/k0T)R1/R0.   (3) 

 

Here k0 is the Boltzmann constant, e is the hole charge  

             

))(/(2 2
1

2
0

23
1

2
1

2
0 wTkabcwMve s   , 

 

Rn are the transport integrals 
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and M is the mass of TTT molecule, vs1 is the sound 

velocity along the chains, a, b, c are the lattice constants, 

nε,η is the Fermi distribution function in the variables ε 

and η, εF = EF /2w1 is the Fermi energy in the 

approximation, when the second term in (1) is neglected. 

The dimensionless parameter D0 describes the carriers 

scattering on impurities considered neutral and point like. 

It is proportional to impurity concentration and can be 

made very small, if the impurity concentration is 

sufficiently small. We will consider the crystals with low, 

middle and high degree of purity and have chosen D0 = 

0.2, 0.1, 0.05, respectively, as in [6].  

From (4) it is seen that the expression under integral (or 

the relaxation time) may have a maximum at ε = ε0, when 

0 < ε0 < 2, and the other terms in square bracket are small. 

This means that the above mentioned hole-phonon 

interactions strongly compensate each other for values of 

ε close to ε0. In the 1D approximation the value of this 

maximum was limited only by the value of the parameter 

D0, or by the intensity of impurity scattering. Now this 

maximum is limited also by the strength of interchain 

interaction. Therefore, it is necessary to investigate, when 

the interchain interaction can be neglected, and when it 

becomes important.      

 

III. RESULTS AND DISCUSSIIONS  

The electrical conductivity σ, the thermopower S and 

the thermoelectric power factor P along the chains have 

been calculated numerically after (3) – (6). The crystal 

parameters are the same as in Ref. 8: M = 6.510
5
me (me 

is the mass of the free electron), a =18.35 Å, b = 4.96 Å,  

c = 18.46 Å, vs1 = 1.510
3 

m/s, w1 = 0.16 eV, 1w  = 0.26 

eVÅ
-1

, w2 = 1.4410
-3

eV, 2w = 2.3410
-3

 eVÅ
-1

,  r = 4.  

The parameter γ1 was taken equals to 1.6 as in [6], that 

corresponds to 0 = 42 Å
3
. For comparison, in antracene 

0 = 25Å
3
, but TTT molecule is bigger and 0  must be 

bigger too. From (6) it results that γ2 = 3.47 γ1.  
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In Fig. 1 the results of σ calculations are presented. It is 

seen that the lower and middle curves practically 

coincide. Only the maximums of upper curves a little 

differ, σ1D = 18.110
3
 

-1
cm

-1
, but σ2D = 17.510

3
 

-1
cm

-1
. 

Thus, for crystals of considered degree of purity the 

interchain interaction very little influences the values of 

electrical conductivity and can be neglected. Of cause, for 

much purer crystals this interaction will change σ 

significantly. 

In Fig. 2 the dependences of the thermopower S are 

presented. It is seen that the interchain interaction has still 

less influence on thermopower, than on σ. For crystals 

with considered degree of purity the curves for 1D and 2D  

 

models practically coincide. This means that due to an 

additional factor (ε – F ) in the numerator of (4), the 

maximum of relaxation times influences the thermopower 

in a less extent than σ. For values of F between 0.1 and 

0.2, when the maximum of the thermoelectric power 

factor is expected, the interchain interaction even less 

changes the values of S, calculated in the1D model. In this 

case we may use for optimization process the simpler 1D 

crystal model.   

The dependences of the thermoelectric power factor P 

on dimensionless Fermi energy F  are presented in the 

Fig. 3. Even if dependences of P have accumulated more 

accurate calculations of σ and S in the 2D model, the 

curves practically coincide for less pure crystals with D0 = 

0.2 and 0.1. Only in the purest crystals with D0 = 0.05 it 

is observed a small decrease of P in the region of the 

maximum. Therefore, it becomes important to investigate 

P for still more pure crystals. Accordingly, we have 

modeled σ, S and P for crystals with D0 = 0.4, 0.2 and 0.1.  

The dependence of electrical conductivity σ on Fermi 

energy F in these more perfect crystals are presented in 

the Fig. 4. It is seen that the values of σ have increased 

both in 1D and in 2D models. It aws expected. But now in 

the purest crystals with D0 = 0.01 the maximum of σ in 

the 2D model is by 11% lower than in 1D case, and for 

these values of F  the interchain interaction becomes 

important. In the same time, for values of εF between 0.1 

and 0.2 which are the most important in our case, the 

differences between calculated values in 1D and 2D 

models are much less.  

The dependencies of the thermopower S on F  for 

these more perfect crystals are presented in the Fig. 5. It is 

seen that for some intervals of F , due to the interchain 

Fig.1.Electrical conductivity as a function of 

for  = 1.6: upper, middle and lower curves 

are for D0 = 0.05, 0.1 and 0.2, respectively. 

 

 

Fig.3. Thermoelectric power factor as a function 

of for  = 1.6: upper, middle and lower curves 

are for D0 = 0.05, 0.1 and 0.2, respectively.  

Fig.4. Electrical conductivity as a function of 

for  = 1.6: upper, middle and lower curves 

are for D0 = 0.01, 0.02 and 0.04, respectively.  

Fig.2. Thermopower S as a function of  for  = 

1.6: lower, middle and upper curves are for D0 = 

0.05, 0.1 and 0.2, respectively. 
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interaction, calculated values of S for 2D model were 

diminished in comparison with the 1D model. In other 

intervals S remains practically unchanged. In order to 

demonstrate such behavior of the thermopower we have 

presented in Fig. 6 the dependencies of S in a narrower 

interval of F . Really, the diminution of S in this interval 

of F  is very small. Nevertheless, in the purest crystal 

with D0 = 0.01the diminution of S must be taken into 

account. At F  ~ 0.4 the sign of S is changed. This 

means that carriers with opposite sign (electrons) are 

excited. 

In Fig.7 the dependencies of the power factor P on F  

for purer crystals are presented. The values of P have 

increased considerably. Now the maximum value of P is 

58010
-4

 mWm
-1

K
-2

 in 1D model and 45010
-4

 mWm
-1

K
-2

 

in 2D model. The interchain interaction becomes more 

important because P is diminished by 22.4 %. For F  = 

0.2 the values of P are 55010
-4

 mWm
-1

K
-2

 and 42010
-4

 

mWm
-1

K
-2

, respectively.  Even so, these calculated values 

of P in more realistic 2D model are 10 times higher than 

measured value in Bi2Te3, an inorganic widely used 

commercial material. But the maximums of P are placed 

at lower values of Fermi energy than those that 

correspond to ordinary crystals. At F  a little less than 

0.4 which correspond to stoichiometric crystals the power 

factor is very small. In order to increase P it needs to 

diminish the carrier concentration, i.e. to diminish the 

content of iodine which have the role of acceptors. This is 

possible because nonstoichiometric crystals of the type 

TTT2I3-, where  is the deviation of stoichiometry, are 

allowed.    
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Fig.6. Dependencies of the thermopower S as in 

Fig.5, but now upper, middle and lower curves 

are for D0 = 0.01, 0.02 and 0.04, respectively.  

Fig.5. Thermopower S as a function of EF for  = 

1.6: lower, middle and upper curves are for D0 = 

0.01, 0.02 and 0.04, respectively. 

 

Fig.7. Thermoelectric power factor as a function 

of for  = 1.6: upper, middle and lower curves 

are for D0 = 0.01, 0.02 and 0.04, respectively. 
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I. INTRODUCTION 

ZnO-based nanostructures have attracted the attention of 

many research groups due to their unique properties and 

potential applications in nanodevices [1]. 

Among numerous nanostructures, nanofibrous layers 

are of great interest due to their large specific surface area 

which facilitates the adsorption/desorption processes [2-

3]. 

Dye-sensitized solar cells (DSCs) as a new generation 

of solar cells have attracted great attention of scientists 

because they are characterized by promising efficiency 

and environmental protection [4]. However, for extensive 

applications of DSCs it should be found an inexpensive 

transparent material for electron transportation to allow 

efficient charge collection [5]. Thus, ZnO is a metal 

oxides with wide-band gap which became of great interest 

for DSC applications [3-6]. 

Typically, the nanomaterials based on ZnO can be 

fabricated by various growth techniques, including 

electrodeposition [3], hydrothermal synthesis [7], vapor-

liquid-solid (VLS), vapor-solid (VS) [1] processes, metal-

organic chemical vapor deposition (MOCVD) [1], 

chemical vapor deposition [1], etc. The magnetron 

sputtering technique has been widely used to synthesize 

ZnO materials [1]. However, there are no reports on 

fabrication of ZnO nanofibrous layers by magnetron 

sputtering and applications in DSCs. 

II. EXPERIMENTAL 

ZnO nanofibrous layer was synthesized by the magnetron 

sputtering method[1]. Glass covered with tin oxide films 

was used as substrate. Substrate cleaning was performed 

in mixed solution of chromium (7g K2Cr2O7 -10ml H2O -

100ml H2SO4) at 22C, then it was rinsed with abundant 

distilled water (18.2 MΩ∙cm) flow. Afterwards it was 

mounted on a working electrode for direct current (DC) 

magnetron sputtering in a classical set-up. A disc of pure 

zinc (99.99 %) was used as metal target. A constant 

vacuum pressure of 5 × 10
−3

 Torr was regulated  by the 

argon working gas pressure. The direct current DC was 

0.15 A and temperature was 210C. The obtained 

nanofibrous ZnO layers on tin oxide/glass substrate were 

annealed at 480 C for 45 min in an O2 atmosphere. The 

sample characterization was performed as described in 

previous publications [3,6]. 

III. REZULTS AND DISCUSSIONS 

The SEM images of the nanofibrous ZnO material are 

presented in Figure 1. The surface of the ZnO nanofiber-

based layers is fairly uniform. The short nanofibers are 

interconnected and form a continuous very porous 

membrane. One can see that the average diameter is of 

about 100 nm (Figure 1). According to the results of XRD 

study (not shown) all observed Bragg reflections are in 

accordance with the Wurtzite P63mc space group and 

hexagonal crystal system. The crystal lattice constants a 

and c were determined as a = 0.325 nm and c = 0.520 nm.  

Synthesis of Nanofibrous ZnO by Magnetron 

Sputtering and its Integration in Dye-Sensitized 

Solar Cells 

Abstract — This work demonstrates a cost-effective synthesis of nanofibrous ZnO layers by a magnetron 

sputtering. We present the results of layer characterization by scanning electron microscopy, X-ray diffraction, 

energy dispersive X-ray spectrometry, Raman spectroscopy, and photoluminescence which are indicative of good 

structural properties of the layers. The nanofibrous ZnO layers proves good structural properties offering a new 

nanomaterial for dye-sensitized solar cells (DSCs) application. Their successful integration in DSC for solar 

energy conversion is demonstrated by impedance spectroscopy, and photo-current-voltage (J-V) studies.  
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Fig. 1. (a,b,c) SEM top views of ZnO nanofibrous layers grown by 

magnetron sputtering. (b) and(c)   are zoom-in views of (a). 

 

The Raman investigation of the ZnO nanofibrous layer 

proves the high quality wurtzite crystal structure. Raman 

scattering peaks have been detected at 100 cm
-1

, 332 cm
-1

, 

438 cm
-1

, 582 cm
-1

, and 644 cm
-1

 , which corresponds to 

low-frequency E2L, E2H - E2L, high frequency E2H, E1L - 

LO, E1, E2 – TA+ LO modes, respectively. 

Room temperature photoluminescence band with the 

maximum at 379 nm was evidenced, which overlaps with 

its phonon replica. We studied the photocurrent-voltage 

(J-V) characteristics for DSCs based on ZnO nanofibrous 

layers deposited on tin oxide film/glass substrate. It 

should be noted that the behavior exhibited by the cells is 

typical of that inherent to DSC cells. The DSC 

characteristics were explored under 1 Sun AM 1.5 

simulated sunlight. The performances for ZnO 

nanofibrous solar cells are: a power conversion efficiency 

of 1.7%, an open circuit voltage (Voc) of 0.49 V, a Fill 

Factor (FF) of 40.2% and a short circuit photocurrent 

density (Jsc) of 8.45 mA/cm
2
. It is of importance to 

mention that current density Jsc is quite high, which 

makes such nanomaterial very promising for future DSC 

applications. 

IV. CONCLUSION 

Nanofibrous ZnO layers were successfully synthesized on 

tin oxide/glass substrates using magnetron sputtering 

technique and were used after sensitization as a 

photoelectrode of a DSC. The fabricated device yielded to 

a maximum conversion efficiency of 1.7%.  

We found that Jsc is quite high (Jsc(exp)=8.45 mA.cm
-
²), 

which is the highest reported value for a such fibrous 

photoelectrode.  The nanomorphology and high 

crystallinity reduce the charge recombination between 

photo-excited electrons and oxidized dye and electrolytes, 

which are processes responsible for increasing the Jsc(exp). 

 Note that that the efficiency depended on the layer 

thickness, which is currently under investigation 
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I. INTRODUCTION 

Titanium dioxide is a thermally and chemically stable, 

nontoxic advanced compound with various applications as 

sensor [1,2] or luminescent material [3], or in 

photochemical [4,5] and photovoltaic devices [6,7]. All 

these applications are impacted by electrical and 

photoelectrical properties of the material, particularly by 

the mechanisms of photoconductivity relaxation and 

persistent photoconductivity. 

It is known that in nanostructured oxide materials 

such as ZnO [8,9] and TiO2 [10,11], these properties are 

strongly influenced by the band-gap electronic states 

arising from oxygen vacancies, and surface states due to 

adsorbed oxygen. In TiO2 nanotubes such states may also 

be located at their huge surface and may determine, in 

part, electron transport in the material. 

Oxygen vacancies, which are intrinsic for any oxide 

material, are the result of an equilibrium formatted 

between neutral oxygen molecules in the gas phase and 

oxygen anions in the lattice [11]. A large number of 

surface states have been found in nanostructured TiO2 

[12]. These states can create surface bands and 

significantly alter the surface band-gap properties with 

respect to those of the bulk material. A number of bulk 

and surface states are possible within the band gap for 

titanium dioxide. There exist 0.75 and 1.18 eV sates 

(electron trapped at a single-charged and double-charged 

oxygen vacancy, respectively) [13]. It was previously 

observed that all surface defects in nanostructured anatase 

TiO2 are affected by oxygen adsorption in oxygen 

containing ambient [10]. 

 

 

 

 

 

 

In this paper we investigate the relaxation of 

photoconductivity in TiO2 nanotubes exited with radiation 

of various intensity and wavelengths from a Xe lamp.  

II. SAMPLE PREPARATION AND EXPERIMENTAL 

DETAILS 

Titania nanotubes have been produced by 

electrochemical treatment of Ti foils in organic 

electrolytes. The samples were subjected to thermal 

treatment in air at 400 
o
C. Ohmic contacts were formed 

by deposition of an InGa alloy. The radiation of a xenon 

lamp with spectrum shown in Fig. 1 was used for 

photoconductivity excitation.  

 

 
Fig. 1. Spectrum of a xenon lamp used for excitation. 

 

The radiation from the lamp has been passed through 

neutral filters with spectral characteristic shown in Fig. 2 

in order to vary the intensity of excitation. 
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Fig. 2. Spectral characteristics of neutral filters used for 

decreasing the intensity of the excitation. 

 

Filters with spectral characteristics illustrated in Fig. 3 

were employed to select excitation wavelength from the 

UV or visible range, while filters with spectral 

characteristics shown in Fig. 4 were used to select 

radiation with wavelength from the IR diapason.  

 

 
 

Fig. 3. Spectral characteristics of filters employed to 

select excitation wavelength from the UV or visible range 

from a xenon lamp. 

 

 

 
 

Fig. 4. Spectral characteristics of filters used to select 

radiation with wavelength from the IR diapason. 

III. RESULTS AND DISCUTIONS 

Figure 5 demonstrates linear current-voltage 

characteristics both in darkness and under illumination, 

which is a confirmation that the deposited contacts are 

ohmic. 

 

 
Fig. 5. Current-voltage characteristics of TiO2 nanotubes 

at 300 K. 

 

The built-up and the decay of photoconductivity of 

TiO2 nanotubes measured in air under the excitation with 

integral radiation from a xenon lamp are shown in Fig. 6. 

One can realize from this figure that the 

photoconductivity decay consists of two components, i. e. 

a fast component and a slow one. The fast component is 

within a minute, while the fast one lasts for many ours. A 

second cycle of excitation with the same radiation in a 

moment of time before the total relaxation of the 

photoconductivity leads to a similar effect, but the 

reached value of the photocurrent is higher as compared 

to that from the first excitation cycle.  
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Fig. 6. Built-up and relaxation of photoconductivity in 

TiO2 nanotubes and excitation in air by the integral 

radiation from a xenon lamp. 

 

The evacuation of air results in a considerable increase 

of the dark current that means that the resistivity of the 

sample decreased. This effect is most probably related to 

the desorption of the oxygen from the surface of titania 

nanotubes. This behavior is typical for oxide 

semiconductors in air. The relaxation of 

photoconductivity in vacuum is also different from that in 

air (Fig. 7). The fast component of relaxation in the 

vacuum is even faster, it being in the limit of seconds, 

while the slow component is much slower as compared to 

the relaxation in air, it leading to persistent 

photoconductivity. 

 

 
 

Fig. 7. Built-up and relaxation of photoconductivity in 

TiO2 nanotubes and excitation in vacuum by the integral 

radiation from a xenon lamp followed by the introduction 

of air and a second excitation with the radiation from the 

xenon lamp. 

 

As expected, the introduction of the air leads to the 

decrease of the current due to the increase of resistivity. 

However, the persistent photoconductivity state of the 

sample seems to be preserved. This is indicated by the 

value of dark current several orders of magnitude higher 

than the initial dark current in Fig. 6, as well as by 

absolutely different behavior under the photoexcitation. 

Instead of a usual photocurrent built-up and relaxation 

observed in Fig. 6, there is a current spike followed by a 

gradual decrease of the current under the excitation from 

the xenon lamp. As a result of this excitation, the sample 

is transferred into a new state with the dark resistivity 

nearly equal to that of the initial dark conductivity in 

vacuum. As shown in Fig. 8, the slow component of 

photoconductivity relaxation in air is absent in this state, 

while the behavior in vacuum is similar to the previous 

one. The photoexcitation in vacuum leads again to a 

persistent photoconductivity state, while the introduction 

of air and the photoexcitation leads to the repetition of the 

cycle (see Fig. 8). 

 

 
 

Fig. 8. Built-up and relaxation of photoconductivity in 

TiO2 nanotubes under a repeated excitation in air and in 

the vacuum with the radiation from a xenon lamp passed 

through a HC6 optical filter. 

 

The investigation of photoconductivity of titania 

nanotubes under excitation with radiation from the xenon 

lamp passed through different filter (Fig. 9) suggests that 

the photoconductivity is mainly extrinsic, since it is 

strongly excited by the IR light produced by radiation 

passed through the KC15 and ИКС7 filters, while it is 

hardly excited by the intrinsic UV light produced by 

radiation passed through the УФС6 filter. 

 

 
 

Fig. 9. Photoconductivity of titania nanotubes under 

excitation with radiation from the xenon lamp passed 

through different filters. 
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IV. CONCLUSIONS 

The results of this study demonstrate a different 

photoconductivity relaxation in air and vacuum for titania 

nanotubes produced by electrochemical treatment of Ti 

foils in organic electrolytes with a subsequent thermal 

treatment at 400 
o
C in air. The resistivity of samples 

decreases by several order of magnitude in vacuum as 

compared to air which is most probably due to the 

desorption of oxygen from the surface of nanotubes in the 

vacuum. The photoconductivity relaxation process 

consists of two components, i. e. a fast component and a 

slow one, both in vacuum and air environment. However, 

these two components behave differently in air and in the 

vacuum. The fast component is even faster in the vacuum, 

while the slow component in vacuum is much slower, 

therefore leading to persistent photoconductivity. There 

are several conductivity and photoconductivity states 

induced by the air or irradiation in TiO2 nanotubes. The 

evacuation of air results in a low resistivity state, while 

irradiation with visible or near IR light in vacuum induces 

a persistent photoconductivity state. The exposure to air 

of this persistent photoconductivity state leads to a new 

higher resistivity persistent photoconductivity state, which 

is transformed into another state by irradiation. The last 

state is different from any of previous ones. This cycle of 

states can be repeated by evacuation, air exposure and 

irradiation. The presence of several conductivity states at 

room temperature in titania nanotubes opens new 

prospects for the development of switches based on this 

material. Additional investigations are needed to identify 

the mechanism of these transformations, since the 

processes are rather complex due to the fact that oxygen 

molecules can be adsorbed and desorbed from the surface 

of titania nanotubes as various species such as negative 

O2
-
 ions, O2

2-
, or O

-
 species. 
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I. INTRODUCTION 

The modern theory of tissue healing is based on 

growth factors interactions and biochemistry. The actions 

of cytokines and growth factors are said to initiate and 

mediate the various stages of inflammation and repair that 

normally follow tissue damage. Yet evidence which has 

accumulated over many decades suggests that a full 

description of the physiology of healing must also include 

the role of bioelectricity, that are an accumulation and 

flow of charge that are generated endogenously, within 

the body. The importance of bioelectricity in functions 

such as nervous system signalling and muscle contraction 

has been long appreciated, but it is also involved in many 

other physiological processes. These include the 

development, adaptation, repair and regeneration of 

tissues throughout the body [1, 2, 3, 4].  

Materials for bioaplications must posses a series of 

properties like biocompatibility, minimum toxicity and 

others. GaN semiconductor is known as a chemically 

stable material and already demonstrated its applicability 

for different biosensors [5, 6, 7].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another important merit of GaN is the pronounced 

piezoelectric property that already found implementation 

in MEMS&NEMS [8, 9].  

For the healing the most important are the 

mesenchymale stem cells, which assure the tissue 

regeneration, and the recovery of the organ integrity, this 

way, we attended to demonstrate that the generation of an 

low bioelectrical field based on the piezoelectric effect of 

GaN nanoparticles can induce a higher proliferation rate 

in mesenchymale stem cell cultures. The proposed 

technique for improving cells proliferation improvement 

involves both, biocompatibility and piezoelectric 

properties of GaN for remote electrical stimulation using 

nanoparticles. When GaN nanoparticles are placed in 

ultrasound field, the piezoelectric effect leads to 

nanostructures polarization which results in local cell 

electrical stimulation (fig.1). The effect of electrical 

stimulation is a well known method for tissue 

regeneration enhancement [10] being related to cells ions 

currents redistribution thus leading to proliferation 

improvement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nanoparticles for Cells Proliferation 
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Abstract — The potential of semiconductor nanoparticles as stimulator for avian mesenchyme stem cells 

proliferation enhancement is demonstrated. The effect is related to nanoparticles polarization due to external 

ultrasound field resulting in local electrical stimulation.  

Our preliminary results demonstrates that the number of cells have been increased by 23 % (± 2%) in cell 

cultures under the action of external ultrasound stimulation. Morphological analysis and viability shows no 

differences between the control group and the group studied. These results suggest the possibility for tissue 

regeneration enhancement by remote stimulation of implanted semiconductor nanoparticles 
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II. RESULTS 

GaN nanoparticles are fabricated using Surface 

Charge Lithography developed at the National Center for 

Materials Study and Testing, Technical University of 

Moldova [11]. This cost-effective technique allow us to 

obtain ultra thin membranes, different shapes micro- and 

nanostructures of GaN (fig. 2) using selective surface 

treatment of bulk material with low energy plasma or 

focused ion beam equipment and subsequent 

photoelectrochemical etching. 

 

 

Fig.2. SEM images of different GaN nanostructures 

fabricated by SCL technique. 

 

The obtained nanostructures were collected by 

ultrasonication in cultivation medium DMEM and added 

to cultivation medium. The mesenchymal stem cells were 

obtained from the skeletal tissue of the chicken fetus, after 

dissociation were growth in the CO2 incubator at 37
0
C, 

humidified atmosphere (95%) for 14 days. Embryos have 

been extracted from eggs and dissected to remove the 

femurs and tibias. Obtained bones have been 

mechanically processed in small fragments. The mass has 

been enzymatically processed with 0,25% Trypsin/EDTA 

(Sigma) and meanwhile mixed for 20 min with a 

magnetic stirrer. After of the enzymes inactivation with 

inactivation medium (DMEM+20%FBS, Sigma), the 

obtained suspension has been centrifuged at 300g for 10 

min. The precipitate has been diluted with DMEM to 

receive a cellular suspension. Cells have been counted in 

the Goreeav chamber. The cells were planted in 96-well 

(NUNC), at the concentration of 15.000 cell/cm² in 

triplicate for each experimental group. There were four 

groups:  I – without ultrasound; II – cells and 

nanostructures without ultrasound; III – cells under the 

action of ultrasound field; IV – cells and nanostructures 

under the action of ultrasound field.  

The ultrasound field was generated using a 

piezotransducer connected to variable frequency 

generator. The piezotransducers has been attached to the 

culture dishes with ultrasound gel (Aquasonic). The 

stimulation was performed periodically for 15 minutes per 

hour during incubation period of 3 days. During the 

incubation period, the cells were analyzed for their 

morphology at the Inverted Phase Contrast Microscope 

(KXD), after three days of cultivation the adderent cells 

have been counted per each well. 

Our preliminary results demonstrates that the 

number of cells have been increased by 23 % (± 2%) in 

cell cultures under the action of external ultrasound 

stimulation. Morphological analysis and viability shows 

no differences between the control group and the group 

studied.  

III.  CONCLUSION 

GaN nanostructures have no toxic effect on 

nucleated cells, at least for a concentration up to 105 

particles per l. The cells proliferation enhancement up 

to 23 % (± 2%) shows that GaN nanostructures remotely 

stimulated by ultrasound field has an stimulating effect on 

cells proliferations. This parameter can be significantly 

improved in our oppinion by proper adjustment of 

stimulation parameters and the design of GaN 

nanostructures. 

The proposed technique will be developed and 

could find applications for post-operative healing 

enhancement or for stimulation of tissue regeneration in 

delayed healing. 
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1. BACKGROUND 

Neuroengineering is a new, fast developing 

interdisciplinary science exploring fundamental 

mechanisms of signal transfer and potential to control 

reactions of central and peripheral nervous system. It 

comprises methods and achievements of clinical and 

experimental neurology, neurophysiology, biophysics, 

cybernetics, computer engineering, science of materials 

and nanotechnology [1]. 

One of the problems of brain function research is the 

measurement of potential of a neurocyte membrane. 

Micro- and nanoelectrodes of various designs and 

manufacturing methods are used in order to research 

neural network organization and other biological objects, 

[2-5]. In case of a mass-produced solid microelectrodes 

application for such purpose, a membrane encapsulation 

is damaged that does not ensure reliable long-term 

measurements.  

Solid nanoelectrodes are not mass-produced, while 

the production of such nanoelectrodes in a laboratory is a 

complicated and labour-intensive technological   

procedure [6]. A promising material for the development 

of solid nanoelectrodes is a glass-coated cast microwire.  

 

2. DESIGN OF SINGLE-CONTACT AND  

MULTI- CONTACT BIOMEDICAL ELECTRODES  

 

The Institute ELIRI S. A. (Chisinau, the Republic of 

Moldova) has a long-standing experience in the 

development of glass-coated microwires and various 

microwire-based products. One of the lines of the 

Institute’s activities is the development of micro-

nanoelectrodes made of nanostructured metal- and alloy-

based microwires. 

We propose the design of a single-contact electrode 

which is shown at Fig. 1. 

Allowable main overall dimensions of the electrode 

are listed below: 

a)  minimal diameter of thinned metal core  

    (d) – 200 … 1000 nanometers;  
b)  minimal diameter of thinned  glass coating  

     (D) – 1 … 5 micrometers; 

c)  length of thinned tip (l) – 4 … 10 mm;  

d)  angle of cone of thinning (α) –  from 2˚ to 6˚; 

e)  slendering angle (β) – from 20˚to 60˚. 

 

Besides single-contact electrodes, the Institute 

develops multi-contact ones as well as matrices of 

electrodes on the basis of filiform micro- and 

nanocompositions. 

The design of a double-contact electrode as the first 

one in a series of multi-contact electrodes (with 2, 3 … 7 

contacts) is shown in Fig. 2.  

The present type of electrode is intended for 

experiments with a bipolar stimulation, when a current 

injection must be limited by a relatively small area of a 

neural tissue, as well as for a simultaneous recording of 

activity of a neural substratum within a short distance 

between contacts of an electrode [3].  
An allowable range of the main overall dimensions 

of multi-contact electrodes is shown below: 

a) minimal diameter of thinned metal core  

      (d) – 1 … 5 micrometer; 

b) minimal  diameter of thinned  glass coating  

      (D) – 10 … 50 micrometers; 

c) length of thinned tip (l) – 4 … 10 mm;  

d) angle of cone of thinning (α) – from 2˚ to 6˚; 

e) gap between contacts (t) – 3 … 30 micrometers; 

f) length of slendering (l1) – 3 … 15 micrometers;        
g)  number of contacts (n) – from 2 to 7.  
The developed electrodes have the following 

advantages: 

- geometric shapes and small overall dimensions 

allow recording of intracellular signals;  
- smooth transition from glass-coating to metal core 
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Fig. 1. Micronanoelectrode made on the basis of nanostructured glass-coated microwire: 1 - connector, 2 – glass 

capillary, 3 – microwire.

  

 
results in minimal tissue damage during electrode 

penetration; 

- principle capability to produce electrodes with 

minimal diameter to 50 nanometers.  
 

3. DISTINGUISHING FEATURES OF 

MICRONANOELECTRODE MANUFACTURING 

METHOD 

 

The electrodes are manufactured by means of 

heating and drawing of a glass capillary along with either 

a couple of microwire segments or a single one inserted 

into it with the help of a special equipment intended for 

pulling of micro-pipettes (a puller) type P-1000 produced 

by ”SUTTER INSTRUMENT” (the USA)   and further 

slendering of a thinned tip. A drawing procedure is 

carried out at temperatures below melting temperature of 

a microwire core.  

An electrode tip shaping (a thinning procedure) 

during the said drawing process takes place as a result of 

an interaction of the following forces:  

 

  

Figure 2. Double-contact micronanoelectrode: 1 - connector, 2 - body, 3 – glass capillary, 4 - microwire. 
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1) external axial tensile forces owing to a cohesion 

of a glass capillary with microwire insulation and 

microwire core with its glass coating; 

2) an external radial pressing force of microwire core  

from insulation side and a glass capillary united with it 

(by this moment); 

3) internal cohesion forces of granules (friction and 

attraction).  

In a process of microwire core thinning its granules 

slip one relative to other and, finally, line up forming a 

filament consisting of maximal granules positioned one 

after another (in case of a given initial material). At the 

same time, gaps between granules can be filled in with 

amorphous phase of the material and smaller nano-

granules. Thus, the minimal diameter of a thinned metal 

core is limited with maximal size of a nano-crystalline 

granule. 

In the process of microwire manufacturing by means 

of Ulitovsky – Taylor method [7] the size of granules is 

defined by core material and its cooling rate. The latter 

significantly depends on main technological parameters of 

microwire casting process and first of all on microwire 

drawing rate, microbath temperature, wall thickness of a 

glass tube and glass tube feeding rate into an area of 

microwire shaping, cooling liquid temperature and speed, 

etc. [8]. Cooling rate increase results in reduction of 

granules size down to obtaining of amorphous      

structure [9].  

Photos of one of tip areas of a single-contact 

electrode and 7-contact electrode on the basis of  

 

 

 

 

ferromagnetic microwire demonstrating a visible 

nanostructured surface are shown at Fig. 3. Photos were 

taken by means of a light microscope type KH-3000V 

made by company “HIROX” (Japan). 

In the process of microwire heating while making 

electrodes a re-crystallization of its initial structure can 

take place along with the generation of larger        

granules [10]. 

In order to detect the impact of the re-crystallization 

on a final granule size, the change of microwire core 

nanostructure has been studied prior and upon the 

electrode drawing procedure.       

The studied microwire has been made at 250 meters 

per minute drawing rate with water cooling. 

A picture of a 10х10 micrometers area of microwire 

core edge surface prior to a drawing procedure is shown 

at Fig. 4а.  

Granule sizes are from 200 nanometers to 500 

nanometers. The picture has been taken by means of light 

microscope type KH-3000V with 3500Х magnification.   

A picture of a 10х10 micrometers area of side 

surface of electrode tip cone stripped from glass-coating 

is shown in Fig. 4б.  

 Granule sizes of nanostructured surface are from 50 

to 500 nanometers.   

The image has been taken by means of a scanning 

probe microscope type NT-MDT NTEGRA Aura 

(Russia). 
 

 

 

                                       a)                                                                                      b) 

Figure 3. Photos of a part of an electrode tip on the basis of a nanostructured ferromagnetic microwire: а) a single-

contact electrode; б) a 7-contact electrode. 
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0           
a)                                                                                          b) 

 

Figure 4. Photos of areas of a nanostructured ferromagnetic microwire: а) taken by means of a light microscope at 

3500Х magnification; б) taken by means of a scanning probe microscope. 

  
  The difference of visual minimal granule sizes at 

the said pictures is owing to different threshold 

resolutions of a light microscope and a probe one.  

As one can see from these pictures, the morphology 

of a nanostructured surface and maximal granule size 

prior and upon a drawing process are actually the same.  

The research has demonstrated that in case of such a 

short-term heating (from 1 second to 10 seconds) which 

take place in a microwre-based preform drawing process, 

actually, there is no metal re-crystallization.  

Thus, minimal diameter of a thinned electrode tip is 

defined by nano-granule sizes of an initial microwire. 

For further reduction of granule size, an increase of 

microwire drawing rate up to 1000 meters per minute and 

higher is proposed, that will enable to achieve cooling rate 

about 10
7
 K/s.  

In case of granule size less than 500 nanometers, its 

shape is close to a spherical one (so called spherulite), 

that results in a less cohesion between granules and, 

finally, in an increase of plastic properties of the    

material [11].  

An electrode drawing process is divided into four 

steps: 

1) glass capillary drawing along with a reduction of 

its inner diameter down to outer diameter of microwire 

coating with a minimal gap between them and shaping an 

initial electrode cone;   

            

 
  

                                       а)                                                                                              б) 

Figure 5. Images of drawn electrode segments: а) transition from an initial cone to a middle cone (a seam is visible 

in the center of the image); б) transition from a middle cone to a tip. 
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2) joint drawing of a glass capillary and a 

microwire, as well as shaping of a seam between an 

internal capillary surface and an external microwire 

coating surface (generation of a united preform); 

3) drawing of a united perform, i.e. a united part 

of an electrode and shaping its middle cone; 

4) rapid drawing of a middle cone of an 

electrode perform and shaping its tip. 

In order to obtain a required geometry of each 

part of an electrode, steps 1-3 may be split into 

several cycles each. 

Each drawing cycle is carried out with the 

following settings and control of them: 

• initial temperature inside of a drawing 

chamber; 

•   heating temperature of drawing area; 

•   basic drawing rate with heating off; 

•   turning rapid drawing on or freezing it;  

•   delay time between cooling switching on and 

heating switching off; 

•   cooling duration; 

•   cooling air pressure; 

•   hreshold of rapid drawing (force). 

One of the versions of drawn electrode segments 

is shown in Figure 5. 

The performed research has demonstrated the 

potential of production single-contact and multi-

contact nanoelectrodes on the basis of nanostructured 

glass-coated microwires. 
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I. INTRODUCTION 

Nanostructured carbon materials are widely used 

in many fields of technology. The most active 

development areas related to portable power source in 

microelectronics, energy storage, the components of the 

power pulse devices, and other devices, where there is a 

need a fast source of energy [1]. 

The most important parameters of carbon materials 

used in electrochemical power sources as electrodes, are 

the specific surface area, pore size and topology. The high 

specific surface area increases the ability of carbon to 

accumulate charges on its surface. The main contribution 

to the specific surface area makes the micropores 

(diameter less than 2 nm) [2]. The presence of mesopores 

(diameter from 2 to 50 nm) inside the electrode material is 

extremely important for rapid transport of ions. 

Interconnected system of micro - and mesopores in 

combination with the high surface area of the electrodes 

increases the output characteristics of devices [3]. 

There are of some carbon nanostructures, for 

example, molecular sieves [4], obtained by carbonization 

of organic compounds in mesoporous silica, and carbon 

structure with three-dimensional periodicity, based on the 

opal template [5]. A number of mesostructured silica 

matrices, such as MCM48, MCM41, SBA15, 

impregnated with carbon precursors (sugar solution, 

propylene, resin, etc.), carbonizated and removed of SiO2 

by dissolving in a solution of hydrofluoric acid [2, 6-8]. 

In this work the influence of thermo-chemical 

treatment of opal matrices impregnated with carbon-

containing compounds, followed by the removal of silicon 

dioxide on the formation a porous structure. The particle 

sizes of the silica particles ranged from 10 to 300 nm. 

Characteristics of the porous structure were determined 

by gas adsorption-desorption. The morphology and 

structure of the samples were investigated by HRTEM. 

II.   EXPERIMENTAL 

The synthesis of C – IOP was performed using 

opal matrix as the template and sucrose as the carbon 

source. Opal matrices have been prepared by 

sedimentation of suspensions of monodisperse colloidal 

silica particles. The technique of preparation of the opal 

matrices is detailed in [9]. The silicon dioxide particles 

were obtained by direct hydrolysis of tetraethoxysilane 

(TEOS) in alcohol-water-ammonia solution. Colloidal 

particles of small size (10 -12 nm) were synthesized by 

hydrolysis of TEOS in the presence of L-arginine [10] 

and precipitated by centrifugation. It should be noted that 

after the centrifugation a disordered matrix was formed 

with colloidal SiO2 particles. Under carbonization inside 

the pores the carbon does not form of inverse opal matrix 

and can create a variety of structural motifs depending on 

the heat treatment. 

An aqueous solution of sucrose С12Н22О11 with the 

addition of sulfuric acid has been impregnated inside the 

opal matrix. The resulting carbon-containing matrix has 

been activated by alkali KOH at 1070K in an inert 

atmosphere, 2 h. 

Adsorption-desorption isotherms of nitrogen were 

recorded at 77 K (device Quantachrome QuadraWin), 

from which the characteristics of the porous system were 

derived. Terms preliminary of the sample degassing were: 

300 ° C, 2 h, He. The morphology and microstructure of 

the samples were studied by a transmission electron 

microscope of JEM-2100. 

III. RESULTS AND DISCUSSIONS 

Terms of thermochemical treatment (TChT) and 

the parameters of the porous system of the samples 

measured are listed in Table 1. 

The samples were designated conditionally as SiC 

/ C - IOP (act.): it is of SiC / C inverse opal composite 

(IOP), activated by potassium hydroxide, C-IOP (act.): it 

is of carbon inverse opal nanostructure, activated by 

potassium hydroxide, and C - disord. (act.): it is of carbon 

nanostructure with a disordered lattice, activated by 

potassium hydroxide. 

SiC / C-IOP samples are formed at high-

temperature TChT (1770K), when a silicon carbide is 

synthesized by carbothermic reduction of SiO2 partly 

[11]. C-IOP samples were heat-treated at 1200K, when 
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SiC formation does not occur. Samples in the table 1 

without «act.» have been not subjected of the alkaline 

activation. 

Comparison of the results shows a clear 

dependence of the porocity on the diameter of the silica 

particles and the temperature of carbonization. Alkaline 

activation changes also significantly of the porous 

structure. So, the  activation of number 4 sample leads to 

an increase of specific surface area and pore volume of 

2.5 times compared with the number 3 sample, for which 

the activation was not carried out. 

Fig. 1 shows the adsorption-desorption isotherms 

of nitrogen for the three samples. Isotherm (1) refers to 

the SiC/C –IOP act. composite (sample number 2, table 

1). The sample was subjected by thermochemical 

treatment at 1770 K, 2 h, in a vacuum with subsequent 

activation of potassium hydroxide at 1070 K. 

 

TABLE 1. TERMS OF THERMOCHEMICAL TREATMENT AND PARAMETERS OF THE POROUS 

SYSTEM FOR THE SAMPLES MEASURED. 

 
1
 - specific surface area calculated by the BET method in the pressure range of 0.05 - 0.20 

2
 - total pore volume is calculated by volume of nitrogen adsorbed at P / Po = 0.99 

3.4
 - the micropore volume (<2 nm) and the most notable pore size have been calculated by DFT in the model slit 

pore QSDFT (Quenched solid density functional theory). Error in the fit is 0.3-0.7% for different isotherms

. 

 

Isotherm (2) refers to the C –IOP act. (sample 

number 4, Table 1). 

Fig. 1.  Adsorption - desorption isotherms (77 K) 

of nitrogen by carbon nanostructures based on inverse 

opal: 1 - sample number 2, 2 - sample № 4, 3 - sample 

number 8. Sample numbers correspond to Table 1. 

The sample was subjected by thermochemical 

treatment at 1200 K, 2 h, in a vacuum with subsequent 

activation of potassium hydroxide at 1070 K. Isotherm (3) 

refers to the C –disord. act. nanostructure, activated by 

potassium hydroxide (sample number 8, Table 1). The 

sample was subjected by thermochemical treatment at 900 

K, 2 h, in a vacuum with subsequent activation of 

potassium hydroxide at 1070K.  

Isotherms are of type II according to [12], which 

corresponds to polymolecular adsorption. Sorption 

hysteresis loop is close to the point of relative pressure P / 

Po = 0.4, indicating a predominance of micropores (less 

than 2 nm). The dominant contribution of micropores to 

the surface area shows the proportional relationship 

between the micropore volume and surface area (by 

BET). Micropore volume in this series of samples has 

increased by 20 times, the surface area increased 14 times 

and total pore volume growth was only 3 times. It should 

be noted that the proportional relationship between the 

micropore volume and surface area is observed for all 
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sizes of silica particles of opal matrices used in this work. 

Pore size distribution and their contribution to the pore 

volume also 

show a major impact of the micropores on the surface 

area. Fig. 2 shows the curves of the pore size distribution 

for the samples № 2, № 4 and № 8 and appropriate 

volumes accumulated in these pores.  

 

 

The graphs clearly show that the curve of the volume 

change is rising steeply for the sample number 8 (area 

2478 m2 / g) only in the micropore range and it reaches a 

plateau when pore size is more than 3 nm. The volume 

change curves for samples with a smaller surface area 

(number 2 and number 4, Fig. 2a, b) have a small steep 

part for micropore range and the curves gradually rises 

before reaching a plateau in the mesopore range. This 

behavior indicates on the mesopore existence with a broad 

size distribution. Indeed, the sample number 2 (Fig. 3a) 

and number 4 (Fig. 2b) show of the pore sizes up to 20 

nm with a wide distribution (in size) around each peak. 

Sample № 8 shows of mesopores only one size of 3 nm 

(Fig. 2c), and the sample number 7 does not show of 

isolated mesopores and the proportion of micropores 

in the total pore volume is 82%. 

Activation promotes increase of the pore 

volume and the formation of micropores. Analysis of 

experimental data shows that during the activation 

micropore volume and total pore volume were 

increased proportionally   each other for the samples 

treated at 1200K and 900K. This relationship is not 

always observed for samples heat-treated at 1770K. 

Alkali treatment significantly developed of 0.7 nm 

micropores and 3 nm mesopores. 

Among emerging micropores it should be 

allocated of the pores of 1.4 nm in size, which are 

formed in all samples, regardless of the treatment 

temperature and the particle size of silica. Potassium 

hydroxide also promotes the development of 1.2 nm 

and 1.8 nm  micropores  (sample 7, Table 1). 

Concluding of carbon structure 

characterization  by gas adsorption - desorption it 

should be allocated among the many factors affecting 

the principal that, namely, the treatment temperature 

and silica particle size in the initial opal matrix. These 

two parameters have a decisive influence on the 

formation and development of the porous structure. 

Besides them the alkaline activation is essential for 

the development of a microporous structure. Only 

after activation the samples show the maximum 

surface area (up to 2500 m2 / g) and the maximum 

pore volume (up to 1.72 cm3 / g). HRTEM study of 

the samples has showed that the structure of SiC / C 

composite (sample 1, Table 1) consists of SiC 

crystallites, graphite, amorphous carbon and spherical 

carbon particles containing concentric graphite shells 

(onion-like). For samples treated at 1200K, bulbous 

particles are almost spherical in shape, but poorly 

organized nanostructure with a small number of 

carbon layers.  

 

Fig. 3 HRTEM image of the onion-like particle with 

hollow core of 1.5 nm in size. 
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 Fig. 3 shows the image of an area of the sample 4, 

where a particle with three graphite-like layers in a shell 

and empty core of 1.5 nm in diameter was selected by 

frame. Known mechanisms of onion-particle synthesis 

cannot explain of them formation in our experiments. 

Elucidation of the mechanism requires further 

investigation. 

 

IV.  CONCLUSION 

 The influence of thermo-chemical treatment of opal 

matrices impregnated with carbon-containing compounds 

followed by the removal of silicon dioxide on the 

formation a porous structure has been studied. It is shown 

that the temperature of sample treatment and particle size 

of the silica in the initial opal matrix have a decisive 

influence on the formation and development of the porous 

structure. The alkaline activation is essential for the 

development of a microporous structure. Only after 

activation the samples show the maximum surface area 

(up to 2500 m2 / g) and the maximum pore volume (up to 

1.72 cm3 / g).  

 Onion-like carbon nanoparticles formed during 

high-temperature treatment of samples were detected by 

HRTEM method. The mechanism of them formation is 

not defined. It is suggested that the sorption pores ~ 1.5 

nm can be attributed to voids observed in the cores of 

onion-shaped nanoparticles. Carbon nanostructures with 

high surface area are promising materials as sorbents, 

sensors, catalysts, and electrodes. 

 

We are grateful to N.S. Suchinina for synthesis of carbon 

materials and E.N. Kabachkov for nitrogen adsorption 

measurement. 
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I. INTRODUCTION 

Recent magneto-photoluminescence (MPL) studies 

have revealed surprising exciton properties [1] of ring-

like nanostructures via the “optical” Aharonov-Bohm 

quantum-interference effect that occurs if confined neutral 

excitons are sufficiently polarized [2,3]. Though self-

assembled quantum rings and type-II quantum dots are 

singly connected, they can manifest the Aharonov-Bohm 

behavior because the states of constituent charge carriers 

are shaped similar to those in doubly-connected 

topologies. The Aharonov-Bohm oscillations can be 

straightforwardly traced by patterns of the MPL spectra 

under increasing magnetic field. 

II. TYPE-I QUANTUM RINGS 

The emission energy of an ensemble of self-assembled 

InAs/GaAs quantum rings (“quantum volcanoes”) is 

analyzed [4-6] in high magnetic fields at cryogenic 

temperatures. The importance of Coulomb forces in the 

MPL spectra is emphasized and, in particular, it is shown 

that the Coulomb attraction between an electron and hole 

in an exciton can suppress the Aharonov-Bohm 

oscillations in quantum rings with a finite ring width. The 

ring-like topology of the nanostructures results in (i) non-

equidistant exciton energy level splittings and (ii) a 

magnetic-field-induced splitting of each excited state into 

two states, in contrast to what is observed in quantum 

dots. The measured optical transition probabilities are 

interpreted within a dedicated theoretical model [7], based 

on the cross-sectional Scanning Tunneling Microscopy 

(XSTM) characterization of a realistic self-assembled 

quantum ring [8]. 

Aharonov-Bohm quantum-interference effects due to 

neutral excitons observed in type-I self-assembled 

InAs/GaAs quantum rings are shown to reveal signatures 

of built-in piezoelectric fields and temperature [9]. It is 

found that the built-in piezoelectric fields may play an 

important role in strained quantum rings by changing the 

sequence of maxima and minima of the Aharonov-Bohm 

oscillations. Self-assembled InGaAs quantum rings grown 

on GaAs substrate by molecular beam epitaxy combined 

with in situ AsBr3 etching [10] enable effective tuning of 

the Aharonov-Bohm oscillations in MPL by applying a 

vertical electric field to the quantum rings (rather than an 

out-of-plane magnetic field within the conventional 

detection setups) owing to a modification of the exciton 

confinement. The Aharonov-Bohm effect observed in the 

MPL energy and intensity of a single neutral exciton [10] 

is attributed to a radial asymmetry in the effective 

confinement for electrons and holes. 

 

III. TYPE-II QUANTUM DOTS 

In type-II ZnTe/ZnSe quantum-dot structures, the hole 

is localized in a ZnTe quantum dot, while the electron in 

ZnSe orbits around the hole bound by the Coulomb 

attraction force. Thus, a ring-like geometry of electron 

states emerges in this structure, leading to a remarkably 

robust Aharonov-Bohm effect at elevated (up to 180 K) 

temperatures [3]. The potential of this geometry to 

support the optical Aharonov-Bohm effect is 

demonstrated in type-II ZnMnTe quantum-dot structures, 

where the magnitude of the Aharonov-Bohm oscillations 

is extremely sensitive to the magnetic properties of the 

quantum dots; as a consequence, the strength of the 

exciton Aharonov-Bohm effect can be effectively 

controlled by a spin disorder in the system [3]. 

IV. MÖBIUS RINGS 

Nanostructure fabrication techniques can be exploited 

to generate non-trivially shaped objects with energy 

spectra determined by man-designed topological space 

metrics (see, e. g., [11]).  A Möbius ring has been 

analyzed with an inhomogeneous twist, which is spread 
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over a part of its circumference. A “delocalization-to-

localization” transition for the electron ground state has 

been revealed as the Möbius ring is made more 

inhomogeneous [12]: the corresponding wave function is 

expelled from the twisted region.  

The inhomogeneity of the twist allows for a 

quantification of the space-dependent metric in the 

Möbius ring threaded by a magnetic flux  using the 

Aharonov-Bohm quantum-interference effect. When 

increasing the relative length of the untwisted part, the 

expulsion of the electron wave function from the twisted 

region leads to a flattening of the ground-state energy as a 

function of the magnetic flux because of an enhanced 

trend to localization. The delocalized states reveal a slow 

(quadratic) decay of the persistent current, while the 

effectively localized states are characterized by a fast 

(exponential) decay of the persistent current as a function 

of the ratio of the length of the untwisted part of the 

Möbius ring to the whole circumference. These findings 

are of practical relevance because the emerging 

experimental realizations of topologically nontrivial 

manifolds at the nanoscale are likely to generate 

inhomogeneities.  

V. CONCLUSION 

Already these initial studies on the topology-governed 

physics of excitons confined to self-assembled quantum 

rings and other nanostructures with ring-like states of 

charge carriers suggest exciting possibilities to design and 

fabricate novel elemental base for optoelectronics, 

sensorics and information processing. Further intriguing 

perspectives are provided by nanostructures with 

complicated topologies, in particular, Möbius rings at the 

micro- and nanoscale.  
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I. INTRODUCTION 

Research on non-rigid electronics started almost 20 

years ago originally motivated by interest in flexible, 

paper-like displays [1,2]. There are several ways to 

achieve non-rigid electronics [3]. One is related to the 

development of organic electronics [4], which is flexible 

but slow. A good alternative to this approach is 

stretchable inorganic electronics, which combines 

advantages of being flexible with the speed and 

performance of conventional semiconductor-based 

electronics [5]. Since being first introduced, stretchable 

electronics has become a dynamically developing 

research area which is of strong application interest due to 

the possibility to reshape the functional element on 

demand after its fabrication. There are already a variety of 

flexible devices commercially available, i.e. electronic 

displays [2,6] and integrated circuitry [7] to name a few. 

Until recently, the main focus was on fabrication of 

shapeable high-speed electronics [8] and optoelectronics 

[9] (Fig. 1). However, the family of shapeable electronics 

is not limited to these two members. Only very recently, 

we reported for the first time the fabrication of shapeable 

magnetoelectronics [10-13]. 

Magnetic sensor devices on elastic substrates could 

enable fabrication of smart biomedical systems, where 

large-angle folding of the micrometer-sized functional 

elements is a crucial prerequisite for a successful 

implementation. Furthermore, flexible magnetic sensors 

can be directly integrated into already existing stretchable 

electronic systems to realize smart hybrid magneto-

electronic devices with the functionality to sense and to 

respond to a magnetic field. 

 

II. STRETCHABLE MAGNETOELECTRONICS 

Layered magnetic structures revealing a giant 

magnetoresistance (GMR) effect are crucial components 

of magnetic sensor devices. Currently, GMR sensors are 

fabricated on rigid inorganic substrates. Here, we 

demonstrate functional stretchable magnetic sensor based 

on [Co/Cu] and [Py/Cu] GMR multilayers prepared on 

free-standing elastic PDMS membranes [10,11].  

In order to produce magnetic layer stacks on a free-

standing rubber membrane, PDMS (Sylgard® 184) was 

first spin-coated onto silicon wafers. An anti-stick 

photoresist layer is introduced to assist peeling the PDMS 

film from the rigid silicon support. The PDMS precursor 

blend was cured in an oven under continuous nitrogen 

flow, resulting in a rubber film. To provide the possibility 

of electrical resistance measurements of the magnetic 

sensor device on the rubber substrate, the PDMS surface 

was patterned by means of photolithography before metal 

deposition. This renders the fabrication process 

compatible to current microelectronic structuring 

procedures.  

The magnetic sensor layer was grown onto the elastic 

PDMS surface using magnetron sputter deposition. 

Afterwards, the PDMS film is peeled from the rigid 

silicon wafer leading to a free-standing elastic membrane 

covered with magnetic layer.  

 

 

 

 

 

 

 

Shapeable Magnetoelectronics 

Abstract — In our everyday life, we are surrounded by electronic sensing devices designed in a way to meet 

requirements for a certain application, which is determined primarily by their shape and size. In this respect, 

the natural question, which surprisingly has only recently been raised, is can one create electronics that can 

be reshaped on demand after its fabrication? After introducing this ground-breaking paradigm, the so-called 

shapeable electronics became a dynamically developing research area with already a variety of shapeable 

devices commercially available: electronic displays, light-emitting diodes, integrated circuitry, to name a few. 

Special attention has been paid to the family of shapeable electronics which combines advantages of being 

flexible with the high speed of conventional semiconductor-based electronics. Shapeable electronics and 

optoelectronics have been developed already for a few years. Very recently, we added a new member to this 

family – the shapeable magnetic sensor. Shapeable magnetoelectronics on flexible membranes could enable 

the fabrication of biomedical fluidic systems, where large-angle folding of the micrometer-sized functional 

elements is a crucial prerequisite for a successful implementation. Furthermore, shapeable magnetic sensors 

can be directly integrated into already existing flexible electronic systems to realize smart hybrid magneto-

electronic devices with the functionality to sense and respond to a magnetic field.  

 

Index Terms — flexible magnetoelectronics, magnetic sensorics, printable magnetoelectronics, stretchable 

magnetoelectronics. 

Michael MELZER
1
, Denys MAKAROV

1
, Daniil KARNAUSHENKO

1
, and Oliver G. SCHMIDT

1,2
 

1
 Institute for Integrative Nanosciences, IFW Dresden, Germany 

2
 Material Systems for Nanoelectronics, Chemnitz University of Technology, Germany 

d.makarov@ifw-dresden.de 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

86 

  

Figure 1: Family of shapeable electronics: (Top panel) Opto-electronics [11]: array of light emitting diodes (LEDs). 

(Bottom left) Electronics [10]: Multifunctional inflatable balloon catheters. (Bottom right) New member of the family – 

shapeable magneto-electronics: giant magneto-resistive (GMR) sensor element on a free-standing rubber membrane. 

Shapeability of the magnetic sensor element is due to wrinkle formation. The figure is adopted from Melzer et al., Nano 

Lett. 11, 2522 (2011). 

 
The GMR ratio is defined as the magnetic field 

dependent change of the sample’s resistance, R(Hext), 
normalized to the value of resistance when the sample is 
magnetically saturated, Rsat: 
GMR(Hext) = [R(Hext)  - Rsat] / Rsat. Figure 2(left panel, 
top) shows the GMR ratio measured for [Co/Cu]50 
multilayers grown on different substrates. The GMR 
curves obtained from the samples prepared in the same 
deposition run on a rigid silicon wafer without (open 
square symbols) and with PDMS coating (open circle 
symbols) are very similar. A maximum GMR value of 
more than 50% is obtained on both substrates. 
Furthermore, the GMR signal does not change after the 
PDMS is peeled off the silicon wafer (compare curves 
with open and close circle symbols). Although the GMR 
performance of the devices on free-standing PDMS 
membranes and on PDMS-coated silicon wafers is 
similar, the morphology of the samples is found to be 
substantially different due to appearance of thermally 
induced wrinkles (Fig. 2(left panel, middle)). The height 
profile of the sample reveals a wrinkling period of about 
17 µm and a mean amplitude of about 0.5 µm. Upon 
stretching the wrinkles are smoothened out and prevent 
the sensor from cracking, allowing for superior 
stretchability. Figure 2(left panel, bottom) shows the 
measured electrical resistance while the sample was 
stretched. For strains of up to about 4% only a slight 
increase of the samples resistance is observed. For higher 
strains the resistance abruptly increases and finally the 
electrical contact is lost at a strain of about 4.5% (gray-
shaded area). Please note that flat metal films on top of a 
rubber substrate without surface wrinkling withstand 

tensile strains of only below 1%. 
The GMR sensor element is remarkably stable against 

cyclic loading. Figure 2(middle panel) shows the 

resistance of a GMR multilayer on a rubber membrane 

during 10 stretching cycles from 0 to 1% and back. A 

permanent magnet was employed to measure the GMR 

performance. The magnetic field was chosen to be 300 

mT to assure that the sample is magnetically saturated. 

When the magnetic field is applied, the resistance of the 

sample drops (Figure 2(middle panel, top), red curve) as 

expected for [Co/Cu] multilayers. The resistance of the 

sample (with and without applied magnetic field) remains 

unchanged even after the sample was reversibly stretched 

and relaxed for 10 times. Figure 4(middle panel, bottom) 

shows the GMR ratio in dependence of the tensile strain 

for the cyclic loading measurements. The GMR ratio 

remains at a constant value of ≈ 53% with low deviations 

(±0.2%) for tensile strains up to 1% and therefore is well-

suited for magnetic sensor applications in environments 

where deviations from a flat geometry are required.  

To demonstrate the performance of the elastic GMR 

sensor element, the sensor was attached to a plastic foil 

shaped into a ring geometry to track the magnetic field of 

a rotating permanent magnet (Fig. 2(right panel, top)). 

The change of the resistance of the GMR multilayer was 

recorded versus time: When the magnet is in the 

proximity of the sensor, a decrease of the resistance is 

detected. The dynamic response is illustrated by sensing 

the rotating magnetic field at higher frequency, which is 

easily traced with the GMR sensor (Fig. 2(right panel, 

bottom)). 
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Figure 2: (Left panel) Stretchable magnetoelectronics: giant magnetoresistive (GMR) sensor element on a free-

standing PDMS membrane. Even after the sample is peeled from the SiOx wafer, the GMR performance remains 

unchanged. Optical microscopy images taken from the photolithographically patterned GMR multilayers on 

PDMS/SiOx and free-standing PDMS membrane revealing wrinkle formation. Electrical resistance of the wrinkled 

GMR multilayer upon tensile strain. Only gradual increase in the sample resistance is observed up to 4.5% strain. The 

inset shows SEM image of a FIB cut through the sample (1: PDMS; 2: [Co/Cu] multilayers; 3: carbon protective 

layer). (Middle panel) Response of the sensor to cyclic loading. (Right panel) Measurement of the magnetic field of a 

rotating magnet using an elastic GMR sensor attached to the curved surface of a foil. The figure is adopted from Melzer 

et al., Nano Lett. 11, 2522 (2011). 

 
 

Figure 3: (a) Sketch demonstrating the application of stretchable magnetic sensors for in-flow detection of magnetic 

objects in fluidics: the elastic sensor can be tightly wrapped around a fluidic channel allowing for an enhanced and 

isotropic sensitivity. Detection of magnetic particles in a fluidic channel: (b) optimized [Py/Cu]30 elastic GMR sensor 

wrapped around the circumference of a Teflon tube. Agglomerate of FeNdB particles suspended in oil and separated by 

colored water droplets inside the tubing is shown. The magnetic particles are approaching the GMR sensor. (c) Signal 

of the elastic GMR sensor on a screen (background) as the magnetic cluster is passing the sensor (foreground). (d) 

Several consecutive detection events of particles passing the elastic GMR sensor. The figure is adopted from Melzer et 

al., RSC Adv. 2, 2284 (2012). 
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III. IN-FLOW DETECTION OF MAGNETIC OBJECTS 

USING STRETCHABLE GMR SENSORICS 

Furthermore, we proposed a new concept for in-flow 

detection of magnetic particles in millifluidics using 

elastic GMR sensors [11]. Due to their stretchability, 

GMR sensors can be wrapped tightly around a fluidic 

channel (Fig. 3(a, b)). This strategy offers the following 

advantages: (i) sensing of the magnetic stray fields in 

virtually all directions (isotropic sensitivity), which is 

unique compared to the rigid planar counterparts; (ii) 

simplicity of the sensor integration into a fluidic circuit; 

(iii) possibility of being reused. As magnetic stray fields 

to be detected in fluidics are small, the strong emphasis 

was on the enhancement of the sensitivity of the sensor on 

elastic membranes to small magnetic fields. For this 

purpose, we fabricated different GMR multilayer systems, 

including [Co/Cu] and [Py/Cu] stacks coupled in the 1
st
 or 

2
nd

 antiferromagnetic (AF) maximum. Even when 

prepared on elastic 40-µm-thick free-standing rubber 

membranes, [Py/Cu] multilayers coupled in the 2
nd

 AF 

maximum reveal a remarkable sensitivity of 106 T
-1

 

(magnetic field: 0.8 mT); this value is almost 30 times 

larger than for the [Co/Cu] stack coupled in the 1
st
 AF 

maximum. We successfully demonstrate the performance 

of this elastic sensor wrapped around a fluidic channel 

(diameter of 3 mm) for in-flow detection of assemblies of 

magnetic FeNdB particles (Fig. 3(c,d)).  

Our approach potentially opens an exciting possibility 

for stretchable magnetoelectronics to be applied in the 

field of biology and chemistry. Indeed, in combination 

with magnetic particles as biomarkers, this elastic 

magnetic sensor can be considered as a new generation of 

biosensors for cells or even biomolecules evading many 

difficulties of traditional optical detection methods like 

low speed, excitation, bulky and expensive equipment, 

biomolecular amplification and the need for transparent 

packaging. 
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I.  INTRODUCTION 

Many and diverse photonic applications are based 

on photosensitive or electron-beam sensitive materials. 

Among the nonorganic recording media, the thin films 

from chalcogenide glass As2S3 are promising material for 

elements recording with resolution up to 10000 lp/mm 

[1]. So nanostructures can be formed based on structural 

changes using such films [2-4] as by light as by e-beam. 

Diffractive optical elements (DOE) can be fabricated by 

induced alternation of the index of refraction of thin films 

of As2S3. Induced index of refraction changes can reach 

up to 0,1 [2] and its wide dynamical interval give 

possibility e-beam forming diffraction superimposed 

gratings and compound images. Phase changes are more 

preferable for DOE formation in comparison with 

amplitude ones as no absorption occurs inside optical 

element.    

DOEs manufactured by a holographic or an e-

beam recording methods have recently found wide 

application in various optical and optoelectronic elements 

and devices [5]. It is well known that the fabrication of 

the DOEs with a non-sinusoidal profile significantly 

improves the performance efficiency and enables the 

control of the diffraction angles for maximum efficiency. 

Resists with low proximity effect, high sensitivity and 

linear dependence between the exposed dose and the 

profile depth are required for the fabrication of the blazed 

DOEs. 

DOEs have many attractive features such as the 

constructing optical systems compactly and new 

functionality compared with conventional bulk optics, and 

industrial application of diffractive optics has increased in 

many fields. Owing to the improvement of reconfigurable 

computer platform to solve any demanding control and 

monitoring task and the advancement of micro/nano-

fabrication techniques in recent years, diffractive optical 

elements such as binary optics and computer generated 

diffractive structures have been actively researched [4].       

DOEs recorded by laser holographic technique 

have limit in design of optical image. On the contrary a 

variety of DOEs such as Fresnel lenses, gratings with 

linear and curves lines, variable pitch and special line 

profile gratings can be sophisticated recorded by e-beam. 

Of coarse PC program for DOE design and PC-assisted 

scanning electron microscope for e-beam control must be 

elaborated [6].  

 In this paper, we present the e-beam recording of 

some diffraction structures in As2S3 thin films designed 

by PC-assisted raster electron microscope to demonstrate 

software and hardware capabilities. The diffractive 

characteristics of the designed diffraction structures and 

images were studied. Some diffraction optical patterns, 

fine structures and reconstructed image by He-Ne laser 

beam (wavelength 0.633 µm) are shown in transmission 

mode and investigated. Their optical properties are 

experimentally evaluated and the design capability of the 

modified raster electron microscope is verified. Computer 

DOE design and external controls of the e- beam by PC 

significantly enhance the possibilities of e-beam 

recording. All lines of gratings and images in this report 

consist of a number of pixels. 

II. EXPERIMENTAL 

      Thin films of As2S3 (about 1 µm) were prepared 

by thermally evaporation in vacuum (10
-5 

mm Hg) on 

glass substrate covered by semitransparent metal layer. 

Based on the scanning electron microscope (SEM) BS 

300 (Tesla) and 16 bit control adapter NI USB-6216 the 

system SEM-PC has been developed. In order to design 

the DOE with numerical methods we have used a 

specialized software LabWindows/CVI-8.5 compiled in 

virtual instruments environment. Developed software 

gives possibility of e-beam positioning both in raster and 

vector mode of recording of diffraction structures. Square 

region of recording was determined by SEM 

magnification and was about 1600×1600 µm
2
. The 

diffraction gratings of different configurations were 

recorded in the vector mode. In this case the minimum 

distance between pixels was about 0.05 µm.  The raster 

mode of recording has been used for recording of the 

microimages presented in .bmp format. The 8-bit 

grayscale graphical files have been used for recording of 

Computer- assisted electron beam recording of 

patterns in As2S3 films 
 

Abstract — In this paper, we present the PC-assisted e-beam recording of some diffraction structures in 

As2S3 thin films with thickness about 1 µm. The square surfaces occupied by holograms on the film were from 

400 x 400 µm
2
 up to 1600 x 1600 µm

2
. The diffraction gratings mosaic of different configurations were recorded 

in the vector mode. The raster mode of recording have been used for microimages and digital holograms 

presented in .bmp format.  Digital hologram of cube image was reconstructed by He-Ne laser beam (wavelength 

0.633 µm) in transmission mode and investigated. The diffractive characteristics of the designed diffraction 

structures and images were studied. Some multibeams diffraction and their optical properties are experimentally 

studied. 
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the microimages with the dimensions 256×256 pixels and 

512×512 pixels. The black/white levels were obtained by 

discrete varying the time exposure of e-beam at one pixel 

point during the recording process. The minimum 

exposure time/pixel was 0.1 ms.  

MakeHolo software developed in our laboratory was 

applied for synthesis of hologram from an image. These 

holograms were used for subsequent recording by e-beam 

on the thin films of As2S3. In black regions of microimage 

the e-beam moves significantly  quickly than in white 

ones so no evident influences of electron irradiation on 

recording media (thin film of As2S3) index of refraction 

occurred.    

Electron beam current determining dose of electron 

irradiation was ranged from 1 to 2 nA. The e-beam 

penetrates all the depth of the thin film of As2S3 at 

accelerating voltage 25 kV.  

      The diffraction gratings after recording were 

developed at room temperature in water solution of KOH 

to reveal surface relief. Micro-images were recording by 

e-beam directly and no any addition development was 

applied.      

III. RESULTS 

Important type of DOE is a mosaic of diffraction 

gratings. It can be consisting of diffraction gratings with 

direction of mutual orientation, grating period, including 

variable period and so on.   Diffraction patterns obtained 

after laser beam illumination in transmission mode 

depend on how many elements of mosaic are illuminated 

simultaneously. Multibeam diffraction of light can be 

obtained if laser beam spot overlaps some diffraction 

gratings.  

The sketch of chess-board structure (Fig.1) 

composed from two orthogonally oriented diffraction 

gratings with periods 2,0 and 2,2 µm is presented. Mosaic 

and diffraction grating have dimensions 800×800 µm
2
 and 

200×200 µm
2
, consequently. 

a  

b  

Fig.1. Mosaic chess-board structure composed from 

diffraction gratings (a) and it diffraction pattern (b). 

 

Laser spot of 400 µm diameter illuminates at list two 

gratings so it can be seen complex diffraction pattern in 

transmission mode (Fig.1,b). Equal intensity diffraction 

spots can be clear seen from both orthogonal oriented 

gratings. 

a 

 
b 

Fig.2. Part of mosaic structure with set of diffraction 

gratings (a) and the structure of N=4 superimposed 

diffraction gratings (b). 

On Fig.2 (a) the sketch of fragment of mosaic composed 

from gratings in form of strips is presented. Four mutual 

orientations of gratings lines with 45
0 

steps rotation were 

chosen to obtain diffraction pattern with circle symmetry. 

. Period of each grating in form of the strip and size of 

mosaic are 2 µm and 800×800 µm
2
, consequently. Width 

of each strip is equal to 50 µm. Four gratings-strips with 

together dimension of 200 µm form the mosaic period.  

Diffraction pattern is presented for case when laser spot 

diameter is equal to 400 µm (Fig.2 (a)).  

Diffraction patterns from mosaic of gratings Fig.2 

(a and b) are shown on (Fig.3 (a and b)) consequently. 

The most brightness spots on diffraction patterns are 

formed by the first order of diffraction beams for both 

diffraction structures. Addition spots on diffraction 

pattern are formed when laser spot illuminates nodes of 

tangency of diffraction gratings lines (Fig.3 (b)). 

In practical application of optical code additional 

diffraction spots appearance diffraction pattern are 

undesirable. So preferable diffraction pattern which 

contains only first order diffraction beams (Fig. 3a). 

a  

b  
Fig.3. Diffraction patterns generated by structures shown 

on Fig.2 (a) and (b), consequently. 
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As to etching development of recorded gratings the 

quality of single diffraction grating is higher in 

comparison with the quality of superimposed ones after 

etching. Drawback of mosaic is horizontal stretching of 

diffraction spots (Fig. 3a). We consider this undesirable 

stretching is defined by small dimensions of strips. 

Optimization of dimensions of laser spot diameter and 

strip width can rise the quality of diffraction pattern. 

Recording of diffraction gratings with variable 

pitch is a advantage of PC-assisted raster electron 

microscope in comparison holographic method of 

recording. Orthogonally directed diffraction gratings with 

linearly variable pitch from 2 µm to 1 µm were recorded 

in superimposed mode. This structure covers surface 

400×400 µm
2
. Diffraction pattern of this diffraction 

structure is shown on Fig.4. 

 

 

 

Fig.4. Diffraction pattern formed by crossed 

superimposed gratings with variable pitch. 

 

Diffraction gratings with linearly variable pitch 

gives diffraction pattern in form of continuous line 

compose from ± first order spots. Obviously orthogonally 

superimposed diffraction gratings will produce cross of 

such lines (Fig.4). 

Set of one hundred of concentric circles with 

gradation of radii in 2 µm was recorded by PC-assisted 

scanning electron microscope. Ring diffraction pattern 

generated by this set is presented on Fig. 5.  

 

Fig. 5. Ring diffraction pattern generated by set of 

concentric circles 

 

Microimages were direct recorded by e-beam into 

squire surface of thin film of As2S3 with 1.6 x 1.6 mm
2 

dimension. No etching development was applied for 

microimages. Below are presented microphotography 

under compound microscope (Fig.6(a)) where can be 

clear seen logo of Institute of Applied Physics in 

abbreviation on Romanian language.  

 

 
a 

 
b 

Fig.6. Institute of Applied Physics logo formed by pixels 

(a) and part of pixels matrix of every line on the logo (b). 

 

The logo was composed from wide lines in turn 

composed a matrix of pixels. Pixel distance is equal to 3 

µm. E-beam induced changes of index of refraction and 

darkening give possibility visualization of logo. Pointed 

above a matrix of pixels can be clear seen on Fig.6b. A 

matrix of equal distances pixels works as diffraction 

grating too with own diffraction pattern.  

By using MakeHolo software for the synthesis of 

digital hologram from an image of cube with transparent 

sides was done. Digital hologram in the form of 8-bit 

grayscale graphical file is shown on Fig. 7.  

 

 

Fig. 7. Synthesized digital hologram of cube image, 

which image has been then recorded on As2S3 thin film. 
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Fig. 8. Cube image in the first order reconstructed by red 

laser beam. 

 

This hologram was recorded by e-beam into thin 

film of As2S3 with thickness 1µm. The surface occupied 

by hologram on the film was estimated as 600 x 600 µm
2
. 

Diffraction pattern in the first order of diffraction of cube 

image has been reconstructed by illumination of red He-

Ne laser beam (wavelength is 0,633µm, Fig.8). This 

pattern is presented as black/white photography. It is clear 

seen only one image of cube from the first order 

diffraction and zero order of diffraction pattern. 

IV. CONCLUSION 

The e-beam recording of some diffraction 

structures and microimages in As2S3 thin films designed 

by PC-assisted raster electron microscope was 

demonstrated. Developed programming HoloMake 

software for digital holograms calculations was 

elaborated. The hardware have capabilities to write as 

diffraction gratings as microimages too. Digital 

holograms were fabricated in a direct, one-step process of 

recording by e- beam with no etching. Diffraction patterns 

generated by all structures were obtained. Relief 

diffraction structures were formed after recording by the 

development in water solution of KOH. Micro-images 

were recording by e-beam directly and no any addition 

development was applied. recording by Mosaic 

diffraction structures generate multibeam laser light 

diffraction.  
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I. INTRODUCTION 

Thiogallate cadmium crystals СdGа2S4 belong to wide 

class of triple chalcogenides compounds A
II
B2

III
С4

VI
. The 

optical properties of such compounds mainly were 

investigated for СdGа2S4, СdGа2Sе4 and PbGа2S4 crystals 

[1 - 4]. The birefringence properties of cadmium 

thiogallate were considered in Ref. [3]. The ground states 

of long-wavelength excitons were found out in spectra of 

modulated reflection [4]. The optical properties and band 

structure of СdGа2S4 crystals were investigated [2 – 4]. 

The crystals of such group used in nonlinear devices and 

optical filters [3]. 

The results of investigation of birefringence effect, 

anisotropy of excitonic states and calculation of excitonic 

reflection spectra in CdGa2S4 crystals are represented in 

this work. The parameters of excitons and bands, electron 

and hole effective masses, values of splitting owing to 

crystal field (Δcr) and spin-orbital interaction (Δso) of 

upper valence bands in Brillouin zone center were 

determined. 

II. EXPERIMENTAL DETAILS 

The bulk crystals of CdGa2S4 were grown by the 

Bridgman method and had sizes 1x3 cm. Crystals grown 

in ampoules by gas transport method exhibit plates with 

mirror surfaces 2.5x10 mm and thickness 3 - 4 mm. 

Surfaces of some plates were parallel with crystal axis c. 

Low temperature spectra of crystals deposed in a LTS-22 

C 330 optical cryogenic system were measured on MDR-

2 monochromator. Reflectivity spectra in diapason 2 – 6 

eV at room temperature were measured on SPECORD-

M40 and JASCO-670 spectrometers. Systems of optical 

measurements are computerized. 

 

 

III. RESULTS AND DISCUTIONS 

The characteristic feature of cadmium thiogallate (CdGa2S4) 

is the refractive indexes n0 and nе dispersion near absorption 

edge, which due to band structure. Selection rules of 

electron transitions describe character (allowed or 

forbidden) of these transitions. Values of absorption and 

dielectric constant in corresponding polarizations depend 

on these rules, and therefore a sign of birefringence. 

These features lead to rapid increasing of one refractive 

index during approaching to fundamental absorption 

edge. Thereby the anisotropy of interband edge absorption 

describes in correspond polarizations. In cadmium 

tiogallate crystals also the intersection of dispersion 

curves (isotropic point IP) in long-wavelength part from 

absorption edge are observed. The experimental 

investigation of spectral dependence of absorption 

coefficient in different polarization (E||c and Ec) really 

shows what near the IP α║ and α (α – absorption 

coefficient) became almost equal to each other. And in 

polarization Ec the feature in form of absorption line and 

in polarization E||c in form of transmission line are 

observed [7]. Exploring the dispersion of birefringence of 

CdGa2S4 crystals by the interference of polarized beams in 

Ref. [3, 7] was established what the isotropic wavelength is 

λ0 = 4909 Å. At transition over wavelength λ0 = 4909 Å the 

birefringence changes a sign, i.e. from optical positive in 

spectral range λ < λ0 the crystal become optical negative at 

λ > λ0. 

In transparent region of crystal the absorption is low 

and it determined by some mechanisms such as the natural 

optical activity or polarized local absorption bands on 

impurities, defects etc. The existence in crystal two types of 

waves (ordinary and extraordinary) with two refractive 

indexes no and nе are determined by dielectric conductivity 

tensor of crystal ε(ω, k), which depends on frequency ω 
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and wave-vector k. The spatial dispersion, i.e. dependence 

of dielectric constant on wave-vector, calls forth an 

appearance of nondiagonal element εzz of dielectric 

conductivity tensor. Thus many anisotropic crystals have 

refractive indexes no > nе in edge absorption region and no 

< nе in transparence region. The inverse dependence is 

possible too. Reciprocally perpendicular light wavelength 

with refractive indexes no and ne can interfere in crystal. 

 

 
Fig. 1. The interference spectra of transmittance of 

CdGa2S4 crystals deposed between crossed polarizers 

measured at 300K. 

 

 
Fig. 2. The temperature dependence of line λ0 position (α 

– results of current work and β – results of authors Ref. 

[3, 7]) and the spectral dependence of Δn = no – ne 

calculated from interference spectrum at crystal thickness 

d = 4.8 mm. 

 

In transmission spectra T of crystals CdGa2S4 in 

parallel beam of crossed polarizators (when c axis of 

crystal parallel to polarization of one of polariztors) are 

observed a narrow transmission band localized at λ0 = 

485.7 nm (fig.1). In the case of unidirectional polarisers in 

the same spectral diapason a narrow absorption line is 

observed. The interference is observed in transmission 

spectra measured at 300 K of crystals CdGa2S4 deposed 

between crossed polarizers in convergent beams (fig. 1). 

The amount of side maxima can be reduced and the 

maximum at λ0 wavelength can be extracted by changing 

of crystal thickness. 

Fig. 2 shows a temperature dependence of λ0 for 

crystals investigated in current work (curve - α) and 

results reported in Ref. [3, 7] (curve - β). According data 

form Ref. [3, 7] the isotropic point was observed at 490.9 

nm in CdGa2S4 crystals. Authors of article mentioned that 

the spectral position of IP λ0 and rotary ability of CdGa2S4 

depend on technology of crystal growth (temperature, 

pressure etc.). The light passed through crystal at λ0 

remains linear polarized. This means that the interaction 

of circular polarized waves in opposite directions takes 

place. These waves after passing the crystal acquire a 

phase difference, which determined by value of rotatory 

power ρ of crystal. This leads to appearance of 

interference. The spectral dependence of Δn = no – ne 

were calculated for investigated crystals from interference 

lines a1 – a11 and b1 – b17 taking into account the 

sample thickness d = 4.8 mm (Fig. 2). 

CdGa2S4 crystals possess a natural opticity. For 

symmetry reasons the optical activity along c axis of 

CdGa2S4 crystal is absent and become evidence only 

along directions perpendicular to optical axis, there it is 

weaker then linear birefringence. For this reason the 

presence of λ0 gives a possibility to observe the gyrotropy 

CdGa2S4 per se. Authors of Ref. [3, 7] estimated a value 

of rotatory power of polarization plane at propagation 

light along [100] direction near λ0 = 4909 Å and it 

corresponded 16.87 grad/mm. At crystal thickness 

increasing the nearest to transmission band minima (maxima) 

of interference shift to each other and join into one minimum 

(maximum) localized at wavelength λ0 if the thickness of 

sample reach d ~ 10 mm as reported in Ref. [3]. The 

interference pattern binds with the condition, that at 

moving away from λ0 the linear birefringence appears and 

optical activity reveals as elliptic birefringence. 

 

 
Fig. 3. Reflection spectra of CdGa2S4 crystals in E||c and 

Ec polarizations measured at temperature 300 K 

 

Maxima at energies 3.561 eV (A) and 3.598 eV (B) in 

reflection spectra of CdGa2S4 crystals near the minimum 

of interband gap in polarized and nonpolarized light at 

300 K were found out. The maximum A is revealed in 

E||c polarization and his contour changes in limits of 26 – 

31 % at 300K. In polarization Ec the maximum B is 

observed and its contour changes in limits of 28.5 – 32.5 

%. Also the weak maximum C is observed on Fig. 3. In 
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high-energy region maxima a3 – a7 and b3 – b7 are found 

out in E||c and Ec polarizations, respectively. 

Contours of reflection spectra A, B and C at 

temperature reduction to 10 K have a typical for excitons 

shape. In spectra of modulated reflection only energy 

positions of main states at energies 3.735 eV (A), 3.747 

eV (B) and 3.81 eV (C) were found out [4]. The fig. 4 

shows reflection spectra of CdGa2S4 in polarizations E||c 

and fig. 5 and 6 show spectra in polarization Ec 

measured at 10 K. 

 

 
Fig. 4. Reflection spectra of CdGa2S4 in polarizations E||c 

measured at 10K (A – exciton). 

 

The line at 3.676 eV and a weaker line at 3.716 eV 

were revealed in interband gap minimum of reflection 

spectra of CdGa2S4 measured at temperature 10 K. 

Reflection spectra in this region have a traditional for 

excitons shape with maximum and minimum. The 

maximum of reflection spectra at 3.676 eV is a ground 

state n = 1 and the maximum near 3.716 eV is an excited 

state n = 2 of long wavelength excitonic series A (marked 

as A). Also in reflection spectra singles out a minimum at 

3.679 eV. These features cause by transversal (maxima) 

and longitudinal (minima) excitons. The energy of 

longitudinal-transversal splitting ∆ωLT of A exciton 

ground state was estimated as ~ 3 meV. 

The intensive maximum at 3.691 eV and weaker 

maximum at 3.729 eV were found out in short-

wavelength part from excitonic series A in reflection 

spectra measured in Ec polarization. These lines belong 

to ground state n =1 and excited state n = 2 of B exciton. 

The minimum of reflection at 3.696 eV marks out in 

spectra, it due to the energy of longitudinal excitton B. 

The longitudinal-transversal splitting of ground state of B 

exciton is equal to 5 meV, it is more then for A exciton (3 

meV).  

Maxima at 3.814 eV and 3.864 eV observed in short 

wavelength belong to ground n = 1 and excited n = 2 

states of C excitonic series. Taking into account energy 

position of lines n = 1 and 2 in reflection spectra for E||c 

polarization was determined Rydberg constant (R) of free 

A exciton (53 meV). The convergence limit of A 

excitonic series Еg = 3.729 eV. In Ec polarization on the 

base of discovered maxima 3.691 eV (n
B
 = 1), 3.729 eV 

(n
B
 = 2) the binding energy R of excitons equal to 51 meV 

and band gap equal to 3.742 eV were determined. In the 

case of C exciton we have next values binding energy 46 

meV and continuum energy 3.860 eV 

The fitting of excitonic reflection spectra was 

executed on the base of well know dispersion equations of 

exciton-polaritons detailed expounded in Ref. [5].  

 

 
Fig. 5. Reflection spectra of CdGa2S4 in polarizations Ec 

measured at 10K (B – exciton). 

 

 

 
 

 

Fig. 6. Reflection spectra of CdGa2S4 in polarization Ec 

measured at 10K (C - exciton). 

 

The reduced effective mass was calculated according 

formula: µ = εb
2
R/RH, where RH - Rydberg energy of 

hydrogen atom (13.6 eV). At calculation of contours of 

excitonic reflection spectra were used a value of 

background dielectric constant εb near the excitonic 

resonances A, B and C equals to 6.0, 5.9 and 5.8, 

respectively. At such values of εb the reduced effective 

mass µ was equal to 0.14m0, 0.13m0 and 0.11m0 for A, B 

and C excitons, respectively (see. Table 1). 

Calculated parameters were fitted by the best 

coincidence of experimental and calculated curves of 

reflection spectra. Fig. 7 shows a calculation of reflection 

spectra contours for excitonic series A and B measured in 

nonpolarized light and calculated according two-oscillator 

model. The received data were corrected by one-oscillator 

model calculation for E||c and Ec polarizations (see fig. 

4, fig. 5. and fig. 6). The exciton translation mass and 
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electron and hole masses were estimated form reflection 

spectra calculations. The received results are represented 

in Table 1. 

 
Fig. 7. The reflection spectra of CdGa2S4 crystals in 

nonpolarized light measured at 10 K. exp. is a measured 

and calc. is a calculated by dispersion equations spectra. 

 

Table 1. The exciton and the free carrier mass band 

parameters deduced from the fits of the reflectivity 

spectra for CdGa2S4 crystal. 
 A 

(eV), 

E||c 

B 

(eV), 

Ec 

C 

(eV), 

E||c 

Δcf 

(meV) 

Δso 

(meV) 

Exciton 

state 

n = 1 

n = 2 

ωLT 

3.676 

3.716 

1.6 

3.691 

3.729 

2.8 

3.814 

3.864 

2.5 

24 130 

R 0.053 0.051 0.046   

Eg (n = ∞) 3.729 3.742 3.860 21 123 

εb 6.3 6.3 6.6   

µ*, m0 0.15 0.14 0.14   

M, m0 0.8 0.9 0.9   

mc
*, m0 0.21 0.19 0.19   

mv1
*, m0 0.59     

mv2
*, m0  0.71    

mv3
*, m0   0.60   

 

The value of translation mass М = 0.8m0 for A exciton 

was received from calculation of reflection spectra in E||c 

polarization. Effective masses of electrons (mc1 = 0.21m0) 

and holes (mv1 = 0.59m0) were determined also for k = 0 

taking into account received background dielectric 

constant and binding energy in given polarization. For 

polarization Ec the translation mass of B exciton was 

equaled to 0.9m0. In consideration what binding energy 

equals to 51 meV and background dielectric constant 

equivalent to 6.3 effective masses of electrons (0.19m0) 

and holes (0.71m0) were determined. These values have a 

good correspondence with values from Ref. [6] (m
||
c = 

0.214m0, m


c = 0.198m0 и m
||
h = 0.381m0 m


h = 0.77m0). 

The temperature shift β = ΔE/ΔT of bands V1 - C1 is equal 

to 3.97х10
-4

 eV/К and for bands V2 - С1 it correspond to 

3.21х10
-4

 eV/К. According data of Ref. [6] = 2.44 х10
-4

 

eV/К for couple of bands V1 - С1. Temperature shifts of 

bands V1 - С1 и V2 - С1 were determined due to the fact 

what excitonic maxima in reflection spectra were found at 

low and room temperatures out. The pronounced 

anisotropy of optical spectra both in excitonic region and 

in region of lattice dynamics was discovered in lead 

thiogallate crystals. In lead thiogallate crystals excitonic 

maxima at room temperature have a bigger binding 

energy (291 meV) in comparison with cadmium thiogallat 

and due to Frenkel excitons. 

CONCLUSION 

The series of interference lines near wavelength λ0 = 

485.7 nm (300K) in transmission spectra of CdGa2S4 

crystals deposed between crossed polarizers was found 

out. It shifts to short wavelength at temperature 

decreasing. The spectral dependence Δn = no - ne was 

determined and it was ascertained what in the case then 

λ>λ0 Δn positive and at λ<λ0 Δn negative. The narrow-

band filters and gradient filters can be produced on the 

base of CdGa2S4 crystals. 

Ground and excited states of three excitonic series A, 

B and C were found out in CdGa2S4 crystals at 10 K. 

Contours of excitonic reflection spectra were fitted and 

main parameters of excitons and bands for k = 0 were 

calculated by dispersion equations. In Г point of Brillouin 

zone effective mass of electrons mc is equals to 0.15m0, 

and holes masses mv1, mv2, mv3 are equal to 0.59m0, 

0.71m0 and 0.71m0, respectively. The band splitting by 

crystal field of valence bands V1 - V2 and by spin-orbital 

interaction of bands V2 - V3 were determined and equal to 

24 meV and 130 meV, respectively. 
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I. INTRODUCTION 

The recent growing interest in III-VI layered 

semiconductors, a class of yet unexplored materials, is 

determined by their important role in the academic 

research, as well as by a wide range of technological 

applications (optoelectronic, photonic, spintronic devices, 

interferometric devices, etc.) [1-6]. 

Gallium sulfide (     ) is a member of III-VI 

semiconductor family, which was less investigated so far. 

One of the main reasons is presence of large native defect 

concentrations, determining rather low electrical 

conductivity of its samples.       is a wide band gap 

semiconductor showing marked photoconductivity in the 

blue-violet spectral range [7]. Peculiarities of its structural 

defects, e.g. presence of vacancies in the cationic 

subnetwork (a more general feature of III2VI3 crystals) 

[8], determine common physical properties for both 

      single crystals and nanocrystals. Due to specific 

bonding structures,       single crystals show easy 

cleavage in direction perpendicular to their C-axis. 

         polymorph is characterized by a würtzit-type 

structure, with parameters           and            

[9, 10]. Owing to its peculiar characteristics,       is 

considered as perspective material for divers 

technological appllications: as passivation layer [4, 5, 11], 

optical and optoelectronic applications [12, 13], 

photovoltaic structures [14, 15], as well as full-color 

display [16, 17]. 

One of the first studies on the photoluminescent (PL) 

properties of       polycrystals is reported in [18], where 

general characteristics of PL bands are analysed. More 

recent papers [19-21] address photoluminescence of 

undoped and Mn-, Ag-, Cu-, Ge and Sm-doped       

single crystals (especially,  polymorph). 

 

In the present paper, crystalline structure, PL and optical 

properties of       in form of monocrystalline layers are 

examined. 

I. EXPERIMENTAL DETAILS 

Optical absorption and PL measurements have been 

performed on monocrystalline (bulk) layers of      , 

were obtained using I2 vapor transport at normal 

atmospheric pressure. As the primary source was used 

polycrystalline       synthesized from basic component 

of Ga (5N) and S (4N) taken in stoichiometric quantities. 

The primary material (                     ) was 

synthetic in thick-walled quartz ampoules (4 mm) at 

temperature       for 12 hours.       polycrystals 

sublime at temperatures of         fact which allowed 

us to obtain monocrystals of       at temperature of 

    . Source temperature was     . 

Optically homogeneous monocrystalline       layers 

with area         and thickness between    m  and 

       it were used at t optical transmittance 

measurement. 

Crystalline structure of examined materials was 

confirmed by X-ray diffraction (XRD) studies, performed 

with a XRD 6000 Shimadzu X-ray diffractometer (Cu K 

radiation               ) and the characteristic lines 

indicating the presence of         were registered.  

Absorption coefficient α in the region of the absorption 

band edge of       monocrystals was calculated using 

the obtained results at measuring the R reflection and 

transmission t coefficients from the relation [22]: 

  
 

 
  

(   )  [(   )       ]

  
        (1)  

where d is the thickness of parallel plane plates of 
     . 
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From (1) formula follows that for absorption coefficient 

measurement error does not exceed the error amount at 

measuring the ΔR reflectivity d(Δd) thickness and 

transmittance Δt measurements is needed minimum of 

three samples with thickness is between          . 

For this reason for the absorption measurements in of the 

absorption band edge region were prepared plates of 
      with the thickness of      ,        and 

        with a surface area of        . 

PL of       at temperatures     and      was 

investigated on monocrystalline layers with optical axis 

(C6) perpendicular to the sample surface. Before optical 

and/or PL measuremnts,       samples have been 

annealed for    , in vacuum at         , in order to 

remove the excess of iodine. 

The spectral characteristics of the optical absorption 

and PL have been recorded by a spectrophotometric set-

up including a MDR-2 monochromator with diffraction 

grating (          and         ). In measuring 

optical absorption the irradiation was performed with an 

incandescent lamp. The excitation of PL was performed 

by using the monochromatic radiation provided by a    

laser (        ). The density of the exciting radiation 

was varied by using neutral density filters (thin Pt films 

onto amorphous quartz). 

II. RESULTS AND DISCUSSION 

Figure1 shows the XRD diffractogram at    range from 

    
to      

of       crystals obtained by    transport.    

angles of diffraction lines with relative intensity greater 

than 500 are entered in the table. As we can see from 

Figure1 and the table once with       phase diffraction 

lines are presented low intensity diffraction lines which in 

[23] are identified as X diffraction lines of α-      

phase.After Bragg diffraction angle values were 

calculated lattice parameters which are equal to   

       ;         ;         ; and          . 

These parameters correspond to         phase. This 

phase is stable both in single solid crystals and the nano-

particles [24]. 
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Table Difraction angles, intensity and respective Miller 

parameters, for       crystals 

Nr. 

crt. 

2θ, 
o 

I, unit. 

arb. 

h k l crystalline 

lattice 

1 16,86 664 1 0 1 

hexagonal 

2 18,84 626 1 0 2 

3 28,00 1777 1 0 0 

4 29,86 1530 1 1 2 

5 31,86 625 1 0 1 

6 41,08 731 1 0 2 

7 49,36 1271 1 1 0 

 

      crystals are transparent in the spectra’s visible 

region. In Figure 2 are represented absorption spectra 

calculated from t transmission and R reflection 

measurement of       plates with the formula (1). 
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Fig. 2. Absorption spectra of      , at temperature of 

293K (curve 1) and 78K (curve 2). 

 

The absorption band edge at      temperature is at 

           and       at    . 
  

   
 slope small relation 

both at      temperature and    , respectively 
         

     and 
         

    , indicates about presence in this 

material of indirect optic transitions. 

In case of indirect optic transitions the photons 

absorption process occurs with photons’ emission and 

absorption. The optical photons’ energy in       crystals 

is              and              [25]. As the 

thermic energy at normal temperature is             

and is much lower than medium energy of optical photons 

the indirect optical transitions in       can be realized 

with photons emission. So, in the approximation     

   the spectral dependence of absorption coefficient at 

indirect optical transitions cu photons energy emission   
  

is given by the equality [26]: 

  
      (     

     )
   

(2) 

where   ,    
 
photons’ energy and photons medium 

energy, k –Boltzman constant, T – absolute temperature, 

A – the parameter determined by the indirect optical 

transitions’ probability. 
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Fig. 3. Spectral dependences of the absorption coefficient 

(   )          crystals at      and     temperature. 

 

The spectral dependences of absorption coefficient 

  
     

of       crystals obtained by transport through 

   vapors from      and     temperature are presented 

in Figure 3. 

We can see that in the interval of absorption 

coefficients               at        and 

               at       the experimental 

results are well described in Figure 2. Through linear 

segment exploitation at      was determined the 

energetic interval   
      equal with         and 

         respectively at        and      . 

The absorption band edge of       crystals at 

absorption coefficients           , as we can see in 

Figure 4 (curve 1, 2) can be approximated with an relation 

like [27]: 

       (     
 )

   
(3) 

where    – a term determined by the direct optical 

transitions probability from the valence band maximum in 

the minimum of conduction band,   
 –the direct band gap 

width. 
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Fig. 4. The spectral dependences of absorbtion coefficient 

(   )  of       crystals at temperature of      and 

   . 

 

Power factor "m" as shown in Figure 4 (curve 1, 2) 

equals   from the size corresponding direct optical 

transitions allowed. 

Through the linear segment exploitation of (   )  

 (  ) at     dependence was determined the direct 

gap band width   
  equal with          and          at 

sample temperature of      and     respectively. 

In the following the results concerning PL properties 

of monocrystalline       layers with the thickness of 

      are analyzed. The PL spectra of monocrystalline 

     , at    , for three different exciting levels 

(        2
,          , and         ), are 

presented in Fig. 1.  

As can be observed from this figure, the PL spectrum 

covers a wide spectral range, from        to       . Its 

high-energy tail practically coincides with the absorption 

fundamental edge of the sample [28]. The PL intensity 

slowly increases in the region by the vicinity of the 

absorption edge. This feature can be explained by high 

probability of non-radiative transitions between electron 

states localized in the band tails, as mentioned above. 

At photon energies below       , the PL shows a 

rapid increase, regardless of the exciting beam density, 

and reaches its maximum at (         )   . This PL 

band arises from superposition of three 

photoluminescence bands, located at        ,         

and             , respectively. As can be observed 

from comparison of curves a, b and c (Fig. 1), the 

intensity of this band depends non-monotonically on the 

exciting radiation density. The particularities by         

and         (Fig. 1) are determined by the presence of 

two acceptor levels localized at         and         

above the valence-band edge, respectively [7]. 
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Fig. 5. Photoluminescence spectra of monocrystalline 

      layers (       )at 78 K. Excitation level: (a) 

        2
, (b)          , and (c)         ). 

 

For the PL bands of monocrystalline       layers, the 

dependence of photoluminescence intensity, L, on the 

excitation density, W, is showed in figure 5. As can be 

observed from this figure, the L(W) dependence can be 

described by a power-law type function 
pL W                  (4) 

where the index p characterizes the PL kinetics in the 

respective bands. As can be found from figure 6, the 

power index, p, is equal to 0,9 and 1,0 for PL bands 

peaked at         and        , respectively. The 

obtained values, equal or close to one, are indicative of a 

first-order luminescence kinetics for these bands. For the 

band located at        , the index p is equal to 1,4, 
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therefore it can be stated that this band has a 

recombination character. 
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Fig. 6. Dependence of photoluminescence intensity, L, on 

excitation power density, W, for monocrystalline       

layers. 

 

As can be seen in figure 7 (curves 1 and 2), the PL 

intensity of the two bands shows an overall decrease at 

increasing temperature from     to room temperature. 

For the band located at        , the PL intensity displays 

a decreasing tendency in the temperature range     
      , and only at temperatures        the 

thermal quenching of the PL emission is registered. 

Unlike this, the temperature dependence of the PL 

intensity for the band peaked at         is characterized 

by two linear parts with quite different slopes, which can 

be described by [4] 

(0)
( )

1 exp( / )

L
L T

E kT


 
                (5) 

where  ( ) denotes the PL intensity at  K, E is the 

activation energy of thermal quenching of the respective 

PL band,  is a constant depending on the compound 

nature, and k is Boltzmann’s constant. The value of E 

can be determined from the slope of     ( )  ( )  
    (     ) characteristics and it was found to be 

       at temperatures in the range         and 

        at       . For the band located at        , an 

activation energy of         was found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Temperature dependence of photoluminescence 

intensity, L, for monocrystalline       layers. 

Figure 8 illustrates the thermoluminescence (TSL) of 

monocrystalline       layers, after their excitation with 

light from the region by the vicinity of fundamental 

absorption edge, provided by a Hg lamp (        ) 

and slow cooling to    . TSL emission is determined by 

the presence of capture levels in the       crystal, from 

which, at temperature    , electronic transitions 

normally do not occur. These electron capture states 

usually occur in crystals with native defects, where their 

concentration may be over           [4]. 

If one admits that the probability of repeated electron 

capture on the capture center is low, then TSL intensity is 

given by [5] 

0

2

0

exp( / )
( )

1
exp( / )

T

T

E kT
L T

E kT dT
n









 

  
  



          (6) 

where  is a constant depending on the compound nature, 

n0 denotes the concentration of trapped electrons at 

starting temperature,    (from which heating begins), and 

 is the heating rate of the sample. For ,  and 

   constant in actual experimental conditions, the energy 

(E) of a certain capture level can be determined, in first 

approximation, by using the Urbach formula [22] 

mT
E

A
                                         (7) 

with          eV
-1

, and Tm-TSL glow peak 

temperature. 
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Fig. 8. TSL glow curve for monocrystalline Ga2S3 layers. 

PL excitation: Hg lamp (λ=365 nm). (h)-spectral width 

of PL band. 
 

As can be seen in Fig. 8, the L(T) characteristics are 

composed of three bands, A, B, and C, with maximum at 

temperatures     ,      and     , respectively. By 

using eq. (7), energies of electron capture levels in       

monocrystalline layers have been calculated as        , 

        and        , respectively. The value of         

agrees with that reported in [29], where respective 

acceptor level was found responsible for the green 

photoemission of          crystals. 
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CONCLUSION 

- Through the transport method in the vapors of    were 

obtained          monocristals with hexagonal 

crystalline structure with lattice parameters          ; 

        ;         ; and           characteristic 

to the          phase with small impurities of the 

               . 

- Fundamental absorption band edge of       at 

      and        crystals is determined by 

indirect optical transitions with optical photons emission. 

Indirect optical band width (  
     )

 
equals to 

(          )eV and (3,07    )eV respectively at 

temperature of      and    . 

- At absorption coefficient            in   
       crystals are realized direct optical transition. 

Forbidden optical band width being equal to          

and          respectively at temperature      and    . 

- In the PL spectrum of monocrystalline       layers 

excited above        , electronic transitions between the 

conduction band and the valence band tails participate. It 

is mainly composed of three photoluminescence bands, 

located at        ,         and        . The 

photoluminescence of       single crystals was found to 

obey first-order kinetics. The structural native defects 

engender deep recombination and capture levels for 

electrons within the       forbidden band. The energies 

of the capture levels in the monocrystalline layer were 

found as        ,         and        . 
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I. INTRODUCTION 

Behaviour of composite structures (CSs) of the type 

“soft submicron film/hard crystal substrate” under 

external local loading is too little studied today. 

Especially, there is no enough information about the 

mechanical properties of such a structure ‘as an entity’, 

and about the deformation process evolution on the 

dislocation level in substrate, which is main component of 

composite structure (CS). At the same time, such 

structures are largely used in modern nanotechnology, and 

understanding of these problems is very important. The 

problem of study of mechanical properties of the „thin 

film/substrate” CSs and its response peculiarities in 

dependence on the loading value under dynamical 

nano/microindentation put some questions before 

researchers about the reciprocal influence of film and 

substrate. 

In some works [1-4], it is shown that mechanical 

properties of CSs, consisted of a thin nano- or 

microscopical film deposited on the bulk substrate, 

depend on many factors, and one of the main among them 

is the substrate mechanical ones. Therefore, it is of 

interest to consider the regularity of creation of the 

deformed zone in the indentation neighbourhood on the 

surface and in the bulk of crystal-substrates. 

It is known, that copper (Cu) has a face-centered 

cubic lattice. So, for the Cu/substrate CS study it is of 

interest to use, as substrate materials, the crystals which 

belong to the same system, as well. That is why, the 

Cu/LiF, Cu/MgO, Cu/Si CSs were selected for work. The 

LiF, MgO and Si crystals belong to the cubic syngony, 

but they have the different type of bond: ionic (LiF), 

ionic-covalent (MgO), and covalent (Si). Because of 

different type of chemical bond, these crystals strongly 

differ from each other in the microhardness values and the 

individual dislocation velocity. The LiF microhardness 

value is close to Cu one (HCu =1.0 GPa; НLiF=1.2 GPа). 
As opposed to the LiF crystals, MgO and Si ones have the 

hardness much more than Cu: Н=8.0 GPa and 9.5 GPa for 

MgO and Si, respectively. On the other hand, the LiF and 

MgO crystals possess a high dislocation velocity (vLiF= 

10
-5

-10
0
 cm/s; vMgO= 10

-6
-10

-2
 cm/s), at that time a very 

low velocity is characteristic for the Si crystals (vSi= 10
-7

-

10
-4

 cm/s) [5,6]. Due to this fact, at room temperature in 

LiF and MgO crystals, the developed dislocation rosettes 

are formed in the indentation neighbourhood, which can 

be revealed by a selective chemical etching even at the 

very low loading (Р=10-20 mN). Whereas in the Si 

crystals, the dislocation rosettes of indentations made at 

the room temperature, create a dense submicron zone 

close to the indentation, which can be visualized only by 

using the transmission electron microscopy. Taking into 

account  similarity and difference of the crystallography, 

of the strength and plastic parameters of these crystals, 

one can with good reason expect a peculiar contribution 

of substrate to creation of the Cu/substrate CS and its 

response, as an united material, to the external load 

action. 

Therefore, in this work the objective to analyse the 

specific deformation of these crystals under indentation in 

order to compare later on the behaviour of  'pure' crystals 

(without films) with the same of the Cu/LiF, Cu/MgO, 

Cu/Si CSs obtained by two methods: thermal spraying, 

and magnetron sputtering. This analysis will allow at 

early stage to reveal the deformation in substrate under 

indentations made on the Cu film and step-by-step to 

follow its evolution under loading increase. 

II. RESULTS 

Micro and nanoindentation methods were used to 

study the specific deformation of the LiF, MgO, Si single 

crystals on plane (001). The quasistatic indentation was 

carried out using the PMT-3 microhardness tester 
equipped by the Vickers and Berkovich diamond 
pyramids. The dynamical indentation using the Berkovich 

diamond pyramid was made on the РМТ-3-NI-02 

nanotester. The loads varied within the limits of Р=10-

1000 mN. The deformed zones near the indentations were 

studied by the atomic force (AFM) and scanning electron 

(SEM) microscopy together with the selective chemical 
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etching. The next compositions of etching solutions for 

the dislocation detection were used: a diluted water 

solution of FeCl3 – for LiF, the water solution of NH4Cl 

(5 p.) + H2SO4 (1 p.)] – for MgO, and K2Cr2O7 (2 p.)+ 

H2O (10 p.) + HF (2 p.) solution - for Si.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. AFM. The plane (001) of LiF crystal. The 3D 

images of indentations made by Vickers (a) and 

Berkovich (b) indenters with P=10mN. Computer 

rendering of plastic fragmentation caused by indentation 

(b). 

 

As far as, it is planed to study the morphology around 

indentations on Cu/substrate CSs in the interval of nano 

and micro loads, it was necessary to follow the evolution 

of substrate crystals in the same load interval. It is known 

[7], that pile-ups (hillocks) of displaced (forced-out) 

materials appear along <110> direction near the imprints 

when the microindentation by Vickers pyramid is made 

on the (001) plane of ionic and ionic-covalent crystals.  

The AFM shape of the Vickers (a) and Berkovich (b) 

nanoindentations (Р=10 mN) is shown in the Fig. 1. The 

computer rendering of AFM images (Fig. 1 b) gives an 

opportunity more clearly to visualize the surface relief 

around indentation. One can see, the relief with the 

maximal forced-out material along <110> is formed under 

even very delicate load, that is determined by the specific 

of load application, by crystallography and sliding 

elements of crystals [7]. At the same time, the form and 

orientation of indenter make changes in the pile-up 

position of displaced materials. The maximal pile-ups 

near the Vickers indentation are symmetrically situated 

along <110> direction (Fig.1a), but near the Berkovich 

indentation, with ternary symmetry, the relief has an 

asymmetrical shape – two pile-ups are oriented along 

<110> directions and two ones unite with each other and 

create a common wall in the line of <110>-<100>-<110> 

directions. At the load increase, the image qualitatively 

maintains, but dimension of pile-ups essentially increases. 

It is bound with growth of the quantity of material forced-

out from under the indenter (Fig.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. AFM, the LiF crystal, plane (001). The 3D 

images of indentations made by Berkovich (a) and 

Vickers (b,c) indenters. The dislocation rosette around the 

indentation made by Vickers indenter (d). P, mN: 12 (a), 

200 (b,c), 1000 (d). 

 

 

Nevertheless, a special feature was observed. Due to 

high dislocation mobility, the forced-out material no 

results in the significant growth of the hillock height 

under load increase and enlarges the pile-up area,  as 

‘spreading’ on the surface. It is obvious if compare the 

Fig. 1 a,b with Fig. 2 b,c. Under the low loads (10 mN), 

the pile-ups comes close to the indentation, but under 

Р=200 mN the forced-out materials is distributed on the 

area 4-5 times more than indentation one (Fig. 2 b,с). This 

result correlates with the shape of dislocation rosette 
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revealed by the selective chemical etching (Fig. 2 d). One 

can see, that the dense dislocation zone (regions of white 

colour), along the <110> direction, is one and a half time 

more than indentation side (a), but the length of 

dislocation arms (L) is 6-7 times more than (a).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The cross-sectional profiles of indentations 

made by Berkovich indenter on the MgO crystal.                                              

P, mN: 120 (a), 1000 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. AFM, the MgO crystal, plane (001), 

P=1000mN. A computer rendering of equal high level 

lines on the pile-ups in the indentation neighbourhood 

where the contours of many facets can be distinguished. 
 

So, the surface area, on which the pile-ups are 

expanded (Sp), constitute Sp≈(4-5)Si, here Si is the area of 

indentation projection, whereas a total area of the defect 

zone (the dislocation zone) in the indentation 

neighbourhood  (Sdz) is 125 times more than indentation 
projection area, Sdz.≈125Si. Such a defect zone creates in 

the crystal bulk the elasto-plastic tensions which lead to 

internal stresses in the Cu/substrate CS. The internal 

stresses can bring to decrease of adhesion force between 

film and substrate and even to the film delamination in 

the indentation neighbourhood. The similar regularity was 

noted for the MgO crystals, as well (Figs. 3-5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Light microscopy (LM), the MgO crystal, plane 

(001), P=1000 mN. The evolution of the dislocation zone 

in the indentation neighbourhood in process of the 

sequential polishing/selective etching of the indentation. 

 

At the same time, the different velocity of individual 

dislocations introduced some modifications in the 

dimension and arrangement of pile-ups. They became 

higher and situated near by the indentations on the MgO 

crystals (Fig. 3, 4). In addition, as it follows from Fig. 5, 

the dislocation density in arms is very high, and the 

central part of the dislocation rosette, which 

approximately corresponds to the dimension of zone 

encircling the pile-ups, takes up an area Sp≈5Si, whereas 

the dimension of the whole defective (dislocation) 

structure is Sdz≈100Si. So, one can see, the material, 

forced-out from under indentation, occupies far larger 

area, than in the LiF, however area of dislocation zone is 

less:  Sdz MgO< Sdz LiF. This result, in our opinion, may be 

caused by several reasons: (i) by lower velocity of the 

individual dislocations in the MgO crystals as compared 

with the LiF ones (see above); (ii) as a result of it, by 
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creation of more dense and complicated dislocation 

structure in the indentation neighbourhood; (iii) by a 

heightened brittleness of the MgO crystals (Fig. 5 a,b), as 

a result of accumulation of too high internal stresses in the 

indentation region, generated by huge aggregation of 

dislocations. 

As was shown above, the velocity of individual 

dislocations in silicon is essentially less than in LiF and 

MgO. This fact, no doubt, will affect the character of 

formation of the surface relief near the indentation and the 

development of dislocation structure around it. The 

indentation shape and relief around it in two 3-D 

projections are shown in Fig. 6. The indentation is made 

by Vickers indenter with the 90 mN load.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6. AFM. The Si crystal, plane (001). The 3D 

images of indentation made by Berkovich indenter and 

shown in two projections. P=90 mN. A computer 

rendering of equal high level lines on the pile-ups in the 

indentation neighbourhood where the contours of many 

facets can be distinguished (a). 

 

 

One can see, the displaced material is situated rather 

uniformly around indentation, without any predominant 

direction, how it was revealed for the LiF and MgO 

crystals. Microfragmentation of surface structure in form 

of facets occurred in immediate proximity to the 

indentation [8]. In the regime of computer rendering, the 

microfragmentation is very clearly visible in form of 

triangular and trapezoidal figures directly on the 

indentation margins (Fig. 6 a). In other projection, the 

facets can be seen as a toothed bordering of the 

indentation edge (Fig. 6 b).  

It is known [9-11], a phase transition takes place in Si 

under indentation. Monocrystalline silicon turns into 

some other phases. The principal of them are: Si-II, 

metallic phase, which appear under indenter during its 

penetration in crystal. This phase is an unstable one and 
changes into Si-III, Si-XII phases and amorphous silicon 

(a-Si) [9-11]. A thin dislocation interlayer with the micro-

level thickness (1-2μm) appears between zone, occupied 

by the new phases under indentation, and the bottom 

monocrystalline structure of Si [12]. Because of very thin 

dimension of this dislocation zone, it cannot be visualized 

using the selective chemical etching, as it was obtained 

for the LiF and MgO crystals. This zone can be detected 

only by the method of transmission electron microscopy 

[13, 14].  
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Figure 7. The Si crystal, plane (001).  The shape of 

indentation in regime of the second electrons in the SEM 

(a) and an optical interference pattern in its 

neighbourhood (b). P=500 mN. 

 

An important conclusion follows from this result: the 

appearance and size of the pile-ups on the surface around 

indentation on silicon does not coincide with dimension 

of the dislocation zone. Really, the area, occupied by the 

pile-ups and uniformly distributed around indentation, 

approximately is 5 times more than indentation area 

(Sp≈5Si), while the dislocation zone near the indentation 

has a micron-level dimension, i.e. Sdz.≈Si. One of the 

causes for this phenomenon, it seems to be the occurrence 

of new phases, which have the smaller density, than the 

monocrystalline silicon and ought to take up a lot of 

volume around indentation [9,13]. Another reason of the 

above mentioned phenomenon can be appearance of the 

brittle destruction in the form of thin cracks, as extension 

of the indentation diagonals, delaminations or chippings 

off at high loadings (Fig. 7, 8). We found that short cracks 

appeared under the 100-200 mN loadings, already. 

Note, that the following result attracts our attention. 

Regardless of the physical nature of the pile-up origin 

(dislocation or phase transfer) the ratio Sp./Si is about 5 for 

all studied crystals. It indicates that appearance of the 

7,5μm 

a 

b 

5 μm 

5 μm 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

106 

pile-ups is determined by other reason, namely, by the 

stressed state created in crystals under concentrated load 

action. 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Figure 8. LM. The surface morphology of the deformed 

zone near indentation made on the (001) plane of the Si 

crystal. P= 1000 mN. 

Using the respective equation from the theory of 

plasticity [15], it was estimated the relation between the 

indentation diameter (d) and dimension of the region 

covered by plastic shear (D). It was shown that D≈2.1d. 

This implies that SD≈4.4Sd, which is approximately equal 

to the ratio Sp./Si≈5, characteristic to crystals studied in 

the work.            
 

Thus, the obtained results show that the surface relief 

around indentations detected on the crystals, even 

belonging to the same crystal system, can be of different 

nature. It can provoke the various modifications of lattice 

parameters and, in so doing, to create unequal internal 

stresses in the indentation neighbourhood. These factors, 

undoubtedly, will influence on the mechanical parameters 

of the fabricated ‘film/substrate’ CS, particularly, of the 

Cu/substrate composite structures. 

III. CONCLUSION 

The obtained results have shown that a large range of the 

velocity and mobility of dislocations in the studied 

substrate-crystals is an undoubted factor which can affect 

the specific of deformation and mechanical properties of 

the Cu/substrate structures, fabricated on its base. 

In addition, the alteration of the film thickness for the 

same substrate, in turn, can influence on the image of 

deformed zone around indentations, because the substrate 

effect is inversely proportional to film thickness. The 

more is film thickness, the less is substrate influence for 

the same loading value. 
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Mixed exciton–photon states in planar 

semiconductor microcavities with quantum wells in the 

active layer form a new class of quasi two dimensional 

particles with unique properties [1–7]. These states are 

referred to as the microcavity exciton polaritons. They 

arise as a result of the strong coupling between excitons 

and normal modes of electromagnetic wave radiation 

from semiconductor microcavities. In the strong coupling 

regime, the exciton and photon modes are pushed apart 

and, consequently, the upper and lower microcavity 

polariton modes appear. The photon component of the 

polariton determines its small effective mass, whereas the 

exciton component of the polariton is responsible for the 

effective polariton–polariton interactions, owing to which 

the polaritons can be scattered from one another. The 

nonparabolicity of the lower polariton branch allows for 

the occurrence of a parametric process. As a result of this 

process, two pump polaritons are scattered into the signal 

and idler modes with the energy and momentum 

conservation. In this respect, great interest has been 

expressed by researchers in the processes of polariton–

polariton scattering, owing to which the exciton–polariton 

system exhibits strongly nonlinear properties [6–7]. 

It should be noted that, up to now, there have 

been no works in which the specific features of the 

dynamics of the system of polaritons in a microcavity 

would be considered comprehensively. Therefore, further 

investigation in this field is an important problem. 

The purpose of the present work is to investigate 

the dynamics of exciton polaritons in the parametric 

oscillator mode. 

We consider the simplest model based on the 

assumption that the process of exciton–polariton 

parametric oscillation may be described by only three 

quantum states, such as the pump, signal and idler states. 

Under the assumption that the dynamics takes place in the 

lower polariton branch and the population of the upper 

polariton branch remains negligible, the description can 

be simplified by restricting it to the lower polariton only. 

It was shown in [4, 5, 7] that upon excitation of exciton–

polaritons on the lower branch of the dispersion law the 

process of parametric scattering of two pump polaritons 

(p) into polaritons of signal (s) and idler (i) modes and 

vise versa is described by the Hamiltonian of the 

following form 

 
iiisssppp aaaaaaH ˆˆˆˆˆˆ  

 
 ppisispp aaaaaaaa ˆˆˆˆˆˆˆˆ   m

,
  (1) 

where p , 
s  and 

i  are the frequencies of the pump, 

signal and idler modes respectively, m  is the constant of 

parametric process, pâ , 
sâ  and 

iâ  are the annihilation 

Bose–operators of polaritons of corresponding modes. 

The first term in brackets describes scattering from the 

pump into the signal and idler, and the last one accounts 

for the reverse process. We postulate here the existence of 

coherent coupling between pump, signal and idler modes. 

In this case their phases may be synchronized, wich is 

achieved by the coherent transfer of polaritons between 

three modes. The detailed analysis of the blueshifts due to 

the interparticle interactions lies beyond the scope of the 

present paper, because we consider the peculiarities of the 

simplest, parametric interaction between two pump 

polaritons and a pair of signal and idler polaritons.  

Using (1), we can obtain a system of Heisenberg 

equations for these operators. Averaging this system of 

equations and applying the mean field approximation 

yield a system of nonlinear evolution equations for the 

complex amplitudes ispisp aa ,,,,
ˆ  in the form  

         
  isppppp aaaaiai *2m  , 

        
  ppissss aaaaiai *m  , 

  ppssiii aaaaiai *m  ,  (2) 

where p , 
s  and 

i  are the phenomenological damping 

constants of the respective mode, which are due to leaving 

of polaritons from the coherent states. The system of 

equations (2) should be supplemented by the initial 

conditions, which can be written in the form 

)exp( 000| pptp iaa  , )exp( 000| ssts iaa  ,      

)exp( 000| iiti iaa  ,    (3) 

where 
00 pp

Na  , 
00 ss

Na  , 
00 ii

Na   and 0p , 

0s , 
0i  are respectively the real amplitudes and phases 
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of polaritons at the initial moment of time. Further we 

will introduce the polariton densities 
ppp

aaN * , 

sss
aaN * , 

iii
aaN *  and two functions 

 ****

ppisispp
aaaaaaaaiQ   and ****

ppisispp
aaaaaaaaR  . 

Using (2) it is easy to obtain a new system of nonlinear 

differential equations for these functions: 

QNN ppp m 22  , QNN sss m  2 , 

QNN iii m  2 ,    QRQ isp 2
 

 ipspisp NNNNNNN 2242  m ,                  

 RQR isp   2 ,    (4) 

where isp   2 . 

is the resonance detuning. The initial conditions for the 

system of equations (4) can be written as follows: 

00000|
sin2 

ispt
NNNQ 

  , 00| ptp
NN 


, 

00| sts
NN 


, 

00| iti
NN 


, 

00000|
cos2 

ispt
NNNR 


, where 

0000 2 pis    is the initial phase difference. We 

suppose that the initial conditions we can produce by the 

action of supershort (δ-shaped) pulses of laser radiation. 

It follows from equation (4) that there is no 

possibilities to obtain exact analytical solutions of this 

system. That is why we consider the two limit cases. One 

of them is the limit p , 
s , 0i . This is the case of 

the evolution at the times which are small in comparison 

with the exciton–polariton relaxation times. In this case 

the process of relaxation will not come into action and the 

evolution of the system represents the limit of the optical 

exciton–polariton nutation after the action of supershort 

pulse of laser radiation, which is responsible for the 

generation of the initial state of the system. Assuming, 

that 0 isp  , we obtain the conservative system 

of equations: 

QN p m2 , QNs m , QNi m , QR   

 ipspisp NNNNNNNRQ 2242  m
,       (5) 

 

We consider in detail the time evolution of the 

system for the case 0 isp  , i.e. in the absence 

of damping. Using the system of equations (5), we obtain 

the following integrals of motion: 

00 22 spsp NNNN  , 00 22 ipip NNNN  ,  

isp NNNRQ 222 4 ,  pp NNRR 


 00
2m

. (6) 

 

It follows from (6) that nontrivial evolution of 

the system can take place in the case, when if only two of 

the initial densities of particles are nonzero. This is due to 

the complicated stimulation of the process of four-wave 

interaction, since we take into account only the stimulated 

transitions. 

It is more comfortable to carry out the further 

consideration for the normalized values of the density of 

pump polaritons 0pp NNy  . Then the system of 

equations (5) we can represent as a single nonlinear 

differential equation 

  0
2

1
2









yW

d

dy


,   (7) 

where  

     yWyWyW
21

 , 

    yNyNyyW
is


00

2

1
21212 , 

    2
0002

1cos22 yNNyW
is

 
.
 (8)  

 

Here 000 pss
NNN  , 000 pii

NNN  , 0
t , 

0

1

0 p
Nm 

,  
0

2
p

Nm  . 

The equation (7) describes the evolution of the nonlinear 

oscillator, where  yW  plays the role of the potential 

energy of this oscillator and  2

2

1
ddy  is the kinetic 

energy. Now it is easy to determine the qualitative 

behavior of the function  y , investigating the 

dependence of the potential energy  yW  on y  for the 

different values of the parameters. The evident form of 

function  y  is determined by the roots of the algebraic 

equation   0yW , which depend on the parameters 0sN , 

0iN , 0 ,  , 0 . 

 We will consider at first the time evolution of the 

system for the initial phase difference 2
0

  . Then the 

equation   0yW  has four real roots, which we arrange 

in the order of decrease of their values and designate them 

41 yyyy mM   respectively. In the limit of small 

values of   they change with respect to  : 
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4
. 

 

 Here the roots My  and 
my  have the meaning of 

maximal and minimal normalized densities of pump 

polaritons, which they can have during the evolution 

process. Further for the definiteness we will suggest that 

00 si NN  . Evolution of roots depending on parameter 

  is presented in Fig.1. We can see that the roots 1y  and 

my  increase, but My  and 4y  decrease with the increase 

of  . Then the solution of the equation (10) has the 

form: 

     

   xyyyy

xyyyyyy
y

mMm

mMmM

2
1

2
11

sn

sn




 ,  

    kfyyyyx Mm ,041    (9) 

 

where  xsn  is the elliptic sin , 

     kKkFkf  ,,
00

 ,  kF ,0  is the incomplete 

elliptic integral of the first kind with the modulus k  and 

parameter 
0

 ,  kK  is the complete elliptic integral of the 
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first kind. The quantities k  and 
0

  are determined by the 

expressions: 
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Fig.1. Dependence of the roots 
i

y  ( 4,3,2,1i ) of the 

equation   0yW  on the parameter   for 1.0
0


s
N , 

05.0
0


i
N  and different values of 

0
 , equals to 2/ , 0  

and  . 

 

From (13) we can obtain the amplitude A  and period T  

of oscillations of the density of pump polaritons: 
 

mM
yyA  ,     

41
2 yyyykKT

Mm
  (10) 

 

Here the amplitude A  is determined as the difference 

between the second and the third roots of the equation 

  0yW  (Fig. 1a).  

 The periodic evolution of the density of pump 

polaritons is presented in Fig. 2a. The polariton density 

changes periodically in time between the values m
y  and 

M
y . Hence there is no total conversion of the pump 

polaritons into the signal and idler polaritons, i.e. the 

density oscillations take place without depletion of pump 

polaritons. The amplitude and period of the oscillations 

monotonously decrease with the increase of   for the 

fixed values of 0s
N  and 0iN

 (Fig. 2 b,c). We point out 

that in the absence of idler ( 0
0


i
N ) or signal ( 0

0


s
N ) 

polaritons at the initial moment the root M
y  of the 

equation   0yW  is equal to one for any  . Therefore 

the solution (9) is also true for the case 0
0


i
N  or 

0
0


s
N  taking into account, that 1

M
y . 

Next we will consider the evolution of the 

system for the phase difference 0
0
 . From (6) we can 

see, that in this case one of the roots of the equation 

  0yW  coincides with the initial condition 1
0
 yy  

(Fig. 1b). Therefore the solution will not include the 

phase shift. In the case, when the expression 
 

000000
24

isisis
NNNNNN     (11) 

 

is satisfied the second root equals one too (Fig. 1b). 

Moreover, the solution of equation (7) in this 

case is   1
0
 yy  , i.e. it coincides with the initial 

condition too, which is due to the crossing of two middle 

roots 

 

 

 

 
 

 

 

 

 

 

 

 

Fig.2. a) Time evolution of the normalized density of 

pump polaritons for 1.0
0


s
N , 05.0

0


i
N  and different 

values of   and the dependence b) of the amplitude A  

and c) of the period T  of the oscillations of the density of 

pump polaritons on the value of 
0s

N  for 2/
0

   and 

fixed value of 05.0
0


i
N . 

 

depending on  . This means that it is impossible 

nontrivial evolution of the system in the case of nonzero 

initial densities of all polaritons, when the expression (18) 

is satisfied. On the phase plane  yy ,  this solution 

corresponds to the phase center. System is at rest if 

0
0
 . In the plot of the potential energy  yW  of the 

nonlinear oscillator depending on y  the rest corresponds 

to the phase point of particle, which locates in the 

minimum of the potential energy without kinetic energy. 

The particle in this case does not move from the initial 

state, since its velocity is equal to zero. 

 Two different cases of the evolution are possible, 

if the expression (11) is not true. The equation   0yW  

has four real roots. Depending on the relation between the 

parameters 0s
N , 0i

N  and   in the first case the roots are 

arranged in the order 401
1 yyyy

m
 , and in the 

second case 
401

1 yyyy
M

  (Fig. 1b). In the first 

case the density of pump polaritons changes within the 

limits 1
0
 yyy

m
, while in the second case within 

the limits 
M

yyy 1
0

. Therefore depending on the 

values of parameters the oscillations of the density of 

pump polaritons are possible under the background with 

the amplitude 
m

yA 1  in the first case and 1
M

yA  

in the second one, where the background density is equal 

to the initial density of the pump polaritons 1
0
y . We 

point out that the aperiodic regime of evolution is absent 

for 0  if 0
0
 . 

 The solution of equation (10) for the first case 

has the form 

    

    



41
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41
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yyyyyy
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 , (12) 

where modulus k of the elliptic function, and amplitude 

A  and period T  of oscillations are equal to 

  
  

41

412
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1

yyy

yyy
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m
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41
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 .  (13) 

For the second case we obtain 
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where 

  
  

41
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 , 1

M
yA , 

    
41

1/2 yyykKT
M
 .   (15) 

If we put 1
m

y  in (12) or 1
M

y  in (14), we obtain the 

solution   consty 1  again. 

 

 

 

 

 

 

 

 

Fig.3. The same as in Fig.2, but for 0
0
 . 

 

 It follows from (12) and (14), that the density of 

pump polaritons evolves periodically (Fig. 3a). As we 

pointed out, the oscillations of the density take place both 

under background (for small values of  ) and above 

background (for great  ). The amplitude of oscillations, 

which is defined as the difference of two middle roots of 

the equation   0yW , for fixed 
0s

N  and 0i
N  at first 

decreases with the increase of  , tends to zero at 

   
000000

24
sisisic

NNNNNN  , when two 

middle roots (
m

y  and 1
0
y ) coincides, and then 

increases and goes rapidly to the saturation (Fig. 3b). 

Period of oscillation T  depends essentially on the 

parameters 
0s

N , 0i
N  (Fig. 3c). For small 0s

N  period T  

at first increases, reaches maximal value at 
c

  , then  

decreases rapidly. At the great value of 
0s

N  the period of 

oscillations decreases monotonously with the increase of 

  (Fig. 3c). 

 If the initial phase difference  
0

, then the 

roots of the equation   0yW  for 0  as before are 

arranged in an order 
41

yyyy
mM
  (Fig. 1c), where 

M
y  and 

m
y  as before play role of the maximal and 

minimal density of pump polaritons. It follows from the 

Fig. 1c, that at  
0

 a crossing between the roots 
4

y  

and 
m

y  appears with the increase of  . The degeneration 

of these roots brings about to the appearance of the 

aperiodic evolution of the system similar to the case when 

2
0

  . Hence at  
0

 the periodic and aperiodic 

regimes of evolution are possible. In the case when all 

four roots are different the evolution of the system is 

described by the equation (9) and hence the density of 

pump polaritons changes periodically between the values 

m
y  and 

M
y  (Fig. 4a).  

It follows from Fig. 4a that the periodic regime of 

evolution transits into the aperiodic one and vice versa. 

 

 

 

 

 
Fig.6. The same as in Fig.2, but for  

0
. 

  

 

As for the amplitude A  and period T  of the 

oscillations of the pump polariton density, we can see 

from Figs. 4b and 4c, that with the increase of   the 

amplitude of oscillation at first increases, reaches one and 

then monotonously decreases, while the period of 

oscillations at first increases too with the increase of  , 

but then it diverges at the value  , for which both least 

roots (
4

y  and 
1

y ) occur to be equal, and then 

monotonously decreases. 

 In conclusion, we point out that the dynamics of 

polaritons in the regime of parametric oscillator 

represents the periodic conversion of pairs of pump 

polaritons into the polaritons of the signal and idler modes 

and vice versa. The period and amplitude of oscillations 

of the polariton density depend on the initial densities of 

polaritons, initial phase difference and resonance 

detuning. For the definite relation between the parameters 

it is possible the aperiodic evolution of the system too, 

which represents the conversion only the part of pump 

polaritons into the signal and idler polaritons, by which 

the evolution of the system is finished. The significant 

dependence of the period and amplitude of oscillations of 

polaritons on the initial phase difference evidences about 

the possibility of the phase controlling of the polariton 

dynamics. The similar effect was predicted earlier for the 

process of atomic–molecular conversion in a Bose–

Einstein condensate. 
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I. INTRODUCTION 

 

Both polytetrafluoroethylene and ZnO films find 

extremely diverse applications because of their unique 

electrical, chemical and surface properties. 

Polytetrafluoroethylene consist from group of 

fluoropolymers and have been an important family of 

polymers for the packaging of microelectronics because 

of their proprieties of thermal stability up to few hundred 

degrease, dielectric constant that is applicable for GHz 

and THz frequencies range and good hydrophobic 

proprieties for electrowetting on dielectric (EWOD) 

applications. The highly transparent self-cleaning surfaces 

of zinc oxide were reported [1,2] and the hydrophobicity 

improving of the ZnO film by PTFE incorporation is 

discussed in ref [3]. Electrowetting is the electrically 

induced modification of wetting properties of a 

conductive liquid on a surface. By applying an external 

electric field on EWOD chip contacts, it becomes possible 

to actuate or manipulate small volumes of liquid by 

altering its interfacial tension and hence the macroscopic 

contact angle or by inducing bulk liquid motion through 

an interfacial electric stress.  

There are many application for EWOD devices, like 

manipulating droplets by chemical [4], thermal [4], 

acoustic [5], and electrical [6] means. 

 

 

 

II. EWOD STRUCTURE 

 

In this paper we present the EWOD chip transparent 

for THz radiation that allows scanning easily any bio-

fluid slipping through microchannel. The structure is 

obtained by thermal oxidation of a (100) Si wafer. The 

grown SiO2 on top is 500 μm thick. A positive photoresist 

(PMMA) was used to configure Cr-Au pads, obtained by 

liftoff method. ZnO and PTFE were deposited by RF 

magnetron sputtering. 

 

 
 

 

Fig. 1. Technological processes (A),  

and EWOD device photo (B) 

 

In order to have qualitatively improved structure with 

hydrophobic surface we added the new layer on top of 

ZnO [7] and cover the EWOD chip with PTFE on the 

surface. As the undoped ZnO is considered dielectric one, 

R=10
5
 Ω□, we remove it from external pads for 

contacting with microcontroller circuit. 
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Abstract — The hydrophobic properties were achieved for RF-sputtered ultra-thin polytetrafluoroethylene 

(PTFE) films deposited on silicon surfaces. In our investigation, super-hydrophobic surfaces with water 

contact angles higher than 90
o
 were achieved on RF-sputtered ultra-thin PTFE films of less than 100 nm 

coated on silicon surfaces prepared for electrowetting on dielectric (EWOD) applications. The plasma 

deposition mechanism is discussed in this letter. We analyze here the EWOD principles applied to 

microfluidic devices which have double hydrophobic layer materials, ZnO and PTFE. We also compared 

sputter coated polymer with ZnO and InP films using atomic force microscope (AFM). AFM images were 

measured to correlate the data with surface shapes. 
 

Index Terms — (Polytetrafluoroethylene) PTTE, terahertz (THz) spectroscopy, bio-materials. 
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Fig. 5. Coventor and CleWin mask design 

 

 
 

 

 

 

 

 

Fig. 6. An example of EWOD device (A) 3D 

representation, (B, C) the image of encapsulated 

EWOD chip on DIP24 package  

 

 
 

Fig. 7. Applied bias on pads estimated in Coventor 

software  

 

The pad form has been optimized in order to have a 

smooth moving of bio sample through microchannel. The 

applied bias depends also on width of pads and of the 

interdistance between them, which was estimated in 

Coventor software by using BabbleDrop module.  

In order to have a THz signal from the bio sample, we 

need to use preconfigured pads (Fig. 7 and 8 from ref [7]), 

similar to metamaterials [9]. In connection with EWOD 

we can scan each microdroplet in real time mode by THz-

TDS and identify the biomaterial that at the moment of 

time t0 is situated on EWOD THz-pad resonator (Fig. 4 

from ref [7]).  

 

 
 

Fig. 8.  THz spectra from glass and ZnO deposited on 

glass 

 

The deposited ZnO film on the chip has a 400 nm 

thickness, and it is of around 100nm in the experimental 

glass.  In order to estimate the quality of deposited ZnO 

we studied the Raman scattering [10] and AFM. The 

roughness has been studied and it was found to be around 

220 nm on the chip and 5nm for the experimental glass, 

respectively. That means that we have a variation of 

400±220nm. We believe that these variations are due to 

applied potential on the surface (see Fig. 11 from ref [7]). 

In order to understand this effect we suppose that surface 

acoustic waves (SAW) propagate in the film. 

 

 
 

Fig.  9.  3D AFM image of PTFE deposited layer 

 

 

The roughness parameters have mean values of 

~10nm for ZnO, 0.4nm for glass, 1nm for InP and 2nm 

for PTFE films. All surfaces are more or less hydrophobic 

except the glass (we haven’t seen any droplets formation 

on glass surface, Fig. 4F). 

 

A B 
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Fig 10. AFM topography of one line from the measured 

surface of (A) ZnO (B) glass (C) InP and (D) PTFE 

polymer 

 

Since ZnO films are promising for fabrication of THz 

devices, we tried to implement them into EWOD device. 

Recently THz birefringence has been reported [11]. 

The glass has been taken as reference material in 

studding the THz emission and it has been compared with 

the ZnO film deposited on the same glass (Fig. 12 from 

ref. [7]). One can see from the THz spectrum that 

significant changes do not occur. We suppose that the 

weak absorption is due to small thickness of the deposited 

film. 

 

III. CONCLUSIONS 

 

The surfaces coated with different materials showed in 

this study that the roughness parameter with hydrophobic 

proprieties don’t have any correlation between them. 

Nevertheless the surfaces coated with PTFE polymer 

showed the best result. We demonstrate the possibility to 

fabricate a device that is able to handle with liquids. The 

SAW piezoelectric effect may give us additional 

information about the bio sample, like mass loading, 

membrane characterisation, etc. 
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Abstract — The paper is focused to study the photosensitivity modulation in crystalline and nanostructured 

materials. The photoresistor with modulated photosensitivity on the basis of III-V compounds was elaborated. In 

the results of investigation the photoresistor characteristics and the physical model to modulate photosensitivity 

are presented. Nanostructured films were formed by selective photo-assisted electro-chemical etching of the n-

GaP and n-InP substrate and were separated from it by wet chemical etching. Researches of photoelectric 

characteristics of nanostructured films are presented, modeled and discussed. Photoelectric properties of 

nanostructured layers make it possible to use such structures for the manufacture of optical detectors and 

switches.  

 

Index Terms — nanostructured layer, photoconductivity, photoresistor, porous film. 

  

I. INTRODUCTION 

Recently semiconductor nanostructures have 

stimulated much of interests, because they exhibit 

different physical properties relative to those of bulk 

crystals. The high surface area, band gap shift, and special 

characteristics promised the use of semiconductor 

nanostructures over a wide range, from optoelectronics to 

chemical and biochemical sensors applications. 

One of the most common techniques to fabricate 

porous structure is the photo-assisted electrochemical 

etching, which can form various semiconductor 

nanostructures in a self-assembled fashion, where a high-

density array of nanometer- or micrometer-sized pores is 

formed over a large area on the semiconductor surface. 

The semiconductor nanostructures on Si, Ge and 

various compound semiconductors, such as GaAs, InP, 

GaP and GaN were obtained by electrochemical etching. 

Their structural and optical properties, in particular, low 

reflectance in ultra-violet, visible, and near-infrared 

ranges by improving the surface morphology of the 

porous structure allow to suggest that surface-controlled 

porous structures are promising materials for application 

to photoelectric-conversion devices such as solar cells and 

photo detectors [1, 2]. 

In the present we studied semiconductor 

nanostructures properties and photodetectors are 

proposed.  

II. MODEL OF CLASSIC  PHOTORESISTOR  

The photoconductive detector (photoresistor) is a 

radiation-sensitive resistor. A photon with energy larger 

than the semiconductor bandgap energy is absorbed 

within the bulk material by interaction with electrons, 

creating an electron-hole pair, resulting in the change of 

the electrical conductivity of the semiconductor. 

Electrodes are attached to the sample in order to measure 

the change in conductivity. The applied voltage across the 

sample is preferred to be constant for high resistance 

photodetectors, and the signal is detected as a change in 

current in the bias circuit.  

However, for low resistance material, a constant 

current circuit is usually used, and the signal is detected 

as a change in voltage across the sample. 

The current responsivity of the photodetectors is 

determined by the quantum efficiency η, which describes 

how well the detector is coupled to the radiation to be 

detected, and by the photoelectric gain g, which describes 

how well the generated electron-hole pairs are used to 

generate the current response of a photodetector. The 

quantum efficiency η is usually defined as the number of 

generated electron-hole pairs per incident photon, and the 

photoelectric gain g is the number of carriers passing 

electrical contacts per generated pair. Both values are 

assumed as constant over the whole device. The spectral 

current responsivity is equal to  

qg
hc

R
 

 ,   (1) 

where: λ is the wavelength, h is Planck’s constant, c is the 

light velocity, q is the electron charge, and g is the 

photoelectric current gain. 

The classic photoresistor is manufactured by form of a 

p-type or n-type semiconductor layer with 1-10 mm 

thickness on a semiconductor substrate. The ohmic 

contacts formed as a grid have the distance between the 

strips of the grid less than the diffusion length of minor 

charge carriers, which is 2-4 mm for holes and 5-10mm for 

electrons (depending on the doping level of active layer, 

which variable between 10
15

 – 10
18

 cm
-3

). 

A supply voltage is applied to contacts. Without optic 

flux, a current, named dark current, appears in the active 

layer under the influence of applied voltage. Dark current 

decreases the photoresistor detectivity, determined by the 

noise currents: 

  fIIqi dphn  22
  (2) 

where: Iph – photocurrent, Id – dark current, f – the 

transparency band of the frequencies. 

At illumination of the photoresistor with an optic flux, 

excess charge carriers generated inside the active layer are 

separated by the electric field created by the external 
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source of voltage. Separated charge carriers form a 

photocurrent proportional to the intensity of the incident 

optic flux. 

Disadvantages of the classic photoresistor are: 

- the photocurrent is formed by the minor charge 

carriers, which reduce the photocurrent value; 

- the contact grids occupy more than 50% of the 

active area. To exclude the optic flux loses, it is 

necessary to use heterostructures which allow to 

light up the active layer from the back side of the 

structure;  

- the active layer thickness can’t be less than 1/, 

 - the absorption coefficient of the optic 

radiation. This determines the big values of the 

dark current, which limits the photoresistor’s 

detectivity. 

 

III. PHOTORESISTOR WITH MODULATED 

SENSIBILITY 

The new photoresistor (Fig. 1,a) is manufactured on 

basis of the III-V semiconductor compounds, in particular 

GaP, and consists from a semi-isolator substrate and a p-

type or n-type active layer [3]. SnO2 layer of n
+
-type is 

deposited by the pyrolysis method between the ohmic 

contacts, which are connected to the supply voltage U1.  

The energetic diagram of heterostructure SnO2-

semiconductor is presented in Fig. 1,b. 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

 

 

 

 

b) 

 

Fig. 1. Structure (a) and energetic diagram (b) of 

photoresistor without any polarization voltage. 

 

The heterostructure is reverse polarized by the source 

of voltage U2. The width of the space charge region W of 

the heterojunction depends on the height of the potential 

barrier b, on the reverse polarization voltage value U2 

and on the acceptor (or donor) dopant concentration Na 

(Nd) of the active layer, by the relation: 

  2
1

202 dbs qNUW     (3) 

 

At the certain value of the polarization voltage U2 the 

space charge region extends into the whole thickness of 

the active layer and blocks channel for the dark current 

generated by the supply voltage U1 (Fig. 2,a). 

 
a) 

 
b) 

 

Fig. 2. Structure (a) and energetic diagram (b) of 

photoresistor at reverse polarization voltage (U2Uthr). 

 

Excessive charge carries generated by the optic flux 

absorbed inside the active layer GaP are separated by the 

internal electric field of the GaP-SnO2 heterojunction. So, 

only excessive major charge carriers form the 

photocurrent in the channel. The total photoresistor 

current consists from the major charge carriers injected by 

the external voltage source U1 and the major charge 

carriers injected by the optic flux (Fig. 3,a). This way, the 

losses at the charge carriers’ recombination inside the 

active layer’s volume are reduced to zero. The distance 

between the contact grid’s strips can be much bigger than 

the diffusion length of minor charge carriers because the 

minor charge carriers generated by the optic flux do not 

determine the photocurrent value. The distance between 

the contact grid’s strips influences on the time of response 

only, which is equal with the drift time of the excessive 

major charge carriers inside the electric field formed by 

the source U1. 

 

Another major advantage of photoresistor is the 

possibility to vary channel thickness for current, including 

it’s blocking, by the reverse polarization voltage U2., 

(Fig.3,b) The space charge region W extends through the 

whole active layer thickness at the threshold reverse 

polarization voltage Uthr. Total photoresistor current is 

equal to zero for U2Uthr, but for U2Uthr the total current 

consists from the dark current Id, which value depends on 

channel thickness for current (is function of U2), and from 
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the photocurrent Iph, which value is proportional with the 

intensity of the incident flux. 

 

 

 
a) 

 
b) 

 

Fig.3. The Current Voltage Characteristics for different 

illumination at U2=0 V (a),  

modulation sensitivity (photocurrent) by the applied 

voltage U2 at constant illumination and operating voltage 

U1= 6 V (b). 

 

The presented photoresistor as distinct from the 

classic photoresistor has the following advantages: 

1. The photocurrent’s value doesn’t depend on the 

recombination processes inside the active layer 

volume; 

2. The dark current can be reduced to minimum by 

making a thin channel for current; 

3. The resistor photosensibility can be modulated by 

polarization voltage of the GaP-SnO2 junction.  

This allows to detect selectively the optic signals with 

different modulating frequencies from a wide packet 

of signals transmitted by the optic fibers or by other 

mediums. 

The photoreceiver can be successfully used in many 

fields of functional optoelectronics for receiving, 

decoding and processing the signals transferred by optic 

fibers and atmosphere. 

IV. MODEL OF SPACE CHARGE MODULATION  

Based on the idea of a conductance modulation, we 

proposed a model to explain the behavior of 

nanostructured photoconductive detectors. 

The air-semiconductor barrier is the same for a metal-

semiconductor one with a high density of surface bound 

states for electrons. These surface states, lying inside the 

bandgap and close to EF, produce EF pinning effect. The 

surface charge density is related to the surface band-

bending, φb, and the space charge region width is given 

by the surface charge density and the doping level by   

2/10 )
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   (4) 

 

When the sample is illuminated by radiation, the 

photogenerated carriers are swept by the space charge 

region. A photovoltage Uph is developed across the 

sample.  

The width of the space charge region Wph decreased 

by equation  
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here Iph is function of the incident light flux power Popt.  

In this way the conductive volume inside the 

photoconductor, rather than the carrier density in ‘dark’ 

volume, is actually increased because of the reduction of 

the space charge region width. Many studies [4, 5] have 

shown that this spatial modulation effect surpasses any 

carrier density increase effect.  

This effect is especially pronounced in the porous 

structures, where the area of the air-semiconductor 

surface is large and significantly changes the structure and 

properties of the material. This is confirmed by our 

research photoconductivity of porous films. 

Persistent photoconductivity is a light induced change 

in the free carrier concentration which persists after the 

illumination is removed. This effect has been found in 

many compound semiconductors and can be due to a 

variety of reasons. It is commonly accepted that the 

persistent photoconductivity is related the existence of 

defect states or traps, which are bistable between a 

shallow and a deep energy state. One such defect is the 

DX center, which forms when shallow donors undergo a 

large lattice relaxation and convert into deep donors [5]. 

Under illumination, these deep donors are able to be 

converted back into metastable shallow donor states. The 

barrier, developed due to the difference in lattice 

relaxation between the two states, prevents recapture of 

the electrons into the stable deep donor state, thus giving 

rise to persistent photoconductivity. There are also many 

other physical models proposed to explain the origin for 

persistent photoconductivity for different semiconductors.  
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V. PHOTOELECTRIC PROPERTIES OF 

NANOSTRUCTURED FILMS  

We studied electro- and photoconductivity processes 
in porous InP and GaP films. As semiconductor 
materials for the nanostructures fabrication, n-type 
InP and GaP wafers were used. Epitaxial layers with a 

thickness of 10 µm were grown on n
+

InP (001) 
substrates by standard metal-organic vapor-phase 

epitaxy with silicon doping of 1×10
17 

cm
-3

; n-GaP 

layers with majority charge carrier concentration 3  10
17

 
cm

-3 
were grown on n-GaP substrates. 

The porous structures were formed in the n-type 
epitaxial layers by using a standard cell with three 
electrodes, namely, an InP electrode as a working 
electrode, a platinum counter electrode, and a 
saturated calomel electrode as a reference. Anodic 
bias was applied to the semiconductor electrode to 
obtain high-density porous structures. The surface of 
porous structures on the basis of InP and GaP are 
shown in Fig. 3(a, b), respectively. Porous InP and GaP 
films were formed by selective chemical etching and 
separated from monocrystal substrate. 
 

 
a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) 
Fig. 3. Top view SEM images of the InP (a) and GaP (b) 

porous structures. 
 

For photoconductivity measurements, samples were 
cut into 15 mm × 5 mm pieces. The porous GaP films 

have a thickness d = 10 mm. The pore average diameter 
was from 80 to 400 nm for different samples and distance 
between them was of about 100 nm. The nanostructured 
sample was attached to the sapphire substrate during the 
formation of ohmic contacts on the basis of Ag paste with 
annealing. To avoid white light on photoconductivity, 
samples were kept in the dark at ~ 300 K for more than 24 
h before each measurement. 

Model of nanostructured film and measurement setup 
is presented in Fig.4.  

Dark current-voltage characteristic has shown lack of 
current in the porous film to voltage > 300 V. It is 
possible because space charge regions of air-
semiconductor potential barrier, localized around pores 
with width Wo, determined by equation (4), are 
overlapping and close current channels. 

The potential barrier b and width of the space charge 
region Wo can be modified by external factors, the most 
essential is optical radiation. 
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Fig.4. Experimental setup and structure model showing 
the air-semiconductor space charge region width around 

the pores. 
 

The absorbed optical radiation generates minority 
charge carriers, which are separated by potential barrier 

b. The width of the space charge region Wph decreased 
by equation (5). So, the width of the space charge region 
around pores decreases with the increase of incident light 
flux power. The flow of current between space charge 
regions around the pores appears for some values of the 
incident light power, as shown in Fig.5. At the same time, 
the supply voltage is redistributed lengthways of channels 

according to channel resistance and potential barrier b 
has vanished. Further, the porous GaP films behave as a 
classic resistor.  
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Fig.5. Schematic illustration of the space charge region 

width around the pores at the illumination. 
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Fig.6 shows current-voltage characteristics of porous n-
GaP film for various light conditions: dark current (1), 
incident light flux power Po=2.5 mW/cm

2
 (2), Po=0.05 

mW/cm
2
 (3). The curve 3 shows that the opening process 

of conducting channels can be controlled by light flux 
intensity and supply voltage.  

 

 
Fig.6. The current-voltage characteristics of porous n-GaP 
film for various light conditions: dark current (1), incident 

light flux power Po=2.5 mW/cm
2
 (2), Po=0.05 mW/cm

2
 

(3). 
We studied influence of supply voltage on the 

threshold of incident light flux power to open 
nanostructure for current. Fig.7 shows the dependence of 
current in porous n-GaP film of incident light flux power 
for various supply voltages. As can be seen from the 
measured characteristics with increasing applied voltage 
decreases the threshold optical power required to open a 
channel for the flow of current through the nanostructured 
layer. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7. Current dependences of incident light flux power 

for various supply voltages. 
In nanostructured samples, the photocurrent exhibits 

optical quenching, when the optical irradiance is varied. 
This is due to the effect of persistent photoconductivity 
and the time necessary for photogenerated charge 
annihilation. So, samples were kept in the dark at room 
temperature ~ 300 K for more than 24 h before each 
measurement to to eliminate the influence of previous 
illumination.  

The spectral characteristics of the photoresponse study 
show that the photoelectric effect is observed strictly for 
wavelengths less red border. Photocurrent is formed only 
by non-equilibrium charge carriers photogenerated by 
photons with energy more than the band-gap of gallium 
phosphide and value of supply voltage doesn’t influence 
on threshold current. The photoresponse spectra for 
various supply voltages are presented in Fig.8. 

Fig.8. 
The photoresponse spectra for various supply voltages. 

CONCLUSION 

The presented photoresistor has new properties and 
advantages: the photocurrent’s value doesn’t depend on 
the recombination processes inside the active layer 
volume; the dark current can be reduced to minimum by 
making a thin channel for current; the resistor 
photosensibility can be modulated by polarization 
voltage. This allows to detect selectively the optic signals 
with different modulating frequencies from a wide packet 
of signals transmitted by the optic fibers or by other 
mediums. 

The special photoconductivity properties of 
nanostructured layer are manifested in the fact that the 
operating current isn’t formed by separation of 
photogenerated minority charge carriers. The 
photogenerated minority charge carriers contribute only to 
conducting channels formation between pores. Operating 
current is formed by majority carriers injected from 
external power supply and vanish in incident flux 
absence, because without the divided photogenerated 
charge carriers the width of the space charge region Wdark 
is described by the equation (4) increases and blocks 
channels of current flow through the nanostructured film. 
In this case, the life time and span length of minority 
carriers do not determinate the output current of detector. 
This is the main advantage of the detector on the basis of 
nanostructured semiconductor films. 

The investigations show that semiconductor films with 
nanodimension structure can be used for photosensor or 
optical switch fabrication.  
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I.  INTRODUCTION 

Design of capable of reconfiguration, customization and 

seamless integration into an educational, scientific and, in 

some cases, industrial area networks for ecological, 

biomedical, physical and climatic monitoring applications 

presents one of the most challenging tasks for system 

designers. To give answer to this challenge we propose a 

reconfigurable sensor platform featuring a wide set of 

intelligent sensors connecting to a low-power 

microcontroller, ADC and signal conditioning circuitry. To 

provide system’s software flexibility we propose National 

Instruments development environment which allows one to 

create clear and transparent modifiable program structure. 

Another advantage of this approach is faster development 

time [1]. The core software manages communication, data 

logging, sensor addressing, identification and calibration, 

run-time error checking and diagnosis. 

As the sensor network is employed in a variety of 

different places, some of these application areas cover a 

broad range of objectives. The applications range posed 

unique usability, functional and adaptability requirements 

which could not be met by existing measuring and 

monitoring platforms, and therefore motivated the design of 

new platform. The proposed solution promises a cost-

effective, flexible platform that allows easy customization, 

updatability, run-time reconfiguration, energy- and 

performance-efficient communication, computation and 

signal processing. The distributed structure is introduced 

because the sensing abilities are realized in parallel. Data 

from all ad-hoc sensors are simultaneously transmitted to 

the central data acquisition and processing unit, providing 

a complex environment image comprising many 

parameters. The design allows tests that traditionally take 

several hours of laboratory time to be performed in 

minutes. 

II.  MEASURING PLATFORM COMPONENTS 

Sensors are produced with MiniDIN8 consistent 

interface to a suitable data logging or network control 

system. Except the wired solution, one-dimensional sensor 

network may be connected via wireless using appropriate 

device (Fig. I). This feature allows user to experiment with 

premises located in different outlying places or, for 

example, to make experiments with sensors that are placed 

outdoors (this is primarily climatic, environmental, 

biomedical researches) [2]. Wireless data logger device 

operates in the unlicensed 434 MHz ISM frequency band 

and allow data acquisition from sensors at distances up to 

300 meters of sight or through 1-2 concrete walls. 

Fig. I. shows the functional diagram of measuring 

platform: 1 – array of sensors M1-Mn,2 – data acquisition 

unit, 3 – data commutator, 4 – signal conditioning unit, 5 – 

transceivers. 

 
Fig.I. Operation principle. 
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intelligent ad-hoc sensors has been presented. By a sensor platform we mean one employed in monitoring 

changes in its surroundings. This network was designed for use in a number of different applications, 

including environmental, chemical, biological and climatic monitoring. 
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TABLE I. SET OF SENSORS 

 

Light sensor DT009 (Fig. II) 

A precision multi-purpose and multi-range light sensor with 

high-speed sensing element. Have three ranges of 

measurement: 0-600 lux, 0-6 Klux, 0-150 Klux. It was 

designed to work indoors and outdoors.  

 
 

Fig. II. Multirange light sensor 

 

Magnetic field sensor DT156 (Fig. III) 

The sensor has two ranges of measurements. Range with 

low sensitivity is designed for measuring of magnetic 

fields of solenoids and permanent magnets. A range with 

high sensitivity designed for Earth’s magnetic field 

explorations. 

 
 
 

Fig. III. Magnetic field sensor 

Distance sensor DT020 (Fig. IV) 

It measures distance from the sensor installation to the 

object. Data logging speed of this device can reach 50 

measurements per second, which allows to use it in 

monitoring moving objects.  

 
 

Fig. IV. Distance sensor 

Temperature sensor DT029 (Fig. V) 

This simple and reliable sensor is designed to measure the 

temperature of water and other chemical solutions with an 

accuracy of ±1 ºC. The sensitive element has a protective 

cover. Measurement range -25..+110 ºC. 

 

 
 

Fig. V. Temperature sensor 

 

Temperature sensor DT025 (Fig. VI) 

It is a sensor with K-type thermocouple is used as a 

sensitive element with measurement range 0-1200 ºC. This 

is extremely sensitive sensor that has an error less than 2% 

on the entire range of measurement. It is used primarily for 

measuring high temperatures, simple monitoring od drying 

cabinets etc. High accuracy and reliability of this sensor 

aloows to use it in industrial and scientific applications. 

 

 
Fig. VI. Temperature sensor 

 

Sound level sensor DT320 (Fig. VII) 

Sound level sensor measures the amount of audible noise 

in decibel in range of 45-100 dB. It is ideal for measuring 

the level of surrounding noise and acoustic characteristics 

of the room. The sensor contains a special filter for 

filtering electrical voltage interference from the supplying 

circuit. It has three ranges of amplification, which 

switches automatically, providing convenience and 

flexibility of use. 

 

 
Fig. VII. Sound level sensor 
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Voltage sensors DT001-DT003 (Fig. IIX) 

This differential type sensor is capable of measuring 

voltage at any current direction. It was placed in a plastic 

body and equipped with two solid plugs that simplify a 

connection to an electric circuit. Sensor has a symmetrical 

input and, therefore any number of voltage sensors can be 

connected to a circuit without causing a short circuit 

condition. 

 
 

Fig. IIX. Voltage sensor 

 

Current sensor DT005-006 (Fig. IX) 

Sensor is designed to measure amperage. It’s a 

differential type sensor capable of measuring the current 

flowing through it in any direction. Sensor placed in a 

plastic body and equipped with two solid plugs that 

simplify a connection to an electric circuit. It has no 

grounding. 
 

 
 

Fig. IX. Current sensor 

Microphone sensor DT008 (Fig. X) 

This sound sensor is designed to measure sound wave 

oscillations in 35-10000 Hz frequency range. It is placed in 

plastic body and not intended to control the sound level. 
 

 
 

Fig. X. Microphone sensor 

Pressure sensor DT015 (Fig. XI) 

Pressure sensor is designed to measure absolute pressure 

of gases. It is usually used for environment monitoring or, 

for example to study gas laws. Measurement range 0-700 

kPa. 
 

 
 

Fig. XI. Pressure sensor 

Humidity sensor DT014 (Fig. XII) 

The sensor is designed to measure relative humidity. It is 

placed in plastic body and has adjusting screw for zero 

seting. Measurement range 0-100%. 

 

 
Fig. XII. Humidity sensor 

 

Force sensor DT272 (Fig. XIII) 

The sensor is designed to measure applied force. It must 

be mounted on tripod or moving cart. User can also use it 

as a hand-held spring scale. It has two measurement 

ranges: ± 10 N and ± 50 N. 

 

Fig. XIII. Force sensor 

 

Rotation angle sensor DT148A (Fig. XIV) 

The sensor is designed to measure various displacements of 

registered objects. It measures the angular deviation from 

the desired direction. 

 

 
 

Fig. XIV. Rotation angle sensor 

Photo-gate sensor DT137 (Fig. XV) 

This sensor is designed to measure the passage time of 

moving objects. It can be used in a variety of applications.  

 

 
 

Fig. XV. Photo-gate sensor 
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A table above contains a short enumeration of 
constituent components of measurement platform, which 
allows the user to create any combination of physical 
quantities meters. All components are characterized by a 
small size, low electric power consumption when 
powered from USB interface, low transmitter power 
(10mW) and high receiver sensitivity – less than -110 
dBm, allowing the acquisition of data at distances up to 
100 meters. 

Fig. XVI. shows data logger. This is simple device, 
that has four inputs expandable up to eight inputs with 
analog multiplexer connected to analog-to-digital 
converter. Connection to a PC is provided via USB 2.0, 
no need for additional power supply. Sampling resolution 
of data logger is 12 bit, analog sampling rate is 20 kHz. 

 

 
Fig. XVI. Data logging unit 

As the primary transducers of physical values smart 
sensors the developed at the Microelectronics Department 
of NTUU “KPI” MEMS sensors on silicon membranes 
have been used [3], and as a means of self-calibration and 
normalization of the signal- SoC from various IC 
producers. 

Received data is displayed in a specialized software 
DOSLID (FIG. XVII), which provides a variety of 
functions including data acquisition management, 
displaying system status and parameters, functional and 
mathematical processing of captured data, saving and 
transferring results to other applications for further 
processing [4]. 

 

 

Fig. XVII. Data acquisition software 

 

 

 

III.  CONCLUSIONS 

Due to the large number of different sensors of 
physical quantities, it is a sort of constructor that allows 
assembling any combination of required sensors, and 
therefore applying the system in a variety of areas: 
starting from education and finishing by industry.  

In particular, the presented measurement platform 
provides the possibility of creation a flexible, distributed 
and versatile environment monitoring network. The 
features of hardware architecture and software 
environment make this platform an extremely flexible and 
easily customizable. 

Using of integrated primary transducers and modern 
electronic components for our sensors also allows us to 
offer cost-effective solution for the modernization and 
creation of new laboratory equipment.  

Developed system was successfully tested in 
Industrial and Economic College of National Aviation 
University with support of Institute of Information and 
content of education, Ministry of Education, Science, 
Youth and Sports (new series of laboratory courses in 
Health Administration), the Institute for Energy Saving 
and Energy Management (IEE) within the National 
Technical University of Ukraine “Kiev Polytechnic 
Institute” (upgrade of the laboratory courses). 

IV.  PROSPECTS FOR IMPLEMENTATION AND 
DEVELOPMENT 

It is planned to implement the presented solution in a 
number of universities with I-IV accreditation levels and 
Junior Academy of Sciences of Ukraine.  

Prospect of development include extension of number 
of biomedical, climatic and electrical sensors, 
development of new data processing and analysis 
functions, implementation of connection with mobile 
telecommunication and computing devices such as 
iPhone, iPad etc [5]. Another side is the development of 
features for adding new sensors, their communication 
algorithms and data processing functions without being 
tied to cumbersome and complicated software 
development environment. For example, it can be 
implemented by using a special subroutine or an external 
file with parameters. 
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Fig.1. Circuit diagram of the device measuring channel. 

I. INTRODUCTION 

Integrated circuits (IC) electrical characteristics 

measurements  occur over all steps of technology process, 

including testing and qualification control. The 

parameters of military and space application devices must 

be controlled more strictly because of hard  demands on 

reliability in radiation, humidity  and high temperature 

environment. Special application IC must be passed 

testing and qualification through these factors. During this 

process it’s necessary to control the electrical parameters 

of testing devices. It is especially important for analog ICs 

where parametric faults electrical characteristics are 

occurred. For example, radiation impact on operation 

amplifiers (OP) leads to increasing of input currents and 

input offset voltages shifts [1]. It is necessary to measure 

current-voltage characteristics of test transistor structures 

to research radiation effect in nanoelectronic devices [2].  

Because of essential non-linear voltage-current 

characteristics of semiconductor nanostructure it is 

necessary to provide this measurements in voltages range 

±10V and accuracy ±1mV and to provide current  

measurements in wide range 10
-10

А...10
-2

А and relative 

accuracy 1%. Nanoelectronic semiconductor devices 

characteristics are strongly temperature depended. 

Therefore temperature setting and stabilization during 

measurements are required.  

To avoid the influence of electrical noise during the 

near 1nA current measurement the use of special  

techniques are required, such as shielding and filtering of 

spurious signals that can distort the measurement results 

and special  routing board methods to eliminate leakage. 

These requirements leads to limitations on the length of 

the interconnects and measuring stand design. 

Requirements for precision voltage setting and a wide 

range of currents connected with significant nonlinearity 

of the current-voltage characteristics of the transistor 

structure due to the exponential dependence of the current 

on voltage.  

Even a slightly change in the ambient temperature can 

significantly affect on the measurement results. The 

problem of providing the recurrence of the measurement 
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results is particularly important when dealing with high 

currents and long-term radiation experiments due to 

temperature drift.  

In this paper device for measuring the parameters of 

integrated circuits and test transistor structures is 

described. Presented device meets all the formulated 

requirements and can be used for research purposes and 

qualification testing of analog integrated circuits 

including the effects of ionizing radiation. 

 

II. CURRENT MESURENTS 

The measuring device as a current sensor uses a 

logarithmic current-voltage converter on a diode-

connected transistors. Circuit diagram of the device 

measuring channel presented at fig.1.  

Chanel COM_U1 output voltage controlled by AD3:A 

operation amplifier. Depending on output voltage polarity 

channel load current passes through one of the transistors 

AD2:A, AD2:B and lids to current-dependent voltage 

drop on sensor elements (transistors). Sensor transistors 

are part of transistor array 198НТ1 microcircuit. Sensor 

output voltage transmits to differential amplifier inputs, 

which based on resistors R6, R7, R8, R9 and operation 

amplifier U1:B, forming logarithmic current dependence 

of UI_1 signal voltage level. 

Temperature of transistors AD2:A, AD2:B must be 

maintained constant. For this purpose, thermal 

stabilization system is implemented. Temperature sensor 

output voltage transmits to non-inverting input of 

operation amplifier U1:A. This sensor is made of a serial-

connected resistor R1 and transistor AD2:C, located in a 

single chip with current sensor transistors. UT_1 voltage 

level decreases with increasing temperature. For setting 

mode temperature reference voltage transmits to operation 

amplifier (U1:A) inversing input. If UT_1 < VT_REF 

then output signal of U1:A opens transistors AD2:D, 

which heats up transistors AD2:A, AD2:B и AD2:C. As a 

consequence the voltage level UT_1decreases. Thus, the 

above negative feedback keeps the temperature sensor 

circuit current at a constant level. 

Implemented technique permits to measure currents in 

a wide range, without switching the measuring range. 

To determine the current dependence of voltage UI_1 

transistor sensor must be calibrated. The calibration 

procedure requires a connection to measuring channel an 

external calibrator. In calibration process to provide serial 

connection (one by one) calibration resistors to measure 

channel output control signals transmits to calibration 

device control inputs. Calibration process starts from 

minimal resistor. It’s electrical resistance measure by 

multipurpose tester. Channel output voltage is set so that 

the cannel current corresponds to signal UI_1 voltage 

level 9V. The current value is calculated according to 

Ohm's law. Similarly we define the current corresponding 

to the next value UI_1. During calibration, the voltage 

varies in range ±9V with step 0.1V. If channel output 

voltage in selection current process decreases bellow 0.2 

V,  then occurs transmit to next resistor. There are eight 

resistors it calibration device. Resistors values presented 

in table 1. The described technique allows to calibrate the 

measuring channel for currents in the range of 10
-2

..10
-

10
A. Measure devise includes three channels. Channel 

transfer characteristics obtained in calibration process 

presented at fig.2. 

 
TABLE 1. CALIBRATION RESISTORS VALUES. 

 

Resistor number Value, Ohm 
1 5,1∙10

2 
2 1,0∙10

3 
3 1,0∙10

4 
4 1,0∙10

5 
5 1,0∙10

6 
6 1,0∙10

7 
7 1,0∙10

8 
8 1,0∙10

9 

 
III. VOLTAGE SETTING TECHNIQUE. 

Analog to Digital convertor module based on IC 

AD7694 (Analog Devices) is used for reading current 

sensors outputs and for  testing nano-electronic devices 

output voltages measurements. Because of AD7694 input 

voltage is limited by reference voltage level 4.5V, formed 

by reference module IC REF194, and analog to digital 

converter module output range is ±10V inverting 

amplifier circuit is used to convert module input voltage 

value to AD7694 input voltage range. 

Differential and integral nonlinearity (DNL and INL) 

of AD7694 according specification less, then 3 LSB (Last 

Significant Bit), that corresponds voltage measure error 

less, then 0.5mV in full range ±10V. Therefore analog to 

digital convertor module transfer characteristic is linear 

with sufficiently accuracy. Next calibrating technique for 

determining   zero code and LSB value was used. Zero 

level voltage sets on module input and corresponding 

code ADC_ZERO_CODE save in memory. Measured 

reference voltage ADC_FEF and transmits to module 

input, corresponding code ADC_REF_CODE after 

conversion saved in memory. LSB value determined by 

relationship: 

 

ADC_STEP = ADC_FEF /(ADC_REF_CODE - ADC_ZERO_CODE). (1) 

 

2 4 6 8 10
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I,А 

U,V 

Fig.2. Channel transfer characteristics 

obtained in calibration process. 
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Using calibration results values ADC_STEP and 

ADC_ZERO_CODE module input voltage determined as: 

 

U_IN = (ADC_IN_CODE – ADC_ZERO_CODE) ADC_STEP,      (2) 

 

ADC_IN_CODE is conversion code, corresponds to 

input voltage U_IN. For voltage calibration external 

modules are not required. Voltage calibration procedure 

can be run by user command.  

To install require voltage levels in experimental 

researches software controlled voltage sources are used. 

They are implemented on the basis of integrated circuits 

16-bit DAC (Digital to Analog convertor) DAC8532. 

Inversing amplifier stage is used to provide output voltage 

range ±10V, while DAC reference voltage level is 4.5V. 

DAC8532 is to channel R-string digital to analog 

converter without missing codes with excellent INL 

value. The main disadvantage of this type of DAC is the 

most integral nonlinearity, which, according to the data 

sheet can be up to 1% of full scale output voltage, which 

gives an accuracy of a voltage ± 0,1 V to ± 10V. This 

accuracy is determined by the spread of the resistors used 

in the converter is not random, and can be reduced by 

calibration. The converter DAC8532 uses two-stage R-

string matrix. First stage of the matrix consist of 1024 

resistors and converts ten first bits of input data to output 

voltage. Second interpolation stage is applied to refine the 

output voltage. Second stage consist of 64 resistors and 

provides conversion of six last bits of input data. During 

the calibration digital to analog converter output 

connected to the analog-to-digital convertor input. As the 

result of 1024 measurements  assemble table of 

corresponding input DAC codes and output ADC data. 

Step of DAC code variation is 64. This table uses for 

determination DAC code for required output voltage 

level. Code DAC_CODE for voltage U_DAC determined 

by relationship: 

 

DAC_CODE = DAC_REF+ ((ADC_CODE-C_PREF)/(C_NEXT-C_PREF)) ∙64,  (4) 

 

DAC_REF is table DAC code, corresponds closest to 

required voltage level, ADC_CODE is code, corresponds 

required ADC voltage, C_NEXT and C_PREF are table 

codes, closest to ADC_CODE value. To install require 

voltage obtained from (3) code (DAC_CODE) transmits 

by SPI interface to digital to analog convertor. DAC 

calibration do not requires external devices and runs if 

necessary by user command. The difference between the 

reference and the measured transfer characteristics of the 

digital to analog conversion module before and after 

calibration are shown in fig.3. 

VI. MEASURING EQUIPMENT STRUCTURE 

DIAGRAM 

Structure diagram of measure equipment presented at 

fig 4. To automate the measurement process software 

control measuring system with a computer (PC) is 

implemented. Computer’s COM-port connected to board 

1 of the device. Power supply provided by standard power 

module (12V, 25W) produced by MW. For comfort 

connection different nanoelectronic devices to measure 

equipment commutation device was designed. It allows 

user to connect for electrical characteristics measurements 

devises in different packages. 

 

 
 

Measure functions are provided by board 1 and board 2 

(fig.4). Board 1 includes three digital to analog 

conversion modules E1, E2, E3 and three current sensors 

A1, A2, A3. Therefore there are three measure channels 

on board 1. Together with analog ground and digital 

voltmeter V measure channels connected to commutator 

II inputs, which provides connection every input to every 

selected output. In IC electrical parameters measurements 

it is necessary to external device control. To implement 

this feature on board 1 of measurement system designed 

digital input-output block, which can send and receive 

standard logic signals (0..5V) through terminals DIO1 

...7, connected to X1. Each terminal is able to perform 

both input and output according to a user-defined 

configuration. IC often have a large number of lids. Board 

1 measuring system has 5 output lines, which can be 

connected to analog outputs IC. In most cases this is not 

enough and it is necessary to have a greater number of 

output measuring lines. To address this issue to the board 

1of measuring system is connected board 2, which 

includes a switch III, more powerful than a switch II of 

board 1. Switch III has 16 output measuring lines. 

Each board of measuring device includes a power 

management circuit for temperature stabilization, the 

principle of which is described in [3]. This circuit based 

on LM335 temperature sensor and BCX51 heat up 

transistors, that allows to set the temperature of the testing 

devices with ± 0,1 C accuracy. Terminals SN-, SN+, 

+12V, GD, BS (fig.4)  are used for this propose.  

 

ΔU,V 

U,V 

-8 -4 0 4 8

-2.00E-002

-1.00E-002

0.00E+000

1.00E-002

2.00E-002

Fig.3. The difference between the reference 

and the measured transfer characteristics of the 

digital to analog conversion module before (●) and 

after calibration (♦). 

 

http://lingvopro.abbyyonline.com/ru/Search/GlossaryItemExtraInfo?text=%d1%81%d0%be%d1%81%d1%82%d0%b0%d0%b2%d0%bb%d1%8f%d1%82%d1%8c&translation=assemble&srcLang=ru&destLang=en
http://lingvopro.abbyyonline.com/ru/Search/GlossaryItemExtraInfo?text=%d0%ba%d0%be%d0%bc%d0%bc%d1%83%d1%82%d0%b0%d1%82%d0%be%d1%80&translation=commutator&srcLang=ru&destLang=en
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V. CONCLUSIONS 

An automatic equipment for semiconductor device 

voltage-current characteristic measurement was 

described. Current measure technique using diode 

logarithmic sensor was considered and sensor calibration 

procedure was presented. This technique allows to 

measure currents in a wide range of 10
-2

A…10
-10

A with a 

relative error less than 1%.  Calibration method for 

digital-to-analog converters to reduce more than order 

differential nonlinearity of conversion and achieve the 

accuracy of voltage setting ± 1 mV in ± 10V range was 

obtained. Voltage setting accuracies before and after 

calibration are presented for comparison. Full structure 

diagram of measure equipment was described. 

Commercially available measuring devices with similar 

electrical characteristics have cost an order of magnitude 

or more than the cost of the developed device. Using 

commercially devices for building large measure 

complexes it is necessary to solve additional electrical 

compatibility problems to achieve the required accuracy 

of the measurements. Besides in that case it is necessary 

to use additional external thermal stabilization modules 

and develop commutation equipment. Presented device 

has compact size and includes all the features described 

above.  
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Fig.4. Structure diagram of measure equipment. 
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Abstract - Gas-sensors based on ZnO films give an opportunity to measure some parameters of gase-medium 

in a large band of temperature and pressure. In this article is described the device which  allows measuring 

and  imaging on display information about concentrations of diversity of gases. The device has a reduced 

weight and dimensions: this fact allows us to use it as a mobile analyzer of concentration of gases.  

 

Index Terms – ZnO films, concentration, microcontroller.  

 
  

I. INTRODUCTION 

While executing ecological monitoring as a rule 

following parameters are measured:  

 Temperature 

 Pressure 

 Relative humidity 

 Concentration of different gases 

 Transparency of air and water 

 PH- level of water 

 Level of Electromagnetical field and  radiation 

 Level of noise and vibration 

 Chemical and bacteriological characteristics, 

e.t.c 

For measuring this parameters are using a variety of 

non-electrical to electrical transducers. They transform 

the external influence into electrical voltage or current, 

which value depends proportionally on influence 

intensity. For example, pressure is measured, using 

piezosensors, transparency of some kind of medium is 

measured with optoelectronic couples, noise or vibration 

is measured with microphones. 

For measuring the concentration of gases it is 

perspective to use sensors, based on different nano-films, 

in particular on ZnO, which has a relatively low price, a 

high sensitivity and stable parameters. 

 

II. DEVICE DESCRIPTION 

 

The device allows analyzing of some of the given 

parameters. Received values can be converted with the 

help of different sensors in proportional electrical signals.  

Device has following functions and abilities: 

 Measurement of parameters on one of eight 

channels 

 Reflecting data graphically  

 Comfortable interactive interface 

 Transmitting data to the PC 

 Memory for saving data 

 Operation as a part of a measuring complex 

together with PC or in a standalone mode 

 The device possesses small power consuming 

that ensures continuous functioning in a 

standalone mode without charging of the 

accumulator plant. 

 By operation as a part of a measuring complex 

together with PC charging of the accumulator 

plant happens automatically from PC. 

Scheme of the device is given on the Figure.1. 

 

 
 

Fig.1.  Bloc-scheme of  the device. 

 

The base of the block-scheme is the microcontroller 

ATMega 128 [1], which organizes logical functionality of 

the device and connection with PC. Sensors convert non-

electrical signals to electrical ones, which are filtered, 

amplified, and if needed normalized before coming to 

MCU through ADC and multiplexor [2]. 

From MCU the signal is directed to display and PC, 

where they can be received by users.  

AVR family microcontrollers has a built-in Analog-to-

Digital converter, which provides a Analog-to-Digital 

conversion, without using an extra hardware resources, 

and gives an opportunity to process incoming data. 

For imaging and controlling the device is using LCD 

display LCD-V320P24282WS17TB-DU3, with resolution 

40 on 320 pixels, and a built-in T.S. panel, which 

allows executing commands, setting up and controlling 

the devise. 

As an example on pic.2. it is shown wiring diagram 

between device and PC, using FT232 controller.  

The Device for Conversion and Displaying 

Ecological Information Using Sensors on the 

Base of ZnO Films. 

S.SHISHIANU,  V.VERJBITKI ,  T.SHISHIANU,  A.MACHIDON 
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I.  MAGNETRON SPUTTERING 

Samples were prepared in the magnetron vacuum 

installation Leybold Z-400 on Si substrates at room 

temperature. Sputtering was performed under an Argon 

(99.999%, “Messer Griesheim”) atmosphere of 8×10-3 

mbar with a residual pressure in the chamber of about 

1.5×10-6 mbar. The commercially available silicon wafer 

with (1 1 1) crystalline orientation was chosen as a 

substrate. In total tree different targets were used: 

superconducting niobium (Nb) with a purity of 99.99%, 

silicon (Si) with purity of 99.99% (for buffer and 

protecting layers) and ferromagnetic copper-nickel alloy 

(60% Ni -40% Cu). 

In order to remove any contaminations, as absorbed 

gases and oxides, the targets were pre-sputtered for 3-5 

minutes before the deposition of the S/F-structures. The 

deposition rate of the layers was: for Nb – 4,5 nm/s, for 

CuNi alloy – 3,5 nm/s, for Si – 1 nm/s. 

S/F-sample was prepared as following:  Si(buffer, 5 

nm)/Nb(7.2 nm)/CuNi(3 nm)/Si(cap, 5 nm). The first thin 

film of amorphous silicon has been sputtered on the top of 

the substrate in order to achieve a homogenous and flat 

surface. The ferromagnetic CuNi alloy has been grown 

above the superconducting Nb layer. As a final step, 5-nm 

thick Si layer has been deposited onto the top of the S/F 

heterostructure to prevent it from oxidation. 

II. SAMPLES CHARACTERIZATION 

Structural properties of the samples have been checked 

by the low angle Θ-2Θ X-ray diffraction (X-ray 

reflectivity). The reflectivity data of the S/F-sample is 

showed in Fig. 1. The curve is characterized by the 

presence of the total reflection plateau and Kiessig 

oscillations with period Q  0.6 nm
-1

. Oscillations are 

caused by the interference on a layer with thickness d = 

2/Q  10-11nm. Since the X-ray scattering length 

density of Nb (6.38x10
-5

 Å
-2

) and CuNi (6.44x10
-5

 Å
-2

) 

are close to each other, X-ray reflectivity is sensitive to 

the total thickness of CuNi and Nb layers. The estimated 

thickness d = 10-11nm is pritty close to the nominal 

thickness of the S/F bilayer, calculated from the 

deposition time and the deposition rate. 
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    Figure 1. X-ray Reflectivity of the Nb(7.2 nm)/CuNi(3 

nm) hybrid heterostructure. 

 

Magnetic and superconducting properties of the 

bilayer were characterized by the Quantum Design 

MPMS SQUID VSM magnetometer. The magnetic 

hysteresis loop was measured at T = 15K (far above  
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Abstract — The mutual influence of the magnetism and superconductivity in superconductor/ferromagnet 

(S/F) nanofabricated thin films hybrid heterostructures has been an exciting topic in solid-state physics 

during last decade (see, e.g. review [1]). However, the interesting theoretical predictions still wait for 

unambiguous experimental verification. One of such effect is the so-called spin screening (often called inverse 

proximity effect), which designates a spin polarization in the superconducting layer close to the S/F interface. 

It is theoretically shown [2, 3] that a spin polarization develops in the S layer with direction opposite to the 

spin polarization of the conduction electrons in the F layer. If the thicknesses of the ferromagnetic and 

superconducting layers are small compared to the London penetration length, then the orbital effect, caused 

by Meissner screening currents of superconductor will be small compared to the spin effect due to spin 

polarization. The thickness of the spin polarized sub-layer is comparable to the coherence length ξ of the 

superconductor.  Therefore an advanced technology should be used for fabrication of S/F nanostructures 

with thin superconducting layers. 

 

Index Terms — hetero-structures, ultra-thin films, superconductivity, magnetism, proximity effect, inverse 

proximity effect. 

CuNi/Nb S-F Hybrid Heterostructures for 

Investigation of Induced Magnetization in 

Superconducting Layer 
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Fig. 2. (a) SQUID magnetization hysteresis loop at 15 

K. The magnetic field was applied in-plane. (b) Field 

cooled (FC) SQUID magnetization versus temperature for 

the S/F hybrid heterostructure with total thickness of 

superconducting Nb and ferromagnetic CuNi layers 10.9 

nm. (The external magnetic field 50 Oe was applied in-

plane). The arrow shows the superconducting transition. 

 
 

 

 

 

 

 

 

 

 

 

 

 

superconducting transition temperature of bulk Nb) with 

magnetic field applied parallel to the sample surface. 

Measurement have demonstrated that the CuNi layer is a 

hard ferromagnet with saturation magnetization at Hsat   

1kGs.  

Temperature dependence of the magnetic moment 

measured at magnetic field H = 50 Oe applied parallel to 

the sample surface allowed to define superconducting 

transition temperature of Nb (7.2nm) layer TC = 5.4K 

which is close to the value of similar Nb/NiCu structure 

reported earlier [4]. 

CONCLUSION 

Overall we have prepared high quality S/F CuNi/Nb 

hybrid heterostructures which are suitable for further 

investigation of the induced magnetization in the 

superconducting Nb layer. 
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I. INTRODUCTION 

The diode detectors play an important role in radio 

technique and electronics. The use of high frequencies 

(above 1 GHz) stimulated the careful study of diodes with  

Schottky barrier. These diodes use the quick-acting metal-

semiconductor contacts [1]. 

The further improvement of their parameters was 

achieved due to fall of the working temperature. This 

direction was named   cryoelectronics [2], it allows to 

raise the nonlinearity of the current-voltage dependences 

and current responsivity. The thermal noise power 

decreases too. For example there were elaborated DD 

based on the contacts Pb-pGaAs [3, 4]. At the signal 

frequency f = 9 GHz and T= 4.2 K these diodes had CR ≈ 

500 A/W and noise equivalent power 510
-15

 W/ Hz  . 

At the same frequency and T= 1 K there parameters were: 

CR ≈ 2500 A/W and noise equivalent power 5.410
-16

 W/

Hz . Also the deep cooling allows using the materials 

with little energy gap width but high mobility of 

electrons, such as solid solutions Bi-Sb [2, 5]. 

After the discovery of the high temperature 

superconductors (HTSC) the possibilities to use HTSC in 

cryoelectronics were studied too. At the liquid nitrogen 

temperature T = 77 K and signal frequency f = 37.5 GHz 

the corresponding structures revealed the voltage 

responsivity 3000 V/W [6]. The further studies [7] 

allowed to create the structures with VR=5000 V/W and 

noise equivalent power NEP = 210
-12

 W/ Hz  at the 

signal frequency f=31 GHz and temperature T = 77 K. 

According to our publication [8] the diode detectors based 

on the contacts HTSC-InSb may have CR ≈ 40 A/W, VR 

≈ 10
6
 V/W and NEP ≈ 810

-15
 W/ Hz  at T = 77.4 K 

and f = 10 GHz At the same temperature and f = 30 GHz 

these DD may have CR ≈ 15 A/W, VR ≈ 3.510
5
 V/W 

and NEP ≈ 210
-14

 W/ Hz  . 

 On the other hand often there is an oxidation of 

semiconductor in HTSC-semiconductor contacts, because 

oxygen is an integral part of HTSC. Also cooling to the 

liquid nitrogen temperature 77.4 K may be insufficient to 

obtain the good DD parameters. In this situation, taking 

into account the rapid development of cryogenics, the 

study of DD based on the contacts traditional 

superconductor – semiconductor seems to be actual 

problem. Usually these DD work at liquid helium 

temperatures (T ≤ 4.2 K). In this paper the numerical 

modeling of the electrical potential distribution and 

current passing in the contacts of niobium nitride with 

semiconductor alloy bismuth-antimony was made for 

situation when the surface states have a big density. 

II. RESULTS AND DISCUSSION 

The contacts of semiconductor solid solution 

Bi0.88Sb0.12 with NbN were considered, because according 

to our results [9] these contacts seem to have the best 

parameters. The round flat contacts with contact area 1 µ
2
 

were studied. The optimization for high frequency signal 

was realised, when the signal frequency is more 10 GHz. 

Materials properties were taken from [9 - 11]. Results of 

calculations are shown in figures (figs.) 1-3. In all figures 

the logarithmic scale for X-axes is used. An exponential 

form is often used for numbers of axes.  

Detection in the Structures Based on a 

Semiconductor (Bi-Sb)/Superconductor (NbN) 

Contacts: Optimization for High Frequency 

Signal 
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Abstract — Diode detectors (DD) are widely used in electronic information and communication systems. In 

this paper the numerical modeling of the electrical potential distribution and current passing in the contacts 

of niobium nitride (NbN) with semiconductor alloy bismuth-antimony (Bi-Sb) was made.  

The optimization for high frequency signal was realised, when the signal frequency is more 10 GHz. There 

were analyzed possibilities to create the diode detectors based on these contacts and working at temperatures 

(T) of liquid helium 4.2 K and 1 K. The dependences of the current responsivity (CR), the voltage 

responsivity (VR) and the noise equivalent power (NEP) on the signal frequency (f) were analyzed. The 

obtained results were compared with literature data. Both DD working at temperature of liquid nitrogen (T = 

77.4 K) and liquid helium were considered. 

 The comparison with existent literature data shows the proposed DD can be 10100 times better. The 

physical reasons of these advantages were discussed. It is shown that unique properties of Bi-Sb alloys and 

especially of Bi0.88Sb0.12 alloy make these alloys to be the very perspective materials for cryoelectronics. 
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Figs. 1 - 3 show that current and voltage 

responsivities decrease and NEP increases at the 

frequencies more 10 GHz. At these frequencies the 

negative role of the barrier capacity is revealed and it 

begins to shunt the nonlinear contact resistance. On the 

other hand at high frequencies the contact capacity 

resistance becomes compared with ohm spreading 

resistance. The current redistribution occurs, it leads to 

reduction of the rectified current and DD parameters 

become worse. 

 

 

Fig. 1. The calculated current responsivity dependence 

on the signal frequency in the contacts with Bi0.88Sb0.12. 

The legend inscriptions show the working temperatures. 

 

Fig. 2. The calculated voltage responsivity dependence on 

the signal frequency in the contacts with Bi0.88Sb0.12.  

The legend inscriptions show the working temperatures. 

 

  

Fig. 3. The calculated noise equivalent power dependence 

on the signal frequency. The legend inscriptions show the 

working temperatures.   

 

Also the reduction of the working temperature 

from 4.2 K to     1 K may sufficiently improve these 

parameters. On one hand nonlinearity of the current – 

voltage characteristic rises sufficiently, that leads to 

increase of the current responsivity, voltage responsivity 

and noise equivalent power [1 - 3]. On the other hand 

noise current falls and this effect provides with additional 

reduction of noise equivalent power [1 - 4].  

 

The comparison with our data [10] shows that also 

in situation, when the surface states have a big density, 

DD based on Bi-Sb may have the very good parameters. 

 

For comparison our results [14] for contacts 

HTSC-semiconductor are presented in figs. 4 - 6.  

 

Taking into account results [3, 4, 6-8] we may 

conclude that contacts with Bi-Sb allow improving 

considerably DD parameters. They are much more 

effective than contacts HTSC-superconductor [6 – 8, 12]. 

Also they are better than contacts with GaAs [3, 4] 

working at liquid helium temperature.  

 

 

  
Fig. 4. The calculated current responsivity  dependence on 

the signal frequency for contacts HTSC-semiconductor. 

The legend inscriptions show the semiconductor 

substance.  T = 77.4 K.. 

 

  

Fig. 5. The calculated voltage responsivity  dependence 

on the signal frequency for contacts HTSC-

semiconductor. The legend inscriptions and other data are 

similar to those in fig. 4.  T = 77.4 K. 
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The main advantages of Bi-Sb are next:  

Little barriers heights due to narrow energy gap. This fact 

provides a big CVD nonlinearity and big current 

responsivity. 

High mobility of electrons, which reduces ohm resistance 

and improves frequencies properties.  

Little barrier capacity, due to little barriers heights and 

small effective masses of electrons, which also 

improves frequencies properties. These unique 

properties of Bi-Sb alloys and especially of Bi0.88Sb0.12 

alloy make these alloys to be the very perspective 

materials for cryoelectronics 

III.  CONCLUSIONS 

The comparison with [3, 4, 8, 12] data shows that 

also in situation, when the surface states have a big 

density, the proposed DD may have the current 

responsivity 2 times more and noise equivalent power 100 

times less than the ones in existing DD (at the same 

temperature and signal frequency).  

On the other hand they may have the current 

responsivity 50 times more, voltage responsivity 300 

times more and noise equivalent power 300 times less 

than the diodes working at the liquid nitrogen 

temperature.  

This fact draws the conclusion the contacts with 

Bi-Sb are perspective to elaborate them. 
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Fig. 6. The calculated noise equivalent power dependence 
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semiconductor. The legend inscriptions and other data are 

similar to those in fig. 4.  T = 77.4 K. 
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I. INTRODUCTION 

The necessity to develop gage pressure 

transducers is caused by the need for converters intended 

for measuring the pressure in industrial plants, in 

particular, in the equipment of the gas and food industry 

with displaying the information on a digital device or 

controller in automated process control systems. 

II. DESCRIPTION OF THE TRANSDUCER 

The pressure transducer is based on the principle 

of converting a mechanical quantity, i.e., pressure, to an 

electrical signal. The measured pressure is applied to a 

flexible metal membrane which passes it through a 

polymer liquid to the membrane of a sensing element 

(SE) prepared of single crystal silicon. This material is 

selected because silicon transducers have a high 

sensitivity and reproducibility, a low hysteresis, and good 

dynamic characteristics, which make it possible to quickly 

respond to the rapidly changing pressure. A bridge circuit, 

which converts a pressure change to an electric signal in 

the form of a Wheatstone bridge offset, is formed on the 

SE membrane. 

To compensate for the span thermal error (STE), 

the bridge circuit of the SE is powered by a source of 

stable current. In addition, the SE exhibits the pattern of 

change in the resistance of the bridge which reduces the 

STE to a negligible value owing to the effect of self-

compensation. 

The elimination of the initial offset of the SE 

bridge and compensation for its thermal error (TEUo), 

which is characteristic of semiconductor sensors, are 

implemented on an additional board, which has an 

electrical and thermal contact with the base of the 

pressure module. An integral temperature transducer that 

transmits data on the current temperature of the pressure 

modulus is located on the same board. The residual and 

complementary temperature error and the nonlinearity of  

 

 

the converting characteristic are minimized in the 

electronic circuit with the aid of software. 

The design of the transducer was developed, and 

a prototype was prepared. The transducer is a leakproof 

construction consisting of a sensitive pressure module, a 

measuring unit, a metal case, and an electrical connector.  

The measuring unit includes a precision analog-to-digital 

converter (ADC) with an amplifier, a source of a highly 

stable current, a microcontroller with a six-bit graphic 

LED display, an RS-485 interface driver, a digital-to-

analog converter (DAC) for generating an analog standard 

signal, and push-button controls. The front side of the 

case has a transparent window for visual inspection of the 

measured pressure and temperature. 

The physical form of the TP22Е gage pressure 

and temperature transducer is shown in Fig. 1. 

The pressure of a gas or liquid column which is 

exerted on the isolating diaphragm of the pressure module 

and its temperature are fed, in the form of analog signals, 

to the precision multichannel ADC with a built-in 

instrumentation amplifier. After amplification and 

conversion to a digital code, the signals from the ADC 

come to a PIC24 microcontroller 

The microcontroller is programmed through a separate 

technological plug inside the case. The push- buttons 

provide switching on the display, accessing the user 

menu, reranging the output analog signal, and, if 

necessary, changing the units of measurement. 

A digital signal can be integrated from some pins 

of the electrical plug connector located on the case 

through a commercial RS485 interface into a remote 

measurement system via transmitting through a twisted 

pair of wires. 

A 4-20 mA standardized analog signal is 

transmitted from other plug pins, regardless of the digital 

channel, through a twisted pair of wires. 

  

 

 

Electronic Pressure Transducer with Digital 

Output 

Abstract—The TP22E gage pressure and temperature transducer consists of a primary pressure transducer, 

fittings with an M20x1.5 standard connection to the measured medium and a built-in pressure modulus with 

a metal isolating diaphragm, an electronic unit with an indicator enclosed in a single metal case, and a plug. 

The TP22E transducer is designed for continuous conversion of the pressure of the measured medium to a 

digital signal of the RS-485 interface (ModBus protocol) and a standardized DC signal of 420 mA. The 

measured pressure values are displayed on a six-digit LED indicator. The transducers are utilized in 

automated process control systems in various branches of industry, such as the gas, chemical, food, 

pharmaceutical industries, power engineering, water purification, etc. 

 

Index Terms — temperature, digital, pressure, control, RS-485 interface 
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Fig. 1. Physical form of the TP22Е transducer. 

 

Figure 2 shows the electronic circuit diagram of 

the transducer. 

The microcontroller provides additional 

compensation for temperature zero drift and the 

measuring range using the information from the 

temperature sensor in contact with the case of the 

transducer. In addition, using the developed program, the 

microcontroller performs the linearization of the 

calibration characteristics of the pressure module, the 

normalization of the measured signals, and the output of 

data different units of measurement: in kPa for pressure 

and in degrees centigrade for temperature. The corrected 

data are further transmitted via a noise immune RS-485 

interface in the format of the Modbus RTU industrial 

communication protocol to a device intended for the 

storage and recording of the measured environmental 

parameters. 

The following notation is used in Fig. 2: DD, 

pressure sensor; Dt, temperature sensor; ACD, precision 

multichannel analog-to-digital converter; Mk, 

microcontroller; RS485, RS-485 interface converter; 

Uref, reference-voltage source; DAC, digital-to-analog 

converter; Iconst, stable current source; St, voltage 

stabilizer; Con1, plug connector for power supply and 

digital data transmission; Con2, technological plug 

connector for programming the microcontroller; Kn1 and 

Kn2, controls on the transducer; Indicator, multidigit LED 

display. 

This protocol is open and has already become a 

de facto standard for the industry of digital devices. 

According to experts, more than 40% of applications of 

industrial data exchange use the Modbus protocol for 

communication between objects. In addition, it should 

also be noted that almost all modern SCADA-systems 

support this communication protocol. 

 

 
Fig. 2. Electronic circuit diagram of the transducer. 

 

 

The prototype of the TP22E transducer was subjected 

to engineering tests, which revealed the following 

technical characteristics of the transducer: 

 The measured pressure range is 0 to 0.016 MPa. 

 The maximum permissible error does not exceed 

0.15% of the upper-range value. 

 The operating temperature range is 20 to 70ºC. 
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 The transducer has a ramp response of the output 

signal with the limiting value of the output signal 

of RS-485 interface of ModBus protocol (ASCII) 

and/or 4-20 mA (according to the order). 

 The DC voltage is 1224 V. 

The TP22E pressure and temperature transducer 

is in line with the counterparts of the leading companies 

in the world. 

The exchange of data on gage pressure and temperature 

of the transducer with the information system is carried 

out via the RS485 interface (Modbus RTU protocol). 

Using a system of data storage and transmission via the 

GSM network, it is possible to monitor the state of objects 

and equipment in real time scale, which will give the 

possibility to rapidly respond to changes in process 

parameters. 

CONCLUSIONS 

TP22E gage pressure transducers with digital and 

analog outputs are designed to control the gas pressure in 

urban distribution networks and are used in systems of 

automatic monitoring, adjustment, and control of 

industrial processes. In addition, it is recommended to use 

them in housing and public utilities, power engineering, 

metallurgy, and in the chemical and food industries. The 

most promising application is expected at the Moldova 

Gaz company. 
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I. INTRODUCTION 

Ivanov, Keldysh, and Haug pointed out several 

problems of phenomenological giant oscillator strength 

model in [1] and proposed a self-consistent theory of two-

photon excitations based on bipolariton conception. 

According to [1] the following scheme seems to be 

adequate: an exciton is considered as a true boson, 

however, biexciton is treated as a compound particle, i.e., 

the bound states of two excitons due to the interaction 

potential  'W r r . Obviously such interaction has to be 

attractive. But as it is known from the quantum liquid 

theory, at low temperatures the system of Bose-particles 

with attractive interaction is unstable against spontaneous 

contraction. In order to avoid this difficulty two 

equivalent kinds of excitons 1    with the same 

parameters may be introduced. The only distinction is that 

excitons of different kinds attract each other (

1, 1 1, 1 0W W     ), whereas particles of the same kind 

have a repulsive interaction ( 1, 1 1, 1 0W W     ). Such an 

approach simultaneously leads to the existence of bound 

complexes of two excitons of different kinds and the 

stability of the many-particle system as a whole. The 

proposed model may be considered as corresponding to 

the singlet excitons with mutually opposite directions of 

an electron (and also hole) spin. 

The conventional bipolariton model developed in [1] 

deals with the term  

  
1 1 2 1 2 1 1

1 1 2

† †

, , , , ,

, 1 , ,

1

2
x xH W q a a a a

V
     

 
  



   k k k q k q

k k q

 (1) 

of the full Hamiltonian that describes the exciton-exciton 

interactions. This model was further experimentally tested 

by measuring the two-photon transition width, nonlinear 

susceptibility 
 3

 , two-photon absorption coefficient 

[50], and the angular dependence of the biexciton 

luminescence under resonant two-photon excitation,  

 

 

yielding a better agreement compared with the giant 

oscillator strength model. 

The main difference of the model presented by 

Hamiltonian (1), from the real one is the absence of triplet 

excitons that do not dipole-interact with photons but play 

an important role in the formation of biexcitons. A more 

realistic model includes four kinds of excitons with 

different values of spin projection of the electron and of 

the hole. The interaction of exciton of any kind with 

excitons of all other kinds is repulsive on the average. The 

pairs of excitons with antiparallel spins of electrons as 

well as of holes interact attractively and biexcitons can be 

formed. 

Let us consider a model of the crystal with band 

structure containing the conduction band spin degenerate 

only and the double degenerate valence band where the 

hole states are characterized by the total momentum J  

and its projection 
zJ . Assume that the energy of 

dissociation of the biexciton considerably exceeds the 

energy of ortho-para splitting. This condition is realized, 

for example, in bulk CuCl, CuBr and CdS crystals, in 

which biexcitons have been detected experimentally. The 

interaction Hamiltonian of the four kinds of excitons in 

this case can be written as  
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Generalized Bipolariton Model. Propagation of 

a Ultrashort Laser Pulse Through a Thin 

Semiconductor Film in the Conditions of Two-

Photon Generation of Biexcitons 

Abstract — A generalized bipolariton model is proposed. Bipolaritons is formed from virtual excitons of 

four kinds. There exists both attractive and repulsive interaction between these excitons, though only excitons 

of a specific type can interact with light. A substantial difference between conventional [1] and our models is 

shown for the case of nonlinear transmission/reflection of ultrashort laser pulses by a thin semiconductor film 

under two-photon generation of biexcitons. 

Index Terms — biexciton, bipolariton, thin semiconductor film, ultrashort laser pulse. 
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For bulk CuCl the index 1,2,3i   of the creation, 
†

,ia
k , 

and annihilation, ,ia
k , operators of excitons corresponds 

to the rows of the irreducible representation  5 x , 

 5 y , and  5 z , while 4i   corresponds to 
2 . If 

the electromagnetic field is polarized in the plane  ,x y  

of the semiconductor film, then only excitons with 

1,2i   dipole-interact with it, but excitons with 3,4i   

do not.  

Using (2) we can obtain the set of equations for the 

positive-frequency parts of the electric field strength and 

macroscopic amplitudes of excitons and biexcitons is 

simplified using some approximations that correspond to 

the physical assumptions. As a result a closed set of 

ordinary differential equations is found. The results of the 

numerical calculations of the set of equations are 

presented and discussed in the next section.  

I. NUMERICAL RESULTS 

The dynamics of the pulses transmitted and reflected 

by the film can be investigated by a numerical integration 

of the set of dynamical equations. Further we assume that 

the incident on the semiconductor film laser pulse is 

Gaussian with duration pt : 

 

2

0exp 2 .
p

t t
f t

t

  
    

    

 (3) 

Its maximum intensity is given by  
2

0 / 2inS E t  . 

Fig. 1 shows that the behavior of the transmission 

function 

     
2 2

0/t inT t E t E t  

for the incident pulse with duration 1pt ps  and thin 

film with thickness 
510L cm  substantially depends on 

the pulse intensity S . Here      0in inE t f t E t , and 

 tE t  is the envelope of the transmitted electromagnetic 

field. In the conditions of exact resonance ( 0m  ) and 

low excitation levels (
2100 /S MW cm ) the 

transmission function exhibits a peak, whose front weakly 

distinguishes from the incident pulse. We will name this 

peak the main part of transmitted pulse. The amplitude 

and duration of the main part of transmitted pulse is lower 

than the amplitude and duration of the incident pulse, 

respectively. The maximum of the transmitted pulse 

precedes the maximum of the incident pulse (superlight 

transmission). This leading increases when S  increases; 

the amplitude and duration of the main part of transmitted 

pulse decrease. A trailing tail follows the main part of 

transmitted pulse in the form of a sequence of subpulses 

with low and quickly decreasing amplitudes. For small S  

( 240 /MW cm ) these subpulses are located on the 

distant trailing tail of the incident pulse. When S  

increases and the main part of transmitted pulse 

compresses, the subsequent train of subpulses shifts to the 

centre of the incident pulse.  

We use the function 

     
2 2

0/r inR t E t E t  

to describe the radiation reflected by the film. Here 

 tE t  is the envelope of the reflected electromagnetic 

field. For 
240 /S MW cm , at the time interval, which 

corresponds to the trailing tail of the transmitted pulse and 

follows the rear of the incident pulse, the irregular 

reflection peaks are present. They are absent for 
220 /S MW cm . When S  further increases, a part of 

them becomes suppressed; but the other part becomes 

narrower, more intensive and shifts to the centre of the 

incident pulse. Their maximal amplitude can exceed the 

amplitude of incident pulse. 

 

 

 

Fig. 1. Transmission function      
2 2

0
/

t in
T t E t E t  

(blue), reflection function      
2 2

0
/

r in
R t E t E t (red) 

and function      
2 22

0
/

in in
f t E t E t (green) for various 

values of the incident pulse intensity  
2

0
/ 2

in
S E t  . 

Pulse duration 1
p

t ps  and  film thickness 
5

10L cm
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Consequently, for very low excitation levels (
220 /S MW cm ) the incident pulse practically does not 

change when it passes through the film. For medium 

excitation levels (
2100 /S MW cm ) the incident pulse 

undergoes a substantial transformation. The main part of 

transmitted pulse is formed accompanied by ripples of 

small subpulses. The narrow and intensive pulses of 

reflected radiation arise. 

When the intensity of the incident pulse continues to 

increase (
2100 /S MW cm ) the dependences  T t  and 

 R t  become more complicated. As can be seen in Fig. 

1, the main part of transmitted pulse is eventually 

suppressed and series of irregular transmission and 

reflection pulses arise. Their location is limited by the 

duration of the incident pulse. Usually the minima (or 

inflection points) of the transmission function  T t  

correspond to the maxima of the reflection function 

 R t . Two first high and narrow reflection peaks shift to 

the range of the front of the incident pulse and their 

amplitude decreases simultaneously (superlight 

reflection); additional sharp peaks arise.  

 

 

 
Fig. 2. Transmission function  T t  (blue), reflection 

function  R t  (red) and function  2

f t  (green) for 

various values of the incident pulse intensity S . Pulse 

duration 1
p

t ps , film thickness 
5

10L cm


 , resonance 

detuning 20m    (left) and 20m   (right). 

 

 

The structure of the transmitted and reflected pulses 

becomes more complicated when the intensity of the 

incident pulse increases. This can be caused by a complex 

nonlinear interference of the forward and backward waves 

of the electromagnetic radiation propagating through the 

film and also by the interference of the waves of the 

excitonic and biexcitonic polarizations of the medium. 

The constructive (destructive) interference of waves near 

the front end of the films results in the appearance 

(vanishing) of the sharp and narrow reflection peaks. The 

constructive (destructive) interference of waves near the 

rear end of the film leads to the appearance (vanishing) of 

the transmission peaks. 

The increasing of the number of the transmission and 

reflection peaks with the increasing of the intensity of the 

incident radiation is caused by the dependence of the 

interaction constants at nonlinear terms in the set of our 

equations from S . 

Consider the peculiarities of transmission (reflection) 

of the Gaussian pulse that appear when the resonance 

detuning m  is finite. Fig. 2 shows the results only for 

20m    and low excitation levels. In both the cases (

20m    and 20m   ), the profiles of the transmitted 

and reflected pulses in the range of the rear of the incident 

pulse change when its intensity increases. These changes 

are larger for 0m  . Similar to the case of 0m  , 

when the excitation level increases, these changes start to 

fill the whole range of the incident pulse.  

Fig. 3 shows the evolution of the transmitted and 

reflected pulses for the fixed incident pulse intensity 
270 /S MW cm  and various values of the resonance 

detuning m . When the detuning increases for 0m  , 

the rear of the incident pulse distorts, and reflection peaks 

eventually arise on it. In the vicinity 0m   they 

enhance considerably; simultaneously, the transmission 

contains only the main part of transmitted pulse and 

several low subpulses. For 20m   the transmitted pulse 

regains its Gaussian shape; its maximum is delayed with 

respect to the maximum of the incident pulse. For 

60 0m     the maximum of the transmitted radiation 

precedes the maximum of the incident pulse. For very 

large values m  the transmitted and reflected pulses 

exhibit practically the same shape as the incident pulse. 

When the duration of the incident pulse reduces, the 

subpulses of transmission and reflection in its trailing tail 

enhance. This effect appears since a strong inversion of 

the medium is created in a short time interval, which then 

slowly spreads in the process of its induced radiative 

decay. A nonstationary polarization of the medium 

induced by a very short pulse can exist during the time 

interval that exceeds the duration of the pulse.  

On the contrary, when the pulse duration increases, all 

the radiation processes and the formation of the 

transmission and reflection subpulses primarily occur 

during the time of action of the pulse.  The number of the 

transmission and reflection peaks increases considerably. 

It is interesting that for negative resonance detunings the 

formation of very high and narrow reflection pulses is 

possible, though the transmission is practically absent.  
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Fig. 3. Transmission function  T t  (blue), reflection 

function  R t  (red) and function  2

f t  (green) for 

various values of the resonance detuning m . Pulse 

intensity 
2

70 /S MW cm , pulse duration 1
p

t ps  and film 

thickness 
5

10L cm


 . 

 

Even more interesting picture appears, when both the 

pulse duration and the film thickness increase. In this 

case, depending on the detuning m , the reflection 

function  R t  can exhibit a sequence of series of very 

narrow peaks or a single giant peak in the rear of the 

incident pulse (Fig. 4). Increasing the intensity of the 

incident pulse one can shift this peak to the front of the 

incident pulse (superlight reflection).  

 

 
Fig. 4. Transmission function  T t  (blue), reflection 

function  R t  (red) and function  2

f t  (green) for 

various values of the resonance detuning m . The 

incident pulse intensity 
2

90 /S MW cm , pulse duration 

5
p

t ps and film thickness 
4

10L cm


 . 

In the framework of the model proposed in [1] the 

dependences of transmission  T t  and reflection  R t  

are described by the curves that substantially differ from 

those shown in Fig. 1 (see Fig. 5). When the intensity of 

the incident pulse increases, the transmission function T  

undergoes more significant changes than the reflection 

function R . At first (for 
240 /S MW cm ), the 

transmission in the central range of the incident pulse 

becomes suppressed; simultaneously two peaks in its 

trailing tail enhance. One of them increases and shifts to 

the front of the incident pulse. As a result, a narrow 

transmission peak surrounded by two satellites arises in 

the centre of the incident pulse. When the excitation level 

continues to increase (
2400 /S MW cm ), the 

dependence  T t  becomes oscillating with a sharp 

transmission peak at the rear of the incident pulse. The 

main difference of these results from those shown in Fig. 

1 is that the high and narrow reflection peaks are absent in 

the simple model of two kinds of excitons [1]. 

 

 
Fig. 5. Transmission function  T t  (blue), reflection 

function   R t  (red), and function  2

f t  (green) for 

various values of the incident pulse intensity S  obtained 

in the simple model of two kinds of excitons.[1]. Pulse 

duration  1
p

t ps  and film thickness 
5

10L cm


 . 

 

The numerical solution of these equations for the 

parameters 1pt ps  and 
510L cm  show that the 

transmission function is almost of the Gaussian form and 

its maximal value increases with the increasing of the 

excitation level. The reflection function also has the 

Gaussian form with weak oscillations in its contour. The 

frequency of the oscillations increases when the excitation 

level increases; the maximal value of the reflection 

function is small and practically does not change. The 
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plots of both the functions are limited by the contour of 

the incident pulse. This result gives evidence that only 

one shift of the energy of excitons dependent on their 

density cannot lead to substantial peculiarities of the 

dynamics of the transmitted and reflected pulses shown in 

Figs. 1-4. On the other hand, as follows from Fig. 5, these 

peculiarities are absent when the noted shift is not taken 

into account. Therefore, the complicated behavior of the 

functions  T t  and  R t  is caused by a combined 

action of three nonliearities existing in the system and by 

the relationships between their coefficients. These 

relationships depend on the amplitude of the incident 

pulse.  

Note, that in the giant oscillator strength model the 

shifts of energy levels of exciton and biexciton dependent 

on the exciton density are also absent. Therefore, it is not 

surprising that the results obtained in the framework of 

this model are described by simple dependences 

substantially different from those presented in Figs. 1–4.  

CONCLUSION 

Figs. 1–4 show that the functions of transmission and 

reflection of ultrashort pulses of laser radiation in the 

conditions of two-photon excitation of biexcitons exhibit 

a complicated shape and several bright peculiarities 

caused by combined nonlinear interactions present in the 

system.  

At very low excitation levels the incident pulse passes 

through the film practically unchanged; at medium 

excitation levels it significantly changes. The most 

interesting for potential application is the fact that narrow 

peaks of transmission (for 0m  ) and reflection appear 

at specific conditions; the height of these peaks can 

considerably exceed the amplitude of the incident pulse.  

The results are very sensitive to the choice of such the 

parameters as the film thickness L , resonance detuning 
m , intensity of the incident pulse S , its duration pt , and 

also substantially depend on the relationships between the 

interaction constants. Their calculation is a separate 

complicated problem. However, the values of interaction 

constants can be found from other simpler experiments. 

For example, the constant 
1  can be determined from the 

experiments related to the generation of excitons by 

resonance photons ( 0x  ). The constant 
2  can be 

found from the experiment at low excitation levels, when 

the role of nonlinear terms associated with the shift of the 

exciton and biexciton energy levels is insignificant.  
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I. INTRODUCTION 

The advanced development of modern 

microelectronics and optoelectronics puts forward 

stringent requirements for the materials used. Current 

engineering and prospects of its further development 

require new technologies to prepare and study the 

physical properties of materials with unusual 

multifunctional properties. Depending on the devices for 

which the surface-barrier structures are used, they must 

have different characteristics, i.e., different dark 

resistivity, spectral regions of photosensitivity, and other 

parameters. It was shown in [1-4] that it is necessary to 

use relatively low-resistivity crystals to prepare UV 

sensors and high-resistivity layers for transmitting 

television tubes. 

A particular role in the improvement of physical 

properties is played by the problem of doping materials 

and change in the energy spectrum of charge carriers 

induced by the dopants. In terms of both theory and 

practice, it is relevant to study the behavior of transition 

elements introduced in semiconductor crystals in different 

concentrations. This problem has been extensively studied 

for compounds of the  and  groups [5]. 

Therefore, scientific interest in complex semiconductor 

compounds has become more intense. Among promising 

semiconductors, there are 

compounds, including those of the group. In 

this family of semiconductor materials, ZnxIn2S3+x 

(x=15)  layered crystals stand apart. In terms of 

technology, the layered structure, the specificity of 

chemical bonds, and self-purification of tetrahedral 

packets make it possible to use them as the basis to 

prepare layered structures with planar parallel surfaces of 

different sizes, including those related to nanostructures. 

Effective techniques for preparing these plate-

like structures are described [3]. Despite the fact that the 

layered crystal structures of ZnxIn2S3+x  plate-like 

compounds (with strong covalent bonds in the layers and 

weak van der Waals bonds between the layers) have some  

 

advantages over other semiconductor materials, they have 

not been applied enough. This situation is due to a 

number of yet unsolved problems. One of them is that 

these crystals, in common with other layered materials, 

are usually obtained in several polytypic modifications. 

Another difficult problem arises in connection with the 

study of changes in physical properties of layered 

structures under the influence of various ligands as well 

as control of the structure of intrinsic defects. In these 

materials the intercalation of the impurity between the 

layers can occur along with the traditional substitutional 

doping. Owing to this, the change in the characteristics of 

the material is more pronounced, because the impurities 

intercalated between the layers can lead to changes not 

only in the characteristics of charge carriers, but also in 

the nature of the impurity levels and to radical changes in 

the fundamental properties of the material. These 

materials are also very sensitive to modes of excitation of 

nonequilibrium charge carriers. The above problems 

determine the relevance of the study of the physical 

properties of ZnIn2S4(III) single crystals doped with 

manganese in different concentrations. Experimental data 

on the behavior of manganese in ZnS:Mn
+2

, ZnMnS, 

ZnS:Mn
+2

, CdMnS, and other compounds have already 

been reported [6]. There are few published data on the 

effect of transition elements on the change in the energy 

spectrum of charge carriers in ternary compounds, such as 

ZnxIn2S3+x  and other compounds. 

 Mechanisms of the charge carrier recombination 

in manganese doped ZnIn2S4 single crystals having 

different Mn-concentrations and their modification under 

the action of two different forms of excitation - electronic 

or photonic ones, were analyzed in this work. Radiation 

spectra were investigated depending on the temperature, 

manganese concentration and excitation process.  

 

II. EXPERIMENTAL RESULTS AND THEIR 

EXAMINATION 

 Radiative recombination spectra of ZnIn2S4:Mn 

single crystals with different concentration of manganese 

were obtained using standard procedures at 80K and 

300K. The samples under the investigation were grown in 

VIII BA VIII BA

VIIIIVIII CBBA 32

VIIIIII CBA 42

Luminescence of Single Crystals of Manganese-

doped Zinc Indium Binary Sulfides 

Efim ARAMA
1
, Victor VOVC

1
,  Eugene Iv. GHEORGHITA

2
,  Valentina PINTEA

3 

1
State University of Medicine and Pharmacy   “Nicolae Testemitianu”, Chisinau 

2
Moldova Tiraspol State University, Chisinau 

3
Technical University of Moldova 

aramaefim@yahoo.com 

Abstract — Radiative recombination spectra of Mn-doped zinc tioindat single crystals have been analyzed 

in the work. The emission spectra interval close to its maximum (1,91±0,2) eV contains a number of the 

special features which were identified by us as intra-center transitions. We attribute the special features 

observed on the complex emission spectra to this type of transition by their decomposition into simple lines, 

using Alentsev – Foch method. 

Index Terms — ZnxIn2S3+x single crystals doped with manganese, spectra, gap width. 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 

 

   144 

the closed volume from the vapor phase by the method of 

the chemical transport reactions, elementary components 

were undertaken in the stoichiometric proportion. The 

growth technology is described in the work [3].  

This method makes it possible to combine for the 

reactions of synthesis and growth with the simultaneous 

doping with manganese in the single technological cycle. 

The samples under the investigation exhibit perfect single 

crystals with the thickness of (250 ÷ 300) μ and the area 

of about one square centimeter. Manganese concentration 

in the investigated models was varied in the limits of 

(5·10
18

 ÷ 2,5· 10
20

) cm
-3

. The samples under investigation 

had n– type conductivity, which was determined on the 

basis of the analysis of galvanomagnetic effects.  

 For the samples being investigated, the 

absorption spectra at the temperatures of 80K and 300K 

were preliminarily taken. The width of the gap was 

determined in conformity with the absorption spectra 

form using a standard procedure. These experiments made 

it possible to obtain the following data for the width of the 

gap of the compounds being investigated: 

Еg (300K) = (2,8 ± 0,05) eV 

Еg (80K) = (2,95 ± 0,05) eV 

 The spectra of the radiative recombination of the 

doped compounds were taken from the plates with the 

area of 0,3 sm
2
 and thickness of (200÷300) μ by means of 

two methods of excitation: under electron beam with the 

energy 60 keV and the current density 10
-2

 A cm
-2

 and 

photon - with the energy of the excitation quanta (laser)  

3,67 eV (λ = 337 nm). The photoluminescent and 

cathodoluminescent spectra were obtained at two 

temperatures. To reveal the specific character of the 

process of excitation, the experimental dependences of an 

integrated intensity on the method and excitation level 

were investigated.  

 The results of the samples with manganese 

concentrations: 1 –  [Mn]  6,2 10
19

cm
-3

;  2 –  [Mn]  1,9 

10
20

cm
-3

   at the temperature of 80K are presented in 

figures 1a and 1b.  

  Fig. 1a presents Ipl = f(E) dependence in the case 

of the photon excitation, Fig. 1b – the results  of the 

electronic excitation.  

 
Fig. 1. Dependence of the integrated intensity of 

emission on the level of the excitation energy: 1 –the manganese 

content comprises 6,2 1019 cm-3; 2 – the manganese content 

comprises 1,9 1020 cm-3. 

1а –the photon excitation, 1b –the electronic excitation for 

ZnIn2S4:Mn, T = 80K. 

 

The analysis of the presented results made it 

possible to determine the function Iir≈E
α
 in the explicit 

form, where in the case of the photon excitation α = (1,3 ÷ 

1,8) depending on the manganese concentration (the 

higher manganese concentration in the compound the 

more value of  α) for the electronic excitation α = (0,96 ÷ 

1,01) and α also increases when manganese concentration 

increases. So, we determined experimentally that the form 

of the spectral region studied does not almost change. 

Without taking into account the other components of the 

spectrum, the data obtained experimentally were 

compared with the results obtained for the unalloyed 

material. 

 The radiation spectra composition of the doped 

samples showed the line with the maximum at 1,91 eV, 

which is absent in the spectrum of the unalloyed sample. 

In this work the modifications of this line under the effect 

of the temperature and manganese concentration are 

mainly analyzed. In Fig. 2 the emission spectrum region 

of ZnIn2S4(III) polytype sample doped by manganese 

with the concentration of 6,2 10
19

 cm
 -3

 obtained at 300K 

is shown. 

 
Fig. 2. The emission spectrum region of ZnIn2S4(III) 

polytype sample doped by manganese with the concentration of 

6,2 1019 cm -3  at 300K. The full curve shows the 

experimental spectrum, broken curve - the special features 

of elementary spectra calculated according to the 

Alentsev – Foch method [7]. 

 

The following specific features were 

experimentally found for this emission band The emission 

intensity of this band increases in proportion the increase 

ligand concentration; for example, the manganese 

concentration increased threefold; accordingly, the 

intensity of the recombination processes increases 

threefold, which can be attributed to the threefold increase 

in the concentration of recombination centers formed by 

manganese which are contained in the respective sample. 

The energy position of this band does not change when 

the Mn concentration in the crystal increases; however, 

the shape of the emission band significantly changes 

under the same conditions, and a considerable increase in 

the half-width of the band under study is simultaneously 

recorded. 

The maximum of emission band, which, in our 

opinion, is caused by the presence of manganese in 

polytype being investigated, does not shift with a 

temperature change in the interval from 80 to 300K. The 

analogous situations, described above, are known from 

the literature for a number of other compounds [7]. The 

maxima of elementary spectral structures correspond to 

the special features registered experimentally on the curve 

of the outline inclination on the left and on the right of 

this section. The energy positions of these special features 

maxima are the following: A(Emax=(2,25±0,05)eV);  

a b 
1 

2 

1 

2 
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B(Emax=(2,17±0,05)eV);   C(Emax=(2,14±0,05)eV);    

D(Emax=(2,02±0,05)eV);    E(Emax=(1,91±0,05)eV);    

K(Emax=(1,61±0,05)eV). 

In Fig. 3 the emission spectrum structure of the 

sample with the introduced admixture concentration of 

6,2 10
19

 cm
-3

, registered at the temperature  of 80K is 

shown. 

 
Fig. 3. Radiative spectrum of the ZnIn2S4 polytype 

doped with manganese with the concentration of 6,2 1019 cm -3, 

at 80K. 

 It is evident from the experimental results that 

the energy positions of the above indicated lines maxima 

do not change. The temperature decrease up to 80K leads 

to an increase in the emission intensity of approximately 3 

times with the simultaneous retention of the energy 

positions of all spectral special features obtained at 300K.  

In Fig. 4 the emission spectrum region of the 

ZnIn2S4 polytype doped with manganese with the 

concentration of 1,9 10
20

 cm
-3

 at the temperature of 80K is 

shown.  

  
Fig. 4. Spectral region of emission of the ZnIn2S4 polytype 

doped with Mn with a concentration of 
320109,1  cm at the 

temperature of 80 K. 

 

An increase in the concentration of the doping 

element (3.06 times) in this case also leads to an increase 

of three times in the emission intensity. This indicates a 

significant change in the shape of the spectral region, 

maintaining the energy position of all specified spectral 

features for a manganese concentration of 6,2·10
19

 cm
-3

, 

as shown in Fig. 3. 

 CONCLUSION 

1. The basic special features of the radiative 

recombination spectra of the ZnIn2S4 polytype doped 

with manganese are analyzed. 

2. It is shown that manganese impurity in ZnIn2S4 

strengthens the emitting recombination processes.  

3. A number of spectral lines with the energy peaks at 

1,6; 1,91; 2,02; 2,14; 2,17 and 2,25 eV, which 

correspond, in our opinion, to the intra-center 

transitions are recorded experimentally. 

4. The theoretical calculation of such optical transitions 

is a fairly complicated task which requires an 

additional study. 
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I.  INTRODUCTION 

We consider the interaction of three level ion in 

interaction with two standing waves in the resonance with 

the transitions of this ion. As two level system, can be 

obtained from the three level system than one dipole 

active transition is considered equal to zero, we focus on 

the description of three levels of Lambda type system in 

resonance with the two transversal dressed standing 

waves of the resonator. Considering that the three level 

atoms interacts with two modes of the standing waves 

 0 cos sin ,E E t    k r ,  1, 2   in 

resonance with the transitions  3d   , we can represent 

the dressed Hamiltonian of this system by the expression 

0 3
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where the Rabi frequencies depend on the position of " j  

" atom in the transversal standing wave 
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  and ˆ ja  are the creation and annihilation atomic 

operators on the   state of three level system, 3  

represent the difference of energy between the level 3  

and  ,   is the energy of the electromagnetic field, 

  takes 1  and 0 values which correspond to the the 

standing and travelling waves respectively. The 

cooperative spontaneous emission of the dressed Lambda 

type three level radiator in the single mod traveling wave 

was  studied in the paper [Enaki & Svera, 1988] As was 

demonstrated recently the cooperative behavior of 

spontaneous emission in standing wave have new 

peculiarities which depend on the atomic positions in the 

standing wave [Enaki et all, 2011]. The resonance 

fluorescence of three level atom in the two standing 

transversal wave opens the attractive applications due to 

the fact that the stopped atom (or ion) can oscillates 

around the equilibrium position changing its interaction 

with the dressed field. Considering that the radiator 

suffers the mechanical oscillation around the equilibrium 

position in the antinode 0 cosj j mr r t  with frequency 

m ( m j j   ), we can obtain the dressed 

states in the Hamiltonian (1) using the Bogoliubov 

transformation 

2
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Here  3| |        , 
2 2
1 2     .  After 

this transformation it is obtained three new dressed 

Hamiltonian with the quasi-levels "i" with energies  ji   

Mechanical influences to the resonance 

fluorescence of ions in the dressed standing 

waves 
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0 1 1 1 2 2 2 3 3 3

1

,
N

j j j j j j j j j

j

H A A A A A A     



     (3) 

which depends on the vibration time 

2 2 2

1(3) 1 2 22 4
( ) ( ),j j j jt t         

through mechanical oscillations of the nuclei in the 

standing wave  0 0 0sin[( , )cos ]j mt   k r .  As 

follows from the expression (3) the quasi-levels energy 

depends on the position of the radiators relative the nodes 

and antinodes of the standing waves. So energy will 

depend on the frequency and amplitude of oscillations of 

atoms relative to the position of equilibrium  

0 cosj j mr r t   and the position of this mechanical 

oscillator in the standing wave. Now we can introduce the 

interaction of these dressed  atomic systems with vacuum 

of electromagnetic field (EMF) 
2
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Here we have introduced the new operators of the 

transitions between the dressed states 
a

bj ja jbU A A . For 

simplicity, the interaction Hamiltonian is obtained for 

deviation of resonance 0  . Using the method of 

elimination of the Bose operators [1,2], in the Born-

Marcoff limits it is obtained the following generalized 

equation for atomic subsystems   
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From this equation it is easy to obtain the system of 

equation for the population operators for new quasi-levels 

of energy 
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This system of equation is solved exactly. It describes 

the interference of two Mollow triplet in the resonance 

fluorescence at frequencies   1(2)
, 1(2) 1(2)j 

.  This 

interference appears then the radiators are situated in the 

anti-nodes of transversal standing waves with frequencies 

1  and 2 . The problem appears when the individual 

atoms begin to mechanically oscillate around the 

equilibrium position 

CONCLUSION 

We have obtained the Mollow triplets of the two 

dimensional lattice of trapped ion in the anti-nodes of this 

standing wave. In the process of mechanical oscillations 

the position of ions relative the center of anti-nodes are 

possible. In this case all information about this oscillation 

can be obtained measuring the distances between the 

Mollow triplet peaks of resonance fluorescence. The in- 

phase and anti-phase oscillations of this ion array is 

studied trough the interferences of resonance fluorescent 

light from this system of radiators.  
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I. INTRODUCTION 

TlGaS2 crystals belong to ternary thallium chalcogenide 

compounds Т1GaX2 (where Х is Те, S, Se) with layered 

structure. ТlGaX2 semiconductor compounds crystallize 

as structures with strong anisotropy of optical properties. 

They have some features which make them different from 

other classical semiconductors and make them 

prospective from the practical point of view. Visible and 

infrared light detectors as well as high-sensitive detectors 

of laser beam radiation were proposed on the basis of 

these compounds. Several phenomena such as induced 

emission, photoresistive, photoacoustical, and 

electrooptical effects were discovered in these compounds 

[1 - 4]. N or S type current-voltage characteristics and 

switching effects were observed in Me - crystal - Me 

structures. The investigation of TlGaS2 crystals is 

important from this point of view. It was shown that 

dielectric properties of TlGaS2 can be controlled by 

chromium doping.  

These crystals exhibit a strong anisotropy of physical 

characteristics due to peculiarities of their crystal 

structure [3]. A high x-ray sensitivity of ТlGaS2 single 

crystals was reported at fixed values of the accelerating 

potential in energy diapason from 25 to 50 keV [2]. The 

dependence of crystal conductivity on the x-ray dose has 

a power-law character. The temperature dependence of 

Raman scattering spectra of ТlGaS2 crystals were 

investigated in the temperature range of 77-400K [4]. 

Vibration reflectivity spectra were analyzed in the range 

of 50 – 4000 cm
-1

. Polar LO and TO modes have been 

revealed and their main parameters were determined. The 

calculations of anion and cation effective charges in Е║а 

and Е||b polarizations suggest that the degree of ionicity 

of cations and anions in the directions of a- and b-axes is 

different [4]. Other properties of these materials were 

widely investigated (see [2 - 4] and references therein). 

Little attention has been paid to birefringence and 

reflectivity spectra in the excitonic region for these 

crystals. Although detected ground and excited states of 

excitonic spectra allow a more precise determination of the 

main bands parameters of crystal in a band gap region. 

In this work new data concerning exciton states for 

TlGaS2 crystals are presented. Ground and excited exciton 

states were detected in Е║a and Е║b polarizations. The 

contours of exciton spectra were calculated and the main 

parameters of bands and excitons for k = 0 were 

determined on the basis of these spectra. New 

experimental dependences were revealed by these 

investigations, which provide opportunity for a deeper 

understanding of physical processes occurring in these 

crystals. 

II. EXPERIMENTAL DETAILS 

TlGaS2 single crystals were grown in a two stage 

process using Tl, Ga and S as precursors. The first stage 

consists of purification of starting materials and synthesis 

of TlGaS2. The synthesis was carried out in quartz 

ampoules placed in a high pressure chamber (≈40 atm.). 

In the second stage, the synthesized compound was 

introduced into an installation for the crystal growth by 

Bridgman method. Single crystals with a length of 2 cm 

and a diameter around 1 cm were produced. The crystals 

can be cleaved easily for obtaining mirror-like faces. All 

optical measurements were carried out for crystals with 

mirror-like untreated faces with computer controlled 

MDR-2, SPECORD M40 and JASCO-670 spectrometers. 

The samples were mounted on the cold station of a LTS-

22 C 330 optical cryogenic system for low temperature 

measurements. 

III. RESULTS AND DISCUTIONS 

In the region of crystal transparency, absorption is low 

and it is determined by several mechanisms as native 

optical activity and polarized local absorption lines of 

impurities, defects etc. The existence of two types of 

waves in crystal (ordinary and extraordinary) with differ 

refractive index no and ne is determined by the tensor of 

dielectric permittivity ε(ω, k), which depends on 

frequency ω and wave vector k. The spatial dispersion i. 

e. wave vector k dependence of dielectric constant set 

conditions for appearance of nondiagonal element εzz of 

dielectric constant tensor.  

Optical Properties of TlGaS2 Crystals 

Abstract — The anisotropy of transmission spectra was investigated in TlGaS2 crystals. An intensive 

transmission line was found in samples placed between two crossed polarizers. Ground and excited states of 
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A strong maximum is observed around 2.515 eV (493 

nm) in transmision spectra of TlGaS2 crystals placed 

between two crossed polarizers at 300K. The maximum 

shifts to short wavelength and it is observed at 2.568 eV 

(482.8 nm) if the temperature goes down to 9 K. The 

wavelengths of these maxima correspond to wavelengths 

at which refractive indexes intersect (Fig. 1). Refractive 

indexes were calculated from reflection spectra by means 

of Kramers-Kronig relations. Thus the crystal is isotropic 

at λо – 493 nm (300К) and λо – 482.8 nm (9К). The 

transparence of crystal in crossed polarizers decreases 

almost to zero at 300 K when the wavelength is decreased 

or increased from λо – 493 nm. The trancparence in 

crossed polarizers diminishes to aproximately 50% at 9K 

if the wavelength is higher then λо - 482.8 nm (see Fig. 1). 

 

 
 

Fig. 1. Transmission spectra (T) of TlGaS2 crystals placed 

in crossed polarizers and refractive indexes for E || a and 

E || b polarization measured at temperatures 300K and 

9K. 

 

The radiation transmitted througth crystal remains 

linearly polarized in the izotropic point of a crystal. Every 

linearly polarized emission can be represented as a sum of 

two circularly polarized in opposite direction waves. 

Therefore, the transmission of a system polarizer – crystal 

– analyzer (in crossed polarizers) in the izotropic point is 

due to interaction of ordinary and extraordinary waves, 

which aquire a  phase difference determined by the value 

of the crystal specific rotation ρ. The magnitude of crystal 

transmission T with crossed polarizers is described by the 

expression: 
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where d is the crystal thickness, δn = n(ρd) – n(ρs ) is the 

difference of refractive index for frequencies higher than 

λо, where refractive indexes are determined by properties 

of gyrotropy. In the short wavelength region Δn = n(E║a) 

- n(E║b) is determined by the oscillator strength of 

electronic transitions in corresponding polarizations [4]. 

One can see from fig. 1 that in long wavelength region of 

λо at 9K δn =n(ρd) – n(ρs ) differs from that at 300K. 

Spectra shown in Fig. 2 have maxima at 2.604 eV 

(n
A
=1) and 2.880 eV (a1) in polarization E||a. Maxima 

with energy 2.643 eV (n
B
=1), 2.685 eV (n

B
=2), 2.810 eV 

(b1), 2.929 eV (b2), 3.016 eV (b3) were observed in E||b 

polarization. The long wavelength reflectivity maxima at 

2.604 eV (n
A
=1), 2.643 eV (n

B
=1), and 2.691 eV (n

B
=2) 

are due to exitonic transitions. 

The Rydberg constant of free excitons in E||a 

polarization calculated according to the energy position of 

n =1 and 2 lines in TlGaS2 is equal to 35 meV. A band 

gap Eg = 2.639 eV was determined taking into account a 

binding energy of excitons of 35 meV. A binding energy 

of excitons (R) equal to 56 meV and a band gap (Eg) 

equal to 2.699 eV were calculated for E||b polarization on 

the basis of maxima observed at 2.643 eV (n
B
=1) and 

2.685 eV (n
B
=2). 

 

 
Fig. 2. Reflection spectra of TlGaS2 crystals measured in 

E||a and E||b at 9K. 

 
The analysis of polarized Raman and IR reflection 

spectra of TlGaS2 crystals for two potential D2h and D4h 

symmetry groups [3, 4] also shown that the crystals are 

described by the D2h symmetry group. Since TlGaS2 

crystals are cleft perpendicularly to the c-axis, the 

reflection spectra from the cleaved surfaces were 

measured for two Е║а and Е║b polarizations of the light 

waves (Fig. 2) 
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According to theoretical band structure calculations [2], 

the valence band of TlGaS2 crystals is formed from one-

electron states of sulfur ions, and the conduction band is 

formed from one-electron states of gallium ions. The 

analysis of selection rules for exciton transitions was 

carried out on the basis of correlation diagrams for two 

possible D2h and D4h factor groups of the crystal [3]. For 

exciton states it was found that [3]: 

 

Гexc(s) = Е+ х E¯ = Аu + В1u + В2u + B3u, 

Гexc(pz) = Е+ х E¯ x B1u = Аg + В1g + В2g + В3g, (2) 

Геxc(px) = Е+ x E¯ x В2u = Аg+ В1g + В2g + В3g, 

Гexc(ру) = Е+ x E¯ x В3u = Аg+ В1g + В2g + В3g. 

 

According to the selection rules [8], the dipole allowed 

S-exciton transitions with В1u, В2u and В3u symmetry are 

allowed in Е║с, Е║а and Е║b polarizations, respectively. 

The P-exciton transitions are forbidden by the selection 

rules in the dipole approximation. Therefore, the lines of 

excitons with В2u symmetry (marked as A) allowed in 

Е║а polarization, as well as of excitons with В3u 

symmetry (marked as B) allowed in Е║b polarization are 

observed in ТlGaS2 crystals (Fig. 3). The contours of 

measured (exp) and calculated (calc) reflection spectra of 

ТlGaS2 crystals for Е║a and Е║b at 9К are presented in 

Fig. 3. 

The calculations of reflection spectra were carried out 

in the frame of the Thomas-Hopfield model taking into 

account the spatial dispersion (SD), the presence of a 

“dead” layer (DL) with additional boundary conditions of 

Pekar. The dialectic function near the excitonic resonance 

is written as follows [5]: 
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where εb is the background dielectric constant with 

contributions from all the interaction mechanisms except 

for the oscillator involved, ω0 is the transversal exciton 

frequency,
 

**

VC mmM   is the exciton translation 

mass, k is the wave vector, 0  LLT  is the 

longitudinal-transversal splitting, L  is the longitudinal 

exciton frequency. The reflection coefficient for a normal 

incidence of the light on the crystal-DL-vacuum boundary 

is described by the following expression: 
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, t is the dead layer 

thickness, k is the exciton wave vector, n1, n2 are the 

refractive indices of transversal waves taking into account 

dependence on the damping parameter γ. 

A value of the background dielectric constant near the 

exciton resonance was used in calculations. A good 

agreement of theoretical calculations with experimental 

contours of reflection spectra for the n=1 state of the B2u-

exciton was achieved with the following parameters: εb = 

6.2, ω0 = 2.604 eV, ωLT = 8 meV, γ = 13 meV, М = 2.3m0 

and L = 15 Å. A large longitudinal-transversal splitting (8 

meV) and a high value of the damping parameter (13 

meV) were obtained from calculations for the S-state of 

the B2u-exciton. These data confirm that excitons with this 

symmetry are allowed in the dipole approximation for the 

E||a polarization. 

 

 
Fig. 3. Experimental (exp.) and calculated (calc.) 

reflection spectra of TlGaS2 crystals measured at 9K in 

E||a (top) and E||b (bottom) polarizations. 

 

Calculations of the reflection line contour for the 

ground state of the В3u-exciton were also carried out with 

a two-oscillator model by means of the above presented 

formulation. A satisfactory concordance of calculated and 

experimental spectra is achieved with the following 

parameters: εb = 6.8, ω0 = 2.643 eV, ωLT = 3.8 meV, γ = 

6 meV М = 2.0 m0, and L = 10 Å. The n=2 excited state 

of the В3u-exciton is observed at 2.685 eV, which gives a 

bandgap of Eg = 2.699 eV. The magnitude of the 

longitudinal-transversal splitting (ωLT = 3.8 meV) also 

confirms that B3u-excitons are allowed in dipole 

approximation for the E||b polarization. 
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The effective reduced mass of the B2u and B3u excitons 

was determined from the relation μ=εb
2
R/RH, where RH is 

the Rydberg constant of hydrogen atom (13.6 eV) and R 

is the binding energy of excitons. The reduced mass of the 

B2u-exciton calculated with a background dielectric 

constant εb = 6.2 and a binding energy R = 35 meV is 

equal to μ = 0.099m0. For the B3u - exciton, a reduced 

mass of μ = 0.190m0 is obtained with a background 

dielectric constant εb = 6.8 and a binding energy R = 56 

meV. The Bohr radius (αВ) of the S - state of the B2u and 

B3u excitons is equal to 0.3x10
-5

 cm and 0.2х10
-6

 cm, 

respectively. Taking into account that the exciton mass M 

is equal to the sum of masses of holes and electrons m
*

V + 

m
*

C, and the reduced mass 1/μ is equal to 

(1/m
*

V)+(1/m
*
C), the effective mass of electrons and holes 

were estimated as m
*

C=0.11m0, m
*

V1 =2.14m0, and 

m
*

V2=1.89m0. 

 

 
Fig. 4. The energy band structure of TlGaS2 crystals in the 

region of the bandgap. 

 

The bandgap of TlGaS2 crystals is formed by direct 

excitonic transitions in the center of the Brillouin zone [2, 

3]. Figure 4 presents the scheme of electronic transitions 

in the center of the Brillouin zone of TlGaS2. This 

segment of the band diagram is obtained as a result of 

theoretical calculations [2, 3]. The number of bands and 

their splitting is determined on the basis of experimental 

exciton reflection spectra measured in E||a and E||b 

polarizations. The splitting between the Г(V1) and Г(V2) 

valence bands is 60 meV, since the bandgap Еg equals 

2.639 eV and 2.699 eV for E||a and E||b polarizations, 

respectively. The maxima a1 and b1 are separated by an 

interval of ~70 meV. These maxima are related probably 

to electronic transitions from Г(V1) to Г(C2) bands, and 

from Г(V2) to Г(C2) bands, respectively. If maxima b1 

correspond to transitions Г(V3) - Г(С1) then the distance 

between the bands Г(V1) and Г(V2) split by crystal field 

and Г(V2) and Г(V3) split by spin-orbital interaction equal 

to 68 meV and 119 meV, respectively. The estimated 

values of effective masses of electrons and holes, as well 

as the symmetry of excitons responsible for electronic 

transitions are also presented in the band diagram (Fig. 4). 

 

CONCLUSION 

The investigation of anisotropy of the spectral 

dependence of refractive indices na and nb for E||a and E||b 

polarizations in TlGaS2 crystals revealed their intersection 

at 493 nm (300K) and 482.8 nm (9K) wavelengths near 

the absorption edge. An intensive transmission band was 

observed at 493 nm (300K) and 482.8 nm (9K) for 

crystals placed between two crossed polarizers. The 

refraction indices na and nb for E||a and E||b polarizations 

were determined from Kramers-Kronig analysis. The 

ground and excited states of excitons were observed in 

reflection spectra of TlGaS2 crystals measured in E||a and 

E||b polarizations. The contours of exciton reflection 

spectra were calculated according to dispersion relations, 

and the main parameters of excitons and bands were 

determined in the center of the Brillouin zone. The values 

of the crystal field V1-V2 and the spin orbital interaction 

V2-V3 splitting were estimated to be equal to 68 meV and 

177 meV, respectively. A model of the energy band 

structure is proposed for the Г-point of the Brillouin zone. 

TlGaS2 crystals placed between crossed polarizers have a 

potential application as narrowband filters. 
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I. INTRODUCTION 

According to recent studies [1-3], the single crystals of 

Bi1−x Sbx alloys in the semiconducting regime (0.07 < x 

<0.22) are three- dimensional 3D topological insulator 

(TI) that belongs to a non-trivial Z2 topological class. The 

3D TI is a novel quantum state of matter [4] and is 

insulating in the bulk but have gapless edge/surface states. 

The results of angle-resolved photoemission spectroscopy 

show that the surface states of Bi1−x Sbx (0.07 < x <0.22) 

alloys are metallic. Since the surface states surround  the 

sample, the quantum transport phenomena in magnetic 

fields  became  very attractive [5]  for studying the  

metallic surface states in the  Bi1−x Sbx  (0.07 < x <0.22) 

topological insulators. In bicrystals of these alloys, 

consisting of two single crystalline blocks ( 3D TI) and 

the superconducting nano-width crystallite interface (CI), 

one of the external surfaces is replaced with the  CI which 

in turn is a complex systems composed of a solitary 

central part (the thickness about 60nm) and two similar 

adjacent layers (~ 20nm) on both sides of it. In spate of 

small size, the CIs play a significant role in electronic 

transport [6] and may change qualitatively the distinctive 

behavior of topological insulators. 

The evolution of the band structure of the bulk Bi1−x 

Sbx  alloys  with increasing Sb concentration x is 

highlighted by  decreases up to zero (x~0,07) of the 

overlap between electron minima at L-points and  hole 

maximum at T- point of the Brillouin zone; band 

inversion at L points  (x~ 0,04); semimetal-to-

semiconductor transition at x~0,07 and vice versa at 

x~0,22 . If x > 0,22 the Bi1−x Sbx  alloys are semimetals as 

a result of overlapping of La  and H bands specific to 

antimony [5]. The surfaces band structure of 

semiconducting  Bi1−x Sbx  alloys has been studied for a 

while and is clearly identified only for (111) face; it 

consists [2,3] of single electron pocket surround Г point 

and six elliptical hole pockets centered along the six line 

connecting Г and M points of the surface Brillouin zone. 

The band structure of CIs of Bi and Bi1−x Sbx alloys is 

investigated in [6] and is revealed that Fermi surface 

consisting of layer components is similar to those in bulk 

specimens, but the shape, elongation, and volume of 

isoenergetic surfaces undergo essential changes. 

Here, we report the results of study of magnetic 

properties and galvanomagnetic phenomena in high 

magnetic fields having as a objective the elucidation of 

the role played by superconducting nano-width interfaces 

in the interaction between Dirac fermions in a 3D TI. 

IV. EXPERIMENTAL PROCEDURE 

The bicrystals of Bi1−x Sbx (0.07 < x < 0.22) alloys were 

obtained by the zone recrystallization method using the 

double seed technique. The width of crystallite interfaces 

(~100nm) was estimated by means of scanning electron 

microscopy (SEM) and by the magnetic field value at 

which quantum oscillations become observable [6]. The 

samples for measurements were prepared in the form of 

parallelepipeds (1x2x4mm
3 

). The composition of the 

samples were controlled  by a SEM equipped with Oxford 

and PV 9800 energy-dispersive X-ray (EDX) analyzers 

and by the methods for optical emission spectrometry 

using a Jobin-Yvon spectrometer JY 38 S. The magnetic 

impurity concentrations were evaluated in some samples 

being found : Cr ~ (27-47) ppm, Ni ~ (145- 496) ppm, 

and Fe < 0,02 ppm. The magnetic properties of Bi1−x Sbx  
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bicrystals was studied in the temperature range (1.6 - 

30)K and fields up to 7T using a Quantum Design SQUID 

magnetometer and a Physical Property Measurement 

System. The measurements were carried out in the 

Institute of Low Temperatures and Structure Research of 

the Polish Academy of Sciences in Wroclaw. The 

transport phenomena were studied in stationary up to 18T  

and pulse magnetic fields up to 40T in the International 

Laboratory of High Magnetic Fields and Low 

Temperatures (Wroclaw, Poland). 

 

 

 

III. RESULTS AND DISCUSSION 

The semiconducting Bi1−x Sbx (0.07 < x <0.22) alloys 

are 3D TI [1,2] - material with a bulk electronic excitation 

gap, generated by the spin-orbit interaction, which allows 

novel electronic properties both  for single crystalline 

samples and  bicrystals. Below, we list three of these 

manifestations connected with peculiarities of the bulk 

and interfaces energy band structure.  

The first case relates to the semiconductor-semimetal 

transition in high magnetic fields. Fig.1 presents the field 

dependences of magnetoresistance Δρ/ρ in bicrystals at B 

∥ C3 (in crystallites). 
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Fig.1. Semiconductor - semimetal transition in bicrystals of 3D topological insulator Bi1−x Sbx (0.07 < x <0.22) at 

4,2K. (a) Stationary magnetic fields. 1. single crystalline sample, x=0.08; 2,3,4- bicrystals, x= 0.08; 2.Θ1 = 4
o 
, Θ2=2

o
; 3. 

Θ1 = 1
o 
, Θ2=4

o
;  4.Θ1 = 9

o 
, Θ2=2

o
, (b) Pulse magnetic fields, 1. single crystalline sample, x=0.08; 2,3- bicrystals, 2. x= 

0.08, Θ1=4
o
, Θ2=2

o
; 3. x= 0.09, 2. Θ1 = 12

o 
, Θ2=2

o
. 

 

As shown, the quantum oscillations Δρ/ρ are displayed 

up to 0.2T. In magnetic fields B > 0,2T charge carriers are 

in the ultra quantum limit (UQL), where the electrons (or 

holes) occupy the zeroth Landau level and the band edge 

displacement Δε takes place, depending on the ratio of 

spin Δεs and orbital Δε0  level splitting: Δε= 1/2hω( 1- Δεs 

/ Δε0 ). In single crystalline samples of Bi1−x Sbx (0.08 < x 

<0.12) alloys the band edge displacement in high 

magnetic field is essential and the semiconductor-

semimetal transition occurs [7] at B ~ (8 – 9) T (see the 

maximum of curve 1 in Fig.1a,b). In bicrystals this 

maximum is detected at the same field values (Fig.1a, 

curve 2-4 and Fig1b, curve 1), which means that the 

semiconductor - semimetal transition is induced in 

crystallites. In addition to maximum at 9T, against the 

monotonic decrease of Δρ/ρ, in high fields were revealed 

two peaks related to CI (in single crystalline samples they 

do not appear), more exactly with the semiconductor-

semimetal transition in adjacent and central layers. We 

remark that the transitions were observed at different 

values of quantum magnetic field; hence, the ratio of spin 

and orbital level splitting Δεs / Δε0 differ considerably [6] 

in crystallites, adjacent and central layers of bicrystals. 

This implies a significant increase of electronic excitation 

gap due to growth of spin-orbit interaction at interfaces 

and necessitates the existence of gapless electronic states 

on the bicrystal boundary. 

The second case relates to observation of 

superconductivity in 3D TI. One or two superconducting 

phases are identified (see Fig.2a,b) on temperature 

dependences of the magnetic moment m(T) and resistivity 

ρ(T) [9]  of bicrystals of Bi1−x Sbx (0.07 < x <0.22) alloys. 

The first superconducting phase (is shown independently 

or together with the second phase), depending on sample 

composition, is characterized by transition temperature 

variations within the range (3.7 - 4.6) K. On the other 

hand, Tc of the second phase changes considerably (8.3 - 

36) K. The presence of superconducting transitions on 

dependencies m(T) and ρ(T) is remarkable because 

crystallites of Bi1-x - Sbx (x ≤ 0.2) alloys, as well as of Bi, 

are not superconductors. According to [8], these 

transitions are connected with two unknown 

superconducting phases located at CIs, namely in adjacent 

and central layers of bicrystals. In both phases, we 

observed that upper critical field Hc2 varies approximately 

linearly with temperature suggesting that the anisotropy 

of Hc2 is temperature independent. The estimated values 

of (- dHc2 / dT)  for superconducting  phases lie in the 

range 0.5 - 3.5 kOe/ K. Large magnetic hysteresis loops 

characteristic of type-II superconductors were observed 

with lower critical field Hc1~ (100–130) Oe. The 

hysteresis loops are almost symmetric (Fig.2b), exhibits 

nearly reversible behavior (the irreversibility field ~ (1.5–

4 kOe), their form does not change essentially with 

temperature and sometimes does not display an initial 

vortex penetration peak. These features suggest that 

interaction between Dirac fermions in a topological 

insulator is coherently controlled by superconducting 

phases. 
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Fig.2. (a) Temperature dependences of the magnetic moment of bicrystal of  Bi1−x Sbx ( x =0.15), 2.Θ1 = 4
o 
, Θ2=2

o
; 

(b) Magnetic hysteresis loops of Bi1−x Sbx ( x =0.15), 2.Θ1 = 4
o 
, Θ2=2

o
; (c) Magnetic hysteresis loops of Bi1−x Sbx ( x 

=0.15), 2.Θ1 = 12
o 
, Θ2=5

o
. 

 
The third case relates to coexistence of 

superconductivity and feromagnetism in  Bi1−x Sbx (0.08 < 
x <0.12) bicrystals. As we seen from the Fig. 2c in some 
of our bicrystals  on paramagnetic dependences of m(T), 
the ferromagnetic-like hysteresis loops  was found 
(calculated contributions in m(T) of the residual magnetic 
impurities are one order smaller than the experimentally 
recorded values)  in the entire temperature interval under 
study despite the diamagnetic response at T<5K. A 
similar situation was reported for another semimetal–
graphite. No noticeable change in the form and width of 
hysteresis loops on temperature was detected. The 
observed occurrence of superconductivity and 
ferromagnetism appears to be a consequence of the 
increase in the carrier density at the nano-width CIs and 
changes in the carrier pockets topology [6]. In this regard, 
the CIs (in comparison with bulk single crystals) as 
topologically ordered systems are intrinsically robust 
against local sources of decoherence; therefore, the 
increase in volume and change of the shape and 
elongation of isoenergetic surfaces of charge carriers 
specifies the common electronic origin of 
superconductivity and ferromagnetism, which (together 
with the updating of the phonon spectra) favor the spin 
independent coupling or lead to the magnetic ground state 
at the wide structural disorder and a plenty of topological 
defects. 

CONCLUSION 

We studied the magnetic and galvanomagnetic 
properties at low temperatures (1,6 – 30)K and high 
magnetic fields (up to 40T) in  bicrystals of 3D 
topological insulator Bi1−x Sbx (0.07 < x <0.22)  and it 
was found: (i) The ratio of spin and orbital level splitting 
differs considerably in crystallites, adjacent and central 
layers of bicrystals; (ii) The superconducting phases are 
identified on temperature dependences of  magnetic 
moment of bicrystals, whereas the crystallites are not 
superconductors; (iii) The coexistence of 
superconductivity and ferromagnetism has been observed 
in some bicrystals. 
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I.  INTRODUCTION 

For the development of modern 

nanotechnologies, nanostructured and functional 

materials, chalcogenide glasses (ChG) present a big 

interest. The amorphous films of ChG have been served 

as a base of many applications in photonics and 

optoelectronics, especially as inorganic photo-resists for 

sub-micron technology, optical diffractive elements, 

sensors and photonic crystals [1-3]. 

The effect of light-induced photo-structural 

transformations is characteristic for many amorphous 

chalcogenides films, and they have been served as a base 

of many applications in photonics and optoelectronics, 

especially as inorganic photo-resists for sub-micron 

technology [4-5]. Special interest is connected of doping 

of chalcogenide glasses (ChG) with metal impurities, 

which alter optical, photoelectrical and transport 

properties of the host material [6-8]. At the same time it 

was shown that doping of ChG by tin impurities assist in 

stabilizing the glassy matrix in respect to light exposure 

and thermal treatment [9, 10]. The interest in optical 

properties of amorphous semiconductors has been 

stimulated also by their possible applications as optical 

fibers amplifiers in telecommunication systems and 

integrated optics for fabrication of different diffractive 

elements with high resolution. It was shown that the 

addition of tin impurity in amorphous As2Se3 films can 

provide a pronounced effect on electrical, transport 

properties, optical and photo-induced phenomena [6-8, 

10-13]. In this paper the experimental results on some 

mechanical properties, optical, and photo-induced 

characteristics of thermally evaporated amorphous  

 

As2Se3:Snx (x=010 at.% Sn) thin films (thickness L~2.0 

mm). The transmissions spectra were used for calculate 

the absorption coefficient α, the optical band gap Eg, as 

well as the dependence of the refractive index on 

composition, and its modifications ∆n under light 

irradiation and heat treatment.  

A considerably information on the behavior of 

materials under irradiations can be obtained using the 

nanoindentation technique based on continuous recording 

of the nanoindentations process and the determination of 

the hardness and Young’s modulus from the measured 

“load-indenter displacement” curve. Photoplastical effect 

was discovered about 60 years ago. The first work was 

dedicated to crystalline semiconductors [14]. 

Photoplastical effect is manifested by hardening of 

illuminated materials [15], as well as by their softening 

[16]. Photoplastical effect depends on a number of factors 

such as: radiation power, temperature and wavelength. 

Study of spectral dependence of photoplasticity showed 

the maximum effect under samples illumination with 

wavelength close to the band gap value h≥Eg [17]. The 

photoplastic effect depends of the illumination power and 

light wavelength. With increasing illumination power the 

plastic deformation exhibits anomalous behavior. Studies 

of the spectral dependence revealed that the effect is 

maximized when the illumination wavelength is close to 

the bandgap of the crystal. 

Photoplasticity in chalcogenide films were 

studied in [18-20], where the effect was observed during 

samples illumination with wavelength comparable with 

band gap value Eg. Nature of photoplastical effect is not 

carried out definitively yet. The effect was attributed to 

Photoplastic and photoinduced effects in 

amorphous As2Se3:Snx thin films 
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thermal expansion of the film due to absorption of 

exciting light, as well as recombination of the 

photoexcited non-equilibrium electrons and holes. 

Investigation of photoplastical effect usually is performed 

under in-situ samples illumination during indentation 

[21,22] as well as their indentation after illumination [23].  

V. EXPERIMENTAL 

        The glasses As2Se3: Snx (x = 0 to 10.0 at.% Sn) were 

synthesized from the starting elements of 6N (As, Se, Sn) 

purity by a conventional melt quenching method. The 

starting components elements As2Se3 and Sn were mixed 

in quartz ampoules and then evacuated to pressure of 

P~10
-5

 torr, sealed and heated to temperature T=900 
o
C at 

the rate of 1 
o
C/min. The quartz tubes were held at this 

temperature for 48 hours for the homogenization and then 

slowly quenched in the heating furnace. The amorphous 

As2Se3: Snx were obtained by thermal flash evaporation in 

vacuum (p = 5 • 10
-5

 Torr) of the initial synthesized 

material onto the glass substrate held at Tsubstr=100÷120 
o
C. The thickness of the amorphous films was in the range 

of d~1÷3.0 mm. The investigation of the mechanical 

properties of As2Se3: Snx (x = 0 - 10.0 at.% Sn) bulk and 

amorphous thin film samples was performed at PMT-3 

device using Bercovici indenter. For optical transmission 

spectra measurements, a UV/VIS (  = 300÷800 nm), the 

61 NIR (  = 800÷3500 nm) Specord’s CARLZEISS Jena 

production. To initiate photostructural transformations in 

thin-film samples, the continuous He-Ne lasers with 

wavelengths   = 633 nm was used as a source of light 

exposure. For data acquisition the experimental set-up 

included a digital build-in PC-card PCI-1713A connected 

with the registration module [24]. 

 

III. RESULTS AND DISCUSSIONS 

The photoplastical investigation was performed using 

nanohardnes tester NHT CSM. The hardness was 

calculated from load-displacement curves by Oliver-Pharr 

method. In-situ illumination of samples was performed 

with green laser (λ = 532 nm) with power P = 50 mV/cm
2
. 

For change the direction of incident laser beam the optical 

glass prism was used (Fig.1). Maximum indentation load 

was 5mN, which allowed maximal penetration depth does 

not exceed 15% of film thickness. 

The hardness was calculated using the expression:  

 

HB = (1570 * P) / l
2
,   (1) 

 

where P- is the applied load, and L – is the height of 

triangle of remaining imprints [25]. Both in the case of 

the bulk samples and for amorphous thin films the applied 

load was 10g, and the depth of deposited imprints does 

not exceeded 20% of films thickness.  

Fig.2 shows variations in Tg(x) for the bulk 

As2Se3:Snx glasses, and the non-reversing heat ΔHnr(x). 

One finds at low additive concentrations of Sn, Tg of the 

base glass to increase with x, suggesting that the base 

glass becomes more connected. However, as x approaches 

5% of Sn, Tg show a threshold behavior [10]. 

 

Fig.1. The experimental set-up for investigation of the 

photoplastical effect in chalcogenide glasses. 

 

The isomer-shift of the line in the Mössbauer 

spectroscopy experiments has been previously assigned to 

Sn that is tetrahedral coordinated to 4 Se near-neighbors 

as in a Sn(Se1/2)4 local structure [10]. Apparently, 

introduction of Sn additive in As2Se3 base glass promotes 

growth of Sn(Se1/2)4 units and leads the base glass to 

become As-rich. The latter leads of forming As2(Se1/2)4 

and As4Se4 structural units It was established that the 

hardness H of amorphous As2Se3:Snx thin films is 

generally higher than the hardness of bulk samples of the 

same chemical composition (Fig.3).  

 

 

Fig.2. Variations in Tg(x) (1), ΔHnr(x) for As2Se3:Snx 

glasses. The smooth lines are computer fitting. 

 

The experimental results of investigation of 

hardness for bulk and As2Se3: Snx amorphous thin films 

are presented in Fig.3, and are in good agreement with 

experimental results obtained earlier by Borisova [26]. 

The hardness values of bulk samples depending of Sn 

concentration in the As2Se3:Snx glasses and vary between 

100 and 110 kg/mm
2
. The hardness of the amorphous 

As2Se3:Snx thin films presents a non monotonous 

character in dependence on the Sn concentration. A sharp 

increasing of hardness is registered when the impurity 

concentration exceed the value of 3% ÷ 4% Sn. The 

hardness H of (As2Se3)1-x:Snx films varies between 

H=115130 kg/mm
2
. For both bulk samples and thin 

films the hardness is lower according to the data [27]. 

This fact may be connected with some technological 

specifics in preparing the ChG. 
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Fig.3. The hardness H (1 – bulk samples, 2 – thin films, 

the density  (3) for the (As2Se3)1-x:Snx. 

 

 

In the present paper we report the experimental 

results on investigation of the photoplastical effect in 

amorphous As2Se3:Snx thin films. In the paper [10] on the 

base of the “slip-motion” model was shown that the 

photo-excited carrier play an important role in the 

processes of photoinduced phenomena in amorphous 

semiconductors. Althermal light-induced plasticity in 

cristalline semiconductors under light illumination causes 

decrease of hardness. This effect was interpreted in terms 

of increasing of the mobility of dislocations due to 

photoinduced increase of carrier concentration. 

 

In our experiments the photomechanical 

properties of As2Se3:Snx was performed at NHT-SCM 

nanohardness tester. The essential difference of hardness 

value of investigated films, obtained using microhardness 

tester (Fig. 3.) and nanohardness tester (fig.4) is most 

probably due to different method of testers operation. 

 

It should be noted, that PMT-3 microhardness 

tester calculates hardness values from projected area of 

relaxed imprints. The nanohardness testers operate 

dynamic mod of data collection, and calculate hardness 

values using projected imprint area when indenter is 

unloaded, but is not totally removed from material. 

During in-situ illumination of studied films, hardness 

decreasing was observed (Table 1 and Fig.4). Photoelastic 

effect becomes more visible when Sn concentrations 

increase. Under the illumination the nanohardness of 

amorphous As2Se3:Snx thin films decrease. This effect is 

more pronounced for the compositions with Sn 

concentration more than 1.0 at. %. Decreasing of 

hahohardness under illumination also was observed for 

as-deposited and annealed amorphous As40Se60 thin films 

[20]. 

A microscopic model of this phenomenon is based on the 

assumption of the athermal decrease in the viscosity of 

the films during irradiation, which is close to the viscosity 

of vitreous semiconductors near their glass transition 

temperature Tg [19]. It was suggested that the 

photoviscous effect, that is, the athermal decrease of 

viscosity of non-crystalline chalcogenide upon 

illumination is the key for a considerable photoinduced 

effects in different amorphous chalcogenide films [21].  

 

 

 

Table 1. The hardness vs. Sn concentration for amorphous 

As2Se3:Snx thin films. 

Nr. Film composition H (MPa) 

As-

deposited 

films 

H (MPa) 

Illuminated 

films 

1 As2Se3 1780 1768 

2 As2Se3:Sn0.5 1762 1783 

3 As2Se3:Sn1.0 1734 1614 

4 As2Se3:Sn2.0 1735 1628 

5 As2Se3:Sn3.0 1745 1656 

6 As2Se3:Sn4.0 1774 1660 

7 As2Se3:Sn5.0 1732 1607 

 

In order to investigate the modification of the 

optical parameters (optical band gap Eg, absorption 

coefficient α, refractive index n) under light irradiation, 

the transmission spectra T=f( ) of the amorphous 

As2Se3:Snx thin films with different amount of Sn were 

measured. It was demonstrated that increasing of Sn 

concentration increase the absorption coefficient  and 

decrease the optical band gap Eg [28]. At the same time 

Sn concentration in amorphous As2Se3:Snx thin films and 

light illumination with increase the refractive index n.  

 

Fig.4. The hardness vs. Sn concentration for 

amorphous As2Se3:Snx thin films. 

  

Fig.5 represents the changes of the surface 

morphology of the as – deposited amorphous As2Se3:Sn0.1 

thin film under the indentation load after light 

illumination (a) and before light illumination (b, upper 

patterns). For comparison, in the downside of the Fig. 5 

the pictures of the light-induced anisotropic plasticity in 

amorphous As20Se80 thin films are shown: a – the image 

of non-irradiated film surface, and b – the image of this 

surface by irradiated linearly polarized laser beam (  = 

633 nm) [19]. In both cases it is observed that after light 

irradiation the plasticity of the investigated amorphous 

films increase. For explanation of this phenomena the 

authors [19] the mechanical model of anisotropic 

plasticity in chalcogenide glasses have been proposed, 

according to which the anisotropic softening consists in 

the weakening of mechanical compliance in the direction 

to be orthogonal to the light polarization. 
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Fig.6 represents the dispersion curves of the 

refractive index n=f( ) for the amorphous As2Se3:Sn1.0 

thin films: 1 – as-deposited (curve 1), as-deposited upon 

light exposure (curve 2), as – deposited upon heat 

treatment (curve 3), and as – deposited upon heat 

treatment and light exposed (curve 4). From the Fig.5 we 

can observe that the maximum modification of the 

refractive index n take place for the fresh as – deposited 

amorphous films upon light exposure n = 0.078 (curves 

1 and 2). For the annealed amorphous thin films the 

modification of the refractive index n under light 

exposure are smaller n = 0.016 (curves 1 and 4). These 

features may be explained by the fact, that for the 

annealed amorphous films the structure of the films 

became more stable. 

 

 

Fig.5. The surface morphology of the as – deposited 

amorphous As2Se3:Sn0.1 thin film under the indentation 

load after light illumination (a) and before light 

illumination (b, upper patterns). For comparison, in the 

downside of the figure the pictures of the light-induced 

anisotropic plasticity in amorphous As20Se80 thin films are 

shown: a – the image of non-irradiated film surface, and b 

– the image of this surface by irradiated linearly polarized 

laser beam (  = 633 nm) [19]. 

 

 

The plot (n
2
-1)

-1
 vs. (h)

2
 (Fig.7) allow to 

determine the oscillator parameters by fitting a straight 

line to the experimental points. For as - deposited 

amorphous As2Se3:Sn1.0 thin films, by extrapolating the 

fitting line towards (h)
2
=0, one can obtain the static 

refractive index n(0)=2.321 and the static dielectric 

constant s = n
2
(0) = 5.386. For as – deposited thin films 

upon the light exposure these values are higher 

n(0)=2.338 and s = n
2
(0) = 5.464, respectively. 

 

Fig.6. The dispersion curves of the refractive index 

n=f( ) for the amorphous As2Se3:Sn1.0 thin films: 1 – 

as-deposited (curve 1), as-deposited upon light 

exposure (curve 2), as – deposited upon heat treatment 

(curve 3), and as – deposited upon heat treatment and 

light exposed (curve 4). 

 

The dispersion of the refractive index is related 

to the electronic absorption spectrum through the Wemple 

equation based on the single electronic oscillator model 

[29]: 

2

0

02 )()1( h
E

EE
n d  ,  (2) 

where E0 is the average electronic energy gap, and Ed is 

the dielectric oscillator strength.  

 

Fig.7. The dependence (n2-1)-1 = f((h)2) for as – deposited 

amorphous As2Se3:Sn1.0 thin films (1) and as – deposited 

upon light exposure (2). 
 

Large values of the refractive index n are 

obtained for smaller E0 and for large Ed and leads to a 

large dispersion throughout the chalcogenide glass 

material. From equation (2) we obtain 

2

0

012 ))(
1

()1( h
EEE

E
n

dd

     (3) 

Using the plot (n
2
-1)

-1
 vs. (h)

2
, for amorphous 

As2Se3:Sn1.0 thin films the E0 and Ed were calculated with 

the values E0 = 3.094 eV and Ed = 13.571 eV for as – 
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deposited films, and with the values E0 = 2.906 eV and Ed 

= 12.972 eV for as –deposited films upon light exposure, 

respectively. The value of E0 = 3.094 eV is higher than 

the value of the optical band gap Eg = 1.82 eV calculated 

from the Tauc plot. For the amorphous As12.6Ge23.8S63.6 

the relationship between the values of E0 and Eg was 

established a relationship E0  2 x Eg [30].  

The photoinduced phenomena of amorphous 

As2Se3:Snx thin films were investigated by measuring of 

the relaxation of the relative optical transmission 

T(t)/T(0)=f(t) curves under the light exposure ( =630 nm 

nm) at room temperature (Fig.8). 

 

Fig.8. Photodarkening kinetics of as-deposited 

As2Se3:Snx films with exposure time. x (at. %Sn) = 0 

(1); 1.0 (2); 3.0 (3), 5.0 (4). 

 

At a constant light intensity the presented 

dependences characterize the decay of the film optical 

transmittance with the increase of the dose of absorbed 

photons. From Fig.5a it is shown that even 1.0 at.% of tin 

impurity significantly reduces the fotodarkening effect in 

as-deposed amorphous As2Se3 films. The decrease of 

photodarkening is characteristic for amorphous As2Se3 

films doped with tin amount up to 2.0 at.% Sn. For 

higher concentrations of tin the effect of reducing of 

phodarkening by impurity decreases. To obtain a unified 

basis for comparison of the transmission relaxation T(t) 

curves we used so called stretched exponential 

presentation for the relaxation curves in Fig.5a and 

Fig.5b in the form: 

T(t)/T(0) = A0+Aexp[-(t-t0)/τ]
(1-)

 (4) 

 

Here t is the exposure time, τ is the apparent time 

constant, A characterizes the exponent amplitude, t0  and 

A0 are the initial coordinates, and α is the dispersion 

parameter (0<<1). For explanation of the 

photodarkening process in the investigated amorphous 

thin films, a “slip-motion” model for a-As2Se(S)3 has 

been involved [31], in which the photoexcited charge 

carriers in extended states are considered as responsible 

for photodarkening.  

This effect is particularly important at high Sn 

contents in our case up to x=2.0 at.% Sn, when impurity 

approaches the dissolution limit and actually changes the 

number of structural units in the glass. In the untreated 

films, as it was pointed out earlier [8], the changes in the 

structure after introducing Sn impurity occur first of all in 

the layers, that is why the slip mobility is retained, while 

the enlargement of the interlayer distance promotes the 

slip motion slightly decreasing the time constant of the 

process.  

Alternatively, it is likely that Sn goes largely in 

the layers and buckles them, since Sn possesses a larger 

(1.40 Å) covalent radius than As (1.20 Å). The Sn-Se 

bond strength (47.4 kcal/mole) exceeds [24] that of As-Se 

one (41.7 kcal/mole). The enhanced interlayer interactions 

come at the expense of reduced interlayer ones. The 

increased inter-layer spacing reflects a loss of inter-layer 

interactions. The buckling or loss of planarity of the 

layers would naturally suppress the slip motion of the 

layers that is thought to contribute to photodarkening as 

suggested by Shimakawa and collaborators [31].  

The reduction in optical gap of As2Se3 glass 

upon alloying Sn, most likely, results from a broadening 

of the valence band. The top of the valence band in these 

glasses has contribution from Se lone-pair electrons. The 

lone pair band broadens because of a pressure effect. The 

size mismatch produced by doping Sn in the layers 

produces stresses that are primarily localized on the 

bridging Se atoms, the most forgiving and flexible 

connections (coordination number of 2) in the backbone. 

This is akin to applying an external pressure, and as 

shown by different authors the band-gap of crystalline 

As2Se3, indeed, decreases upon applying an external 

pressure. The same physical mechanism occurs in the 

glass with chemical doping serving to clamp the Se local 

environments. 

 

CONCLUSION 

        In this paper are investigated the mechanical 

characteristics of amorphous As2Se3:Snx (x=0÷5.0 at.% 

Sn) chalcogenide system prepared by vacuum evaporation 

on glass substrates. It was established that the hardness H 

of amorphous thin films is generally higher than the 

hardness of bulk samples of the same chemical 

composition. By applying in-situ stress measurement of 

photomechanical changes in chalcogenide films based on 

As2Se3:Snx we have found essential dynamic changes in 

films plasticity. 

Photodarkening and its relaxation under light 

exposure in amorphous films of As2Se3:Sn (0.5 to 5.0 

at.% Sn) was studied in dependence on the Sn 

concentration. It was shown that tin impurity effectively 

reduces photodarkening and the degree of reduction 

becomes stronger up to 2.0 at.% Sn, than photodarkening 

is increased again. 
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I. INTRODUCTION 

The THz radiation can be produced by various methods 

(Free electron lasers, quantum cascade lasers, diode 

Gunn) and forms (continuous wave, pulsed, 

monochromatic, broadband) but suitable for our scope is 

broadband short pulse THz radiation generated in 

photoconductive antenna, see next figure.  

 

 
 

Fig.1 THz antenna 

 
A short optical pulse (fs) generates charges between 

two electrodes coated on a semiconductor, charges that 

are accelerated due to electrical field applied between 

electrodes and recombines very rapidly (because 

structural defects) generating broad band THz pulses into 

the 0.1-5THz range. 

Up to now low temperature grown GaAs was 

successfully used for this kind of photoconductive 

antennae (other materials and methods are less efficient).  

 

II. . DEVICE FABRICATION 

We found that nanoporous InP structure has much 

larger efficiency as a THz emitter and great potential as 

sensitive THz detector in comparison with bulk one.  

 

 

We developed the photoconductive antenna based on InP 

material. In reference [1] we have demonstrated that 

irradiating nanoporous membranes of (111) InP with 

heavy noble-gas ions enhances terahertz emission. 

We developed a combination of technology for 

deposition contacts/wires upon nanoporous InP thin film 

structures, see the figures 2, 3. In this way we 

demonstrate the possibility of fabrication an array of 

antennas/detectors. 

 
 

Fig 2.  Carrier density of nanoporous InP is represented 

by grey color and with solid arrow/line show a conductive 

pathway. 
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The porous structure have been made using the [111]-

oriented substrates of n-InP single crystals with 500 µm 

thickness and free electron concentration of 1.3x10
18

 

cm
−3

. The electrochemical etching was carried out in 5% 

HC1 aqueous solution in potentiostatic regime as 

described elsewhere [2]. 

Indium phosphide (InP) films were deposited onto 

glass substrate with the thickness of film around 100nm, 

using RF magnetron sputtering by varying the substrate 

temperature (50–100
o
C), under constant argon pressure 

and RF power (100 W).  

A positive photoresist (PMMA) was used for both 

type of InP samples (porous and RF sputtering films) to 

configure Cr-Au pads and dipole antennas, obtained by 

liftoff method.  

 

 

    

        
 

Fig. 3. Optical image of THz antenna on porous InP 

(schematic one in presented in Fig. 1) a,b), on InP film c), 

and mounted chip on 1” support d). 

 
 

III. RESULTS 

 

The elemental composition of the films was determined 

by electron dispersive X-ray analysis using EDX, which 

consist of ~40%atoms of P and ~60%atoms of In. This 

result is clearly shown in X-ray diffraction (Fig. 5) also 

by presenting the In peak in spectra. The inset is the 

Raman spectrum of the InP film, and we found a good 

correlation with literature [3, 4] 

   
 

Fig 4. Impedance measurements at different excitation 

fluencies for porous InP a) and InP film b) 

 

One can see, in figure 4, the impedance is changing at 

varying the incident beam excitation fluencies linearly for 

porous structures. 

 
Fig. 5. XRD pattern for InP film, and the inset is its 

Raman spectrum 

 

 
Fig. 6. A portable THz-TDS for pharmaceutical and 

medical applications 

 
IV. CONCLUSIONS 

Preliminary results shown that the impedance for both 
structures, porous structure and thin InP film, have 
variation at changing the incident beam excitation 
fluencies. This behaviour open possibility for further 
development and design the low cost THz antennas for 
portable THz-TDS scanners for pharmaceutical and 
medical applications.  
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I. INTRODUCTION 

In the past decade, ultraviolet rays reaching the earth’s 

surface have intensified due to increasing stratospheric 

ozone depletion, and they may cause adverse effects on 

the human body, like high skin cancer rates, etc. 

In this connection there is a strong motivation for the 

development of small, low-cost, robust, and efficient UV 

detectors able to work in diverse conditions and that can 

be installed in different customer electronic devices 

easily, and the development of highly sensitive, selective, 

reliable, and compact sensing devices to detect 

flammable, toxic, chemical and biological agents [1-8]. 

However, to integrate such detectors with driving circuits 

and to simulate it is important to develop its PSpice 

model. PSpice models makes easy to study characteristics 

of sensors and can be used to create efficient applications, 

it helps in the design of new devices and in the 

interpretation of experimental data [3-4]. These models 

are based on the physical and chemical proprieties of the 

sensing nanomaterial. The main feature of the PSpice 

models presented here is that they can simulate 

photodetector properties, either when the UV irradiations 

and relative humidity are modulated using arbitrary 

functions (concentration pulses, irradiation pulses, etc).  

In this work we report on developed PSpice circuit 

models of hydrogen gas nanosensor using individual zinc 

oxide nanowire and of an individual ZnO microwire-

based UV photodetector. The modes are implemented in 

Cadence software student version together with associated 

Schematics, Model Editor and PSpice A/D. 

II. SENSING MATERIAL PROPRIETES 

In work [1] was developed and studied experimentally 

the gas response and selectivity of ZnO nanowires to H2, 

NH3, i-Butane, CH4 gases at room temperature. 

According experimental results as can be seen from 

Figure 1 gas response of ZnO nanowire is a curve. UV 

radiation procedure is used to facilitate desorption of gas 

species from the surface and to improve the recovery time 

of the nanosensor. Figure 1 (curve 2) demonstrates that 

the recovery time of the UV radiated sensor is much 

shorter than that of curve 1 (Fig. 1). 

In Figure 2 the device was subjected to irradiation with 

365 nm UV light in ambient air with electrical resistance 

monitoring [2]. The background atmosphere was ambient 

air with relative humidity (RH) of 53%. 

Figure 3 presents the variation of the electrical 

resistance of ZnO microwire-based detector in the dark 

and under UV illumination for different RH values. 

 

 

PSpice Model of Hydrogen Nanosensors and  

Ultraviolet Photodetectors  

Abstract — In this work is presented PSpice circuit models of hydrogen gas nanosensor using individual 
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Fig. 1.  Gas response curves of the 100 nm ZnO nanowire-based gas sensor 

under exposure to 100 ppm of H2 gas at room temperature. Curve (1) is 

displaced upward by 0.25 to avoid overlapping with curve (2) [1]. 

  

 
Fig. 2.  UV sensitivity measurement of the fabricated single ZnO 

microwire device structure [2]. 
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III. EQUIVALENT CIRCUIT 

In work [1] the gas response was defined as the ratio: 

R

R
S


       (1) 

where 
gasair RRR   and airR is the resistance of 

the sensor in dry air and 
gasR is resistance in the test gas.   

 Figure 4 shows the basic structure of the proposed 
model for UV photodetector [2], comprising three blocks 
that represent UV irradiation transfer, influence of relative 
humidity and adder block. The model has one input Vuv 
for UV light, one input Vrh for relative humidity and one 
input Vref is used for voltage reference.  

 In Fig. 5 is represented a schematic view of the UV 
photodetector. For simulation purposes and simplicity 
reasons,  a  voltage  source  emulates  the  UV irradiation  
where  it  is  assumed  that   1 V corresponds to 1 eV, for 
instance, the UV irradiation with wavelength range 365 
nm, corresponding to photon energy 4.2 eV, can be 
simulated by supplying a pulse of  4.2 V from pulse 
source. The relative humidity RH is simulated by 
supplying a d.c. voltage. The output voltage indicates 
electrical resistance ratio, where it is assumed that 1 V 
corresponds to 1 % of relative humidity RH. 

The UV block emulates the dynamic sensor response to 
gas pulses from pulse source Vuv and it consist from 
passive integrator circuit, the RH block simulated 
influence of relative humidity (RH), because dependence 
of electrical resistance of photodetector versus relative 
humidity under the irradiation and in the dark are 
different (Fig. 3), RH block consist from two voltage 
controlled switches and two function blocks, UV_Light 
block simulating dependence of the electrical resistance 
of photodetector under UV light, and DARK block in the 
dark. The SUM block evaluates response as a function of 
the UV irradiation, effects of RH and voltage reference 
Vref and it consist from a simple adder block. UV 
sensitivity was defined as 1 % = 1V. 

 

 
 

In Fig. 6 is represented a developed bloc diagram of the 

nanosensor [1]. The model has one input Vgas for gas 

concentration, one input for UV irradiation and one input 

for voltage divider VREF. A voltage divider configuration 

has been chosen here in order to convert the sensor 

resistance into a voltage that can be further processed, 

amplified or interfaced to other devices [3]. For 

simulation purposes and simplicity reasons,  a  voltage  

source  emulates  the  gas  concentration  where  it  is  

assumed  that  1 V corresponds to 1 ppm of gas 

concentration. For instance, the injection of 100 ppm of 

hydrogen (H2) gas in air can be simulated by supplying a 

pulse of 100 V from voltage source. UV source is 

simulated by PULSE source. 

    In Figure 7 is represented a schematic view of the gas 

nanosensor model. The block ns01 that simulates gas 

transfer (Vgas) behavior is also included in the model, and 

consist from passive integrator circuit and pulse source. 

The block ns02 simulated UV irradiation (UV) that 

consist from passive derivative circuit, a simple rectifier 

diode for exclude a positive pulses after derivation of 

pulses of UV light and a resistive divider. The block sum 

evaluate response as a function of the gas concentration 

and UV irradiation, the block ns03, that represents a 

integrator circuit and a diode for excluding negative 

values of the final response, emulates the dynamic sensor 

response to gas pulses. Due for Rfil it is possible to set the 

gas response. 

The gas response was defined as 1 % = 1 V. Experimental 

deduced formula for gas response S: 













FILREF

FIL
gas

RR

R
VS

2

1
      (2) 

where S is gas response, Vgas is gas concentration pulse 

 

 

 
Fig. 3.  Dependence of the electrical resistance versus relative 

humidity in the dark and under UV light [2] 

 

 
Fig. 4.  Block diagram of the purposed model for the UV photodetector. 

  

 
Fig. 5.  Bloc diagram and schematic view of the UV photodetector. 

  

 
Fig. 6.  Block diagram of the purposed model for the gas nanosensor. 
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value (parameter V2 from Table II), RFIL is value of 
resistance from block ns03 and RREF is a value of 
reference resistance. Formula 2 is available if RREF = 
RFIL/2. 

IV.  PSPICE MODEL 

On the base of equivalent circuit shown on Fig. 5 and  
Fig. 7 were created subcircuit files SUBCKT and 
included in the library of PSpice A/D with extension .lib 
for each model (not shown).  
UV photodetector model 

The voltage controlled switch is a special kind of 
voltage controlled resistor. The voltage between the <(+) 
switch node> and <(-) switch node> depends on the 
voltage between the <(+) controlling node> and <(-) 
controlling node>. The resistance varies between the RON 
and ROFF model parameters.  

Values of the model parameters used for the 
simulation: 
UV photodetector 
 

 
 

Selective hydrogen nanosensor 

 

 
 

    Parameters for voltage controlled switches (Fig. 5): 

S1 – RON = 0.1, ROFF = 1·10
9
, VON = -0.2, VOFF = 0; 

S2 – RON = 1·10
9
, ROFF = 0.1, VON = -0.2, VOFF = 0; 

where RON – on resistance (units in Ohm), ROFF – off 

resistance, VON – control voltage for on state (units in 

Volts), VOFF - control voltage for off state.  

   When value of PULSE voltage source VUV is 0 V 

resistance of both switches are totally different, S1 have a 

minimal value (0.1 Ω), S2 have a maximal value (1 MΩ). 

From these considerate signal will flow through UV_light 

to SUM block. When value of source is less than 0.2 V 

resistance of switch S1 will change to maximal value and 

resistance from S2 to minimal value, signal from VRH 

source will flow through DARK block. Each block from 

RH_block cell processed signal by a particular function. 

UV_Light cell function from RH block it’s an exponential 

function: 

 

R = R0light + Slight · exp(V · k)        

(3) 

where R is electrical resistance under UV light, R0light is 

electrical resistance when RH is 0 % under the light, Slight 

is UV light sensibility, V is the voltage value and k is an 

experimental coefficient. DARK cell function: 

R = R0dark + Sdark · V
2
 · V        

(4)   

 

where R is electrical resistance in the dark, R0dark is 

electrical resistance when RH is 0 % in the dark, Sdark is 

dark sensibility, V is the voltage value.  

With R0light and R0dark parameters is possible to install 

the photodetector resistance under the radiation and 

respectively in the dark environment, with Sligh and Sdark 

parameters is installed influence of relative humidity.  

V. RESULTS 

To check the validity of the developed PSpice models it 

was used to simulate the responses of UV photodetector 

to UV irradiation and selective hydrogen nanosensor to 

100 ppm of H2 concentration. First was checked the 

photodetector. The pulse with width 75 s was applied 

from VUV source and 53 V was applied from VRH source. 

 

TABLE I. VALUES OF MODEL PARAMETERS FOR THE UV 

PHOTODETECTOR 

Parameter SIGNIFICATION Value 

RH relative humidity 53  

R_UV resistance from UVblock 1  103  

C_UV capacitance from UVblock 3  10-4 
DARK_S dark sensibility 

1  10-6 

UV_S UV light sensibility 5  10-3 

UV UV irradiation 4.2 
R_0dark electrical resistance when RH is  

0 % under the light 
5.2  10-2 

R_0light electrical resistance when RH is  
0 % in the dark 

4.2  10-2 

. 

TABLE II. VALUES OF MODEL PARAMETERS FOR NANOSENSOR 

Parameter SIGNIFICATION Value 

UV UV irradiation source 50  
TD delay time from time zero of the 

first rising edge of Vgas  

10  

PW pulse width for Vgas 100 
PER period 145 

V2 gas concentration 100 

T rise and fall time 1  10-6 
Cgas capacitance from  block  ns01 2.5 

C_UV capacitance from  block  ns02 0.15 

C_fil capacitance from  block  ns03 2  10-3 

R_gas resistance from block  ns01 10 

R_UV resistance from block  ns02 100 

R_fil resistance from block  ns03 2  103 
V2_gas2 pulse value for source Vgas2 {V2  0.5} 

TD_gas2 delay time for source Vgas2 {TD + PW} 

TF_gas2 fall time for source Vgas2 {PER-PW+TD} 
PW_gas2 pulse width for source Vgas2 {TF_gas20.1} 

R_refer Reference resistance  RREF {R_fil/2} 

   

 
 

 
Fig. 7.  Bloc diagram and schematic view of the nanosensor PSpice model 
and the potential divider circuit used to test the nanosensor in simulation 

process. 

  

 

 
Fig. 8.  Results of simulation UV photodetector PSpice model. 
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Fig. 8 demonstrates that the PSpice model accurately 

depicts the dynamic response of a model to irradiation 

exposure. Dependence of the electrical resistance versus 

RH in the dark and under UV light is represented in Fig. 

9. It can be seen that results are in conformity with 

physical proprieties of sensing material (Fig. 3). 

Developed model permits to simulate photodetector 

curves in PSpice software. The ability of the nanosensor 

model to emulate the response in the presence of 100 ppm 

hydrogen concentration was also checked. The pulse with 

width 100 s and value of 100 V was applied from VGAS 

source. After gas pulse ends, it was applied a pulse with 

width 45 s from UV source. Results of simulation 

nanosensor are presented in Fig. 10, curve 2 demonstrates 

that the recovery time of the UV radiated nanosensor is 

much shorter than that of curve 1. Model of nanosensor 

displayed the gas response of about 34% to 100 ppm 

hydrogen gas. It can be seen that proposed and developed 

PSpice model of H2 nanosensor is able to depict the 

nanosensor transient and to reproduce experimental 

curves presented in Figure 1. 

VI. CONCLUSION 

It was developed PSpice circuit models for hydrogen 

gas nanosensor and for UV photodetector. To verify the 

validity of the developed PSpice models it was simulated 

the responses of UV photodetector to UV irradiation and 

hydrogen nanosensor to 100 ppm of H2 concentration.  

 

It was demonstrated that simulations results are in good 

agreement with the experimental data. Proposed models 

can be used in studying of gas nanosensor based on 

individual ZnO nanowire and an individual ZnO 

microwire-based UV photodetector in different circuit 

with PSpice models. The PSpice tool and, particularly, its 

analog behavioral model blocks are shown to be very 

effective and flexible for model building [9]. 
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Fig. 9.  Results of simulation electrical resistance versus RH in the dark 

and under UV light. 

 
 
Fig. 10.  Results of simulation gas nanosensor PSpice model. (1) 100 ppm  

H2 gas, (2) 100 ppm H2 gas + UV light pulse. Curve (1) is displaced up to 

avoid overlapping with curve (2). 
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Substantial progress has been achieved in recent 

years in the experimental and theoretical investigation of 

the properties of atomic Bose–Einstein condensates. 

Currently, studies of the dynamics of coupled atomic–

molecular condensates under conditions of Feshbach 

resonance or stimulated photoassociation of two atoms 

into a molecule are of special interest. It is well – known 

[1] that the dynamic of wave function BEC can be 

described by the effective equation of mean-field known 

in the literature as equation of Gross-Pitaevsky, which 

includes also members of interparticle interaction. 

The first experiments in which we can observe 

BEC of rarefied fallow of alkaline metals [2-4] in 

ultracold temperatures stimulated further theoretical and 

experimental investigation of this effect. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Energetic scheme and quantum transitions in three-

level   – scheme 

 

In [5, 6] it is studied the process of conversion of 

two similar atoms into homonuclear molecule in presence 

of laser emission. It was shown that it takes place as 

periodic as aperiodic regime of conversion, and 

peculiarities of time evolution of the system is determined 

by initial densities of the particles. Earlier was studied the 

dynamic of tunneling of bose-condensed atoms between 

two traps. It occurred that taking into account the 

interatomic interaction in this system the effect self-

trapping appeared. The question about existence of this 

effect in conditions of atom–molecular conversion 

remains open. 

The aim of this work is to explore the effect of 

self-trapping of system in the process of stimulated 

Raman atom–molecule conversion with the formation 

homonuclear molecule as single one-step process. We 

will study three–level energetic  –scheme (Fig. 1). One 

of the levels corresponds to the basic condition of two 

free atoms with energy 02  , and the other – to basic 

condition of double atomic with energy 0 . The third 

level corresponds to activated condition of molecule   . 

The appearance of molecule from two atoms leads to 

absorption of light quantum with the energy 1 and 

radiation of light quantum 2 . We use Hamiltonian of 

interaction intH , describing the effect of induced Raman 

atomic – molecular conversion as single process under the 

influence of two short pulses of resonance laser radiation 

[7] taking into account the processes of elastic 

interparticle interaction 
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where â and b̂  are the boson operators of destruction of 

atom and molecule, 1ĉ  and 2ĉ  are the operators of 

destruction of photons with frequency  and 
2

 , g  is 

the constant of atom–molecular conversion, and 
1

 , 
2

 , 

  are the constants of interatomic, intermolecular and 

atom–molecular interaction properly. 

Introducing the particle densities ,
2

an   

2
bN  , 

2

2,12,1 cf   and two components of 

“polarization” )( 2121 cbcaaccaabiQ    and 

2121 cbcaaccaabR   , we obtain the system of 

equation: 
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where 212    is the resonance 

detuning. Solving the system of the equation (2), we have 

four independent integrals of motion for particle densities 

,22 00 NnNn   ,4 21

222 fNfnRQ   

,0101 NfNf   0202 NfNf  ,       (3) 

where   ,   ,     и     – the initial density of the 

particles. Then the main equation, describing the time 

evolution of molecule densities N, it is convenient to 

present as equation of oscillation of nonlinear oscillator 

  0)(/
2

 NWdtdN ,  (4) 

),()()( NUNVNW   

),(

)()2/1(16)(

200

100

2

fNN

fNNNNNV





.)

))(2/(()()(

2

1

012

2

0



 NNNNNU
(5) 

Here ,/ g  ,/)2( 11 g   

g2/)2( 22    is the normalized resonance 

detuning and coefficients interparticle interaction 

properly.  

There is a special regime of interparticcle 

interaction, in which we observe the effect of self-

trapping when constants of interatomic, intermolecular 

and atom–molecular interaction which does not equal 

zero (Fig. 2). 

We study further the dynamic of atom–molecular 

conversion subject to process of interparticle interaction, 

when resonance detuning equals zero. In this case may 

happen the effect of self-trapping in the system. When 

constants of interatomic, intermolecular and atom–

molecular interaction does not equal zero, then we can be 

observed self-trapping (fig. 3). When constants of 

interaction equals zero this effect cannot be observed. It is 

natural that “potential” energy includes parameters which 

determines the presence of self-trapping. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 Time evolution of nominolised density of molecules 

0/ NN  in dependence on value of parameter        

with 
  

   
     

   

   
                      . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Time evolution of nominolised density of molecules 

0/ NN  in dependence on value of parameter        

with 
  

   
     

   

   
                       

 

 

This normalized molecules
,
 initial concentration 

which equals zero, the evolution of the system is periodic. 

If 
  

   
 is low, the normalized density of molecules changes 

periodically in limits from zero to 
  

 
. Further with the 

increasing of 
  

   
 we can observe the effect of extreme rise 

of amplitude of oscillation which corresponds to 

demonstration of self-trapping effect in the system. When 

with the rising of 
  

   
 the evolution of the system becomes 

periodic again but with larger amplitude which increases 

with the rise of 
  

   
. 
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Abstract — The twofold degenerated Anderson impurity model in superconducting state is investigated and the 

strong electronic correlations of impurity ion are taken into account by elaborating suitable diagram technique. 

We obtain the Dyson type equations between impurity electron propagators and normal and anomalous 

correlation functions and by summing infinite series of ladder diagrams have established the approximation for 

correlation functions. Criterion for appearance of superconducting state of the model is discussed.  

 

Index terms — Correlation function, electron propagator, Dyson type equation, twofold degenerated Anderson 

impurity model, strong electronic correlations 

. 

 

INTRODUCTION 

The technological progress in nanoscale electronic 

circuits, such as quantum dots, stimulates the studies of 

quantum-impurity models. One of them is the twofold 

degenerate Anderson impurity model.  

In previous our paper [1], quoted below as I, we have 

investigated the properties of the twofold degenerated 

Anderson impurity model in normal state.  

Now we shall discuss the properties of this model in 

superconducting state.  

Our investigation is based on the diagrammatic theory 

elaborated for strongly correlated electron systems both in 

non-degenerated [2-6,8-11] and in twofold degenerated 

systems [1,7].  

In Section 2 the main equations are formulated and 

necessary approximations elaborated. In the next Section 

3 the correlation function Y  is determined in both cases 

when triplet or singlet superconductivity is realized. 

Section 4 is devoted to the analysis of the conditions 

which determine the critical temperature. Last Section 5 

contains the conclusions.  

We use the method of Matsubara Green’s functions 

defined by equations (21) and (22) of paper I with Dyson-

type equations formulated in (31) paper I. These last 

equations are:  
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Here 
'( )ll

ni  , 
' ( )ll

nY i   and 
'

( )
ll

nY i   are correlation 

functions of superconducting state and ( )ll

ni 
g  and 

( )ll

nf i 


 full normal and anomalous one-particle Green’s 

functions.  

 

 

II. THE MAIN EQUATIONS 

Because the orbital quantum number l  takes, in our 

model, two values 2,1l  we can rewrite the equation (1) 

in the form:  
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The other system of four equations for quantities 
12 ,g

22 ,g  ,12

f  and 
22

f can be formulated.  

We introduce the definition  

 
(0)( ) 1 ( ) ( )l ll l

n n nQ i i i      G ,        (3) 

and determine the determinant of fourth order 4( )nD i :  

Superconducting state in the twofold degenerate 

Anderson impurity model
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11 12 13 14

21 22 23 24
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  , (4) 

where 
1
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These equations are the Dyson-type equations and 

they establish the relations between propagators g , f and 

f and correlation functions ,  Y  and Y . Anomalous 

correlation functions have the properties of the order 

parameters Y  and Y  of the superconducing state.  

The system of equation (2) permits us to obtain for 

cTT   such linear dependencies:  
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) 

 

where 
4 ( )ni  is equal to 

4 ( )nD i  with equated to zero 

the order parameters Y  and Y : 
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The system of equations (5) is not closed because up 

till now we have not the dependence of the correlation 

functions ,  Y  and Y  on the electron propagators.  

Such dependence can be the result of infinite 

summation of the diagrams and is, of course, consequence 

of some approximations. Our main approximations are 

depicted on the Fig. 3 paper I. 

III. SELF-CONSISTENCY CONDITION 

Now we shall make more precise our approximation 

(see Fig. 1) which determine the correlation function Y  

as a result of summing class of ladder diagrams 

 

 
 

Figure 1: The ladder approximation for Y correlation 

function. Double dashed line is full anomalous Green’s 

function of impurity electrons. The solid thin lines are 

conduction electron Green’s functions. The rectangle 

depicts the simplest irreducible Green’s function. 

 

 

The analytical form of the result of this approximation 

is  
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By using the antisymmetry property which is the 

consequence of the Pauli principle  

( ) ( ),ll l l

n nf i f i  
 

     (10) 

we can transform the above equation and to obtain more 

simple one:  

1
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where  
(0)( ) ( ).l n l nq p i i   G  (12) 

 

As we can see there are two different possibilities for 

correlation function Y : 

one diagonal by spin indices  

1
( ) ( ) ( ) ( ),

6

ll ll

n l n l n nY i q i q i f i       

   (13) 

and second non diagonal by spin indices:  

1
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6
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 (14) 

 

The diagonal solution belongs to the triplet 

superconductivity and non diagonal to the singlet case.  

We suppose that in the last case the changing of the 

order of the spin indices is accompanied by changing of 

the sigh of the function.  

In such a way we obtain  

1
( ) ( ) ( ) ( ).

2

ll ll

n l n l n nY i q i q i f i     

   (15) 

The both possibilities can be jointed in the form  

( ) ( ) ( ) ( ),ll ll

n l n l n nY i q i q i f i    
 

   (16) 

where 1

2
    for singlet and 

6

1
  for triplet 

superconductivity. 

IV. CRITICAL TEMPERATURE 

Now we come back to the system of linearized 

equations (5) and substitute the propagators 
llf


  by their 

values obtained from equation (16). The result of such 

substitution is the following system of linear equations for 

the components of order parameter 
llY


 :  
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where 
4  is equal to (6).  

Determinant 
sD  of this linear system of equations 

must be equal to zero:  

 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

0,

d d d d

d d d d

d d d d

d d d d


 

 

      (18) 

where  

2 2 4
11

1 1

(0) 2 21

12 2

(0) 2 21

13 2

(0) (0) 21 21

14 2 2

(0) 2 12

21 1

1 2 4
22

1 2

(0)

23 2 1

( ) ( ) ,
( ) ( )

( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ,
( ) ( )

( )

d Q k Q k
q k q k

d k Q k k

d k Q k k

d k k k k

d k Q k k

d Q k Q k
q k q k

d k

 

 

 

 

 

 

 

 


  



  

   

    

  


  



 

G

G

G G

G

G G (0) 12 21

(0) 1 21

24 2

(0) 2 12

31 1

(0) (0) 21 12

32 1 2

2 1 4
33

2 1

(0) 1 21

34 2

( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ( ) ( ),

( ) ( ) ,
( ) ( )

( ) ( ) ( ),

k k k

d k Q k k

d k Q k k

d k k k k

d Q k Q k
q k q k

d k Q k k

 

 

 

 

 

 

 

  

   

   

    


  



  

G

G

G G

G
 

(0) (0) 12 12

41 1 1

(0) 1 12

42 1

(0) 1 12

43 1

1 1 4
44

2 2

( ) ( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ( ),

( ) ( ) ,
( ) ( )

.n

d k k k k

d k Q k k

d k Q k k

d Q k Q k
q k q k

k i

 

 

 

 
 



    

   

  


  





G G

G

G
 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 

 

   172 

This condition determines the free parameter of the 

theory and, as usual, defines the critical temperature 
cT  . 

In our case the critical temperature is present in 

dependence from
cT   of the Matsubara frequencies (

(2 1)n B cn k T   ). 

We put   equal to value 1

2
  which correspond to the 

singlet state and preserve equation (18) for determination 

the value of 
cT . 

The other argument in favor of the choose 1

2
    is 

the approximation based on the equality to zero of the 

functions ( ) 0l

nQ i   . In this special case equation (18) 

is reduced to the simple form:  
(0)

(0) 2 24
4 2

1 1 2 2

( ) [ 1]
( ) ( ) ( ) ( )

s

n n n n

D
q i q i q i q i    
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(19
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By taking into account the value (56) paper I  
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and the definition of 
lq , we obtain:  

01
)2(

1
)(

2

2

2)0(

4 









 
sD  (20) 

 

That is the condition 1

2
   .  

V. CONCLUSIONS 

We have formulated the Dyson-type equations for full 

Green’s functions of Anderson impurity model in 

superconducting state and established the relations 

between renormalized propagators and correlation 

functions.  

We have summed infinite class of diagram and 

obtained the approximate expression for correlation 

functions and, in special, for superconductors order 

parameters.  

We have investigated the linearized equations for 

order parameters and formulated the condition for 

realization of singlet superconductivity and determination 

of the critical temperature.  
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I. INTRODUCTION 

The interplay of mutual antagonist states of matter – 

singlet superconductivity and ferromagnetism is in the 

focus of experimental and theoretical investigations for 

last decades [ 1, 2, 3] The exotic quasi- one dimensional 

Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state can be 

realized in artificially layered S/F nanostructures, i.e. in 

S/F layers with film thickness in the nanometer range. It 

results in many new effects promising for application [3].  

Superconducting spin valve effect [4] having a prominent 

potential for implementations to commercial cryogenic 

devices attracts special attention of the experimentalists 

for recent decade [5, 6, 7, 8]. However, the scale of the 

effect is still not enough for the device implementation.  

 

 

    
 

Figure 1 The core of superconducting spin-valve 

device-Ferromagnet/Superconductor/Ferromagnet 

 

Fig.1 demonstrates the core of spin switch structure 

(F/S/F) consisting of 2 bilayers – F/S and S/F from both 

theoretical [9, 10, 11] and technological point of view. In 

metallic F/S/F trilayers the overall Tc is reduced by the 

usual proximity effect with the adjacent ferromagnetic 

layers [12], but the amount of reduction depends on the 

relative magnetization orientation in the F layers. This 

magnetization orientation dependence occurs when the 

Cooper pair size ξS is comparable with or smaller than the 

thickness of the superconducting layer, so that the pairs 

are influenced by both F layers simultaneously. The 

strong correlation between the scale of superconducting 

critical temperature (Tc) oscillations from the thickness of 

F layer (dF) in F/S/F structure {Tc(dF)} and the scale of 

spin-valve effect was mentioned in [4, 9,  13]. The most 

spectacular oscillatory effect predicted by the theory for 

quite some time, the re-entrance of the superconducting 

state, could be detected convincingly only very recently 

for S/F bilayers[14]. Although the sequence of the layers 

S/F and F/S is considered by existing theoretical models 

as equal [4, 9], it has not been experimentally confirmed.  

The growth conditions, being rather different for nano-

layers formed on the substrate or on one of the layers, 

could affect superconducting (ferromagnetic) properties 

of the layers. The first prime aim of the project is to detect 

large scale oscillation of Tc from dF for F/S bilayers 

fabricated at the same technological conditions and for the 

same material as S/F bilayers in our preliminary work 

[14]. The combination of the technological parameters 

used for fabrication of F/S and S/F bilayers with the 

largest scale of Tc from dF oscillation should possess to 

apply knowledge, collected from bilayers, to Tc 

oscillations in F/S/F trilayers to build a core of 

superconducting spin-valve device structure. The other 

important aim is the study of the influence of an external 

magnetic field on the Tc oscillations and the re-entrance 

phenomenon. These investigations will result not only in 

the knowledge of optimized parameters to demonstrate 

the Tc-oscillation phenomenon in F/S structures and to 

drive the F/S/F spin-valve, but also in a deep 

understanding of the concurrence of exchange and 

thermal energies and their importance in a theoretical 

description of the observed phenomena. 

Nano-structures Based on Superconducting Nb 

and Ferromagnetic CuNi Alloy for Elaboration 

of Spin-valve Core 

Abstract — The main goal of our research group is the elaboration of superconducting spin-switch (valve) 

based on Ferromagnetic/Superconductor/Ferromagnetic core. We could realize all building blocks necessary 

for the fabrication of the core structure of the superconducting spin valve, consisting of two mirror 

symmetric bilayers [4]. In other words, the spin valve consists of a F/Š/F trilayer, which can be regarded as a 

package of a F/S and S/F bilayer so that Š=2S in the trilayer [16, 17]. For such a trilayer, the theory [4] 

predicts that the critical temperature depends on the relative orientation of the magnetization of the 

ferromagnetic layers. To enable a reversal of one of the magnetizations of the layers with respect to the other 

by an external magnetic field, the coercive forces of the F layers have to be different due to either intrinsic 

properties or to an antiferromagnetic pinning layer delivering an exchange bias. The main points of our study 

are presented here. 

Index Terms — hetero-structures, nano-structures, nonuniform LOFF-superconductivity, spin valve, ultra-

thin films. 
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II. S/F TYPE SAMPLE 

 

  
   Figure 2. A sketch of S(const)/F(wedge) structure. 

  

Figure 2 shows our wedge technique to get samples of 

different thickness prepared in the same run, i.e. with the 

same surface and boundary properties. For this purpose, 

first, a superconducting layer of constant thickness (here 

Nb), then the wedge, i.e. a film of steadily increasing 

thickness of the F-material (here CuNi), are deposited. 

The wedge is obtained utilizing the off-symmetry 

mounting of the long substrate (70-80 mm) and the 

intrinsic spatial gradient of the deposition rate of the 

magnetron sputtering setup. The whole Nb/CuNi structure 

is wrapped by amorphous silicon. On one side the 

amorphous silicon protects the structure from oxidation in 

the atmosphere, on the other side protects from absorbed 

gases and contaminations on silicon substrate. Cutting of 

the S/F-wedge into stripes results in samples with 

constant S but different F-layer thickness, which are then 

separately measured to determine their critical 

temperature. 

 
Figure 3. The graph shows a linearly increasing 

thickness of the copper nickel layer from around 1 to 40 

nm in S/F(wedge) sample. The niobium thickness is 

around 7.8 nm and nearly constant. At the top of the 

graph is the atomic nickel content in the CuNi alloy. 

 

In Figure 3 the thickness of the S and F layers resulting 

from RBS investigations are plotted, demonstrating 

constant S and steadily increasing F-layer thickness for 

the series of specimens investigated. At the top of the 

graph is the atomic nickel content in the CuNi alloy. 

There is a slight variation as discussed in the sample 

preparation section. It’s important to note thanks to 

improving of the sample preparation technique we could 

adjust the thickness control to 0.2 nm and achieved a 

superconducting critical temperature of the Nb layer as 

high as 6K for a single Nb layer of thickness ~7 nm; and 

the RF magnetron sputtering (but not DC which is 

commonly applied for metallic targets) with carefully 

adjusted power has been used to deposit a Cu1-xNix alloy 

wedge, with minimal deviation of the deposited layer 

composition from the target one (it can be seen at the top 

of the graph, fig. 3). With this improved sample 

preparation technique we deposited Nb films at 

thicknesses close to the critical one (see shadowed area at 

Fig. 4), and choosing x=0.59, we, recently, could not only 

increase the amplitude of the Tc oscillations to a 

magnitude never reported before, but also presented 

experiments which for the first time convincingly 

demonstrate the re-entrant phenomenon of Tc as a 

function of the F-layer thickness [16], data are given in 

Fig. 5. All six solid curves in Fig. 4, Fig. 5a and Fig. 5b 

have been fitted simultaneously, except choosing slightly 

different values of the superconducting coherence length 

for the S15, S16, S21, S22 and S23 sample series. For 

Fig. 4 the same parameters as for S15 were used. 

 

 

 

 

 

 

 

 

 

Figure 4 allowed detecting a value of critic thickness of Nb-

layer in case of electric contact with massive ferromag-netic 

CuNi alloy (56 nm), the solid curve is the theoretical 

calculations Lenar Tagirov. 

 

The oscillation of the critical temperature measured for 

the S/F couple with S=Nb and F=CuNi, which we used in 

our first investigations, are clearly visible and well 

described by the Tagirov’s theory (Fig. 5). For sample 

series with fixed dS= 14.1 nm, the Tc(dF) dependence 

only shows a slight suppression with a shallow minimum. 

A reduction of dS (to 8.3 nm and 7.8 nm) yields Tc(dF) 

curves with a strong suppression of superconductivity and 

a deep minimum. For even lower value of dS = 7.3 nm 

superconductivity vanishes for a certain range of dF and 

then restores again, i.e. reentrant superconducting 

behavior is observed and for value of dS= 6.2 nm for the 

first time the periodic-reentrant superconducting behavior 

phenomenon was detected [15], predicted by the theory of 

quasi-LOFF state.  

 

Figure 5 demonstrates the dependence of the 

superconducting transition temperature on the thickness 

of the Cu41Ni59 layer for five values of the Nb layer 

thickness, where dNb(S15) ≈7.3 nm, dNb(S16) ≈8.3 nm, 

dNb(S21) ≈6.2 nm,  dNb(S22) ≈7.8 nm,  and dNb(S23) 

≈14.1 nm. 

 

The oscillation of the critical temperature measured for 

the S/F couple with S=Nb and F=CuNi, which we used in 

our first investigations, are clearly visible and well 

described by the Tagirov’s theory (Fig. 5). For sample 
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series with fixed dS= 14.1 nm, the Tc(dF) dependence 

only shows a slight suppression with a shallow minimum. 

A reduction of dS (to 8.3 nm and 7.8 nm) yields Tc(dF) 

curves with a strong suppression of superconductivity and 

a deep minimum. For even lower value of dS = 7.3 nm 

superconductivity vanishes for a certain range of dF and 

then restores again, i.e. reentrant superconducting 

behavior is observed and for value of dS= 6.2 nm for the 

first time the periodic-reentrant superconducting behavior 

phenomenon was detected [15], predicted by the theory of 

quasi-LOFF state. 

III. F/S TYPE SAMPLES 

The S/F bilayers may be regarded as the first building 

block of the superconducting spin valve. The next non-

trivial problem on the way to the fabrication of the spin 

valve is the deposition of high quality 

Ferromagnet/Superconductor bilayers, where now the 

ferromagnet has to be grown on the Si substrate and the 

superconductor on top of the F material. As in previous 

cases to fabricate a series of F/S samples with variable 

layer thickness at the same run, with identical deposition 

conditions for all samples in the series, we applied our 

wedge technique described in detail [16, 17]. Immediately 

after, an ultra-flat superconducting niobium layer of 

constant thickness is deposited, making use of our 

custom, rotating target technique. Afterwards, the 

Cu41Ni59-wedge/Nb bilayer was coated by a thin 

amorphous Si cap-layer to prevent degradation at ambient 

conditions (see fig. 6). 

 

 

 

 

 

 

Figure 6. A sketch of F (wedge)/S(const) structure. 

 

As a previous case for determination of the thickness of 

the Cu1-xNix and Nb nanolayers of the samples, 

Rutherford Backscattering Spectrometry (RBS) was 

applied. The results of such evaluation for series FS233 is 

shown in Fig. 7. The thickness of the niobium film is 

nearly constant at a value of dNb(FS 233) = 7.5 nm (-0.4 

nm +0.3 nm). The Cu1-xNix layer thickness decreases 

from 32 nm to 1 nm. The nickel concentration in the Cu1-

xNix alloy varies by +1 at.% to -2 at.% around the 

average value of 58 at.% with a slight decrease of nickel 

content towards the thin end of the wedge. 

 

 

 

 

 

 

 

 

 

Figure 7. Results of the RBS measurements for the 

thickness of the Cu1-xNix and Nb layers, respectively, 

together with the nickel content, x. 

 

The resistance measurements of the F/S bilayers were 
performed like for S/F type of samples. In Fig. 8 the 
dependence of the superconducting transition temperature 
on the thickness dCuNi of the ferromagnetic alloy is 
shown for different fixed thicknesses dNb of the 
superconducting layer. For dNb= 7.5 nm (sample series 
FS233) the critical temperature Tc shows a non-
monotonic behavior, beginning with a decrease, then a 
minimum is reached, and subsequently the critical 
temperature rises again. If the thickness of the flat 
superconducting layer is further decreased to dNb= 6.8 
nm a quite unusual behavior is observed (sample series 
FS2406). For increasing dCuNi the critical temperature 
initially steeply drops towards zero at dCuNi ≈4.0 nm, i.e. 
the superconductivity is fully suppressed. After a further 
increase of dCuNi to a value of about 17.4 nm the 
superconducting state recovers. This is a reentrant 
behavior of the superconducting state predicted by theory 
[10]. In sample FS712, dNb is further reduced to an 
average value about 6.3 nm. It is close to the critical value 
dNbcr ~6.2 nm below which the superconductivity of Nb 
film is fully suppressed if the Cu41Ni59 alloy layer is 
sufficiently thick. As a result, upon increasing dCuNi, the 
critical temperature Tc steeply drops to zero and remains 
vanishing for any dCuNi ≥4 nm. 

Our results for F/S bilayers have been achieved for 
different thicknesses of the functional layers compared 
with the S/F bilayers. 

 

 

 

 

 

 

 

 
Figure 8. Critical temperature Tc of Nb/Cu41Ni59 

bilayers as a function the thickness dCuNi. 

IV. F/S/F –TYPE SAMPLES 

The next big breakthrough was the combining of two 

shapes S/F and F/S type in single F/S/F sample [18] – the 

core structure of superconducting spin valve.  

Applying our wedge technique, described in detail 

earlier, we fabricated two types of sample series (Fig. 9). 

In the first one, (a “single wedge” geometry, see Fig. 9 a)) 

the bottom F-layer (Cu41Ni59 grown on the Si buffer layer) 

has a constant thickness as well as the subsequently 

grown S-layer. The F-layer on top has a wedge like shape. 

The second type (“double wedge” geometry, see Fig. 9 

b)) of sample series consists of two Cu41Ni59 wedges 

separated by a Nb layer of constant thickness. 

 
Figure 9. The F/S/F geometry consists of two copper-

nickel layers which enclose a niobium film: a) single 
wedge geometry: Bottom Cu41Ni59 layer (“CuNi-B”) kept 

at a constant thickness. Top Cu41Ni59 layer (“CuNi-T”) 
wedge-type. b) Double wedge geometry: Both Cu41Ni59 

layers are wedges. The symmetric situation is drawn, 
where the slope of both wedges is the same. In both  
geometries the thickness of the Nb layer is constant. 
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How in previous cases – for composition and thickness 

analyses the RBS was performed. It’s important to note – 

the structures comprise two practically identical CuNi 

layers, and the technology of measurement and treatment 

of dates was slightly modified and combined with TEM 

data (for a little more details see [18]). 

In Fig.  10 a) the results of a RBS evaluation are shown 

for the single wedge geometry (sample series FSF1). The 

thickness of the layers (CuNi-Top, CuNi-Bottom and Nb) 

has been plotted as a function of the sample number, i.e. 

the distance from the thick end of the Cu41Ni59 alloy 

wedge. The bottom CuNi alloy film as well as the Nb film 

have nearly constant thickness.  In Fig. 10 b) a similar 

representation is shown for the double wedge geometry. 

Again, the Nb film has a constant thickness, whereas the 

thickness of the CuNi alloy wedges change continuously 

along the sample series. It is remarkable that for a given 

sample the thickness of both CuNi alloy films is always 

nearly equal. 

 
Figure 10. Results of the RBS measurements for the 

thickness of the two Cu1-xNix and Nb layers between 

them, respectively. Some of the data points of the 

Cu41Ni59 are interpolated values between two RBS 

measurements; a) - Single wedge sample series FSF1; b) 

Double wedge sample series FSF5. 

 

For both types of sample series for a larger thickness of 

the S-layer an oscillation of the critical temperature is 

observed. Reducing the thickness of the Nb layer, then 

yields a reentrant superconducting behavior (see Fig. 11). 

 
Figure 11. Transition temperatures, Tc, of the 

investigated Cu41Ni59/Nb/Cu41Ni59 trilayer samples as a 

function of the thickness dCuNi of the Cu41Ni59 alloy 

layers. a) Single wedge sample series FSF1 and FSF2.  

Critical temperature as a function of the increasing 

thickness of the top layer dCuNi-T. b) Double wedge 

series FSF3 and FSF5 plotted as a function of the sum of 

the thickness of the bottom and top layer, dCuNi-

B+dCuNi-T. 

 

For samples FSF3 and FSF5 with a double wedge 

geometry a comparison with results obtained on S/F and 

F/S bilayers is possible, if we  divide the Nb thickness by 

a factor of two. Since in average dNb= 15.5 nm and 12.8 

nm for sample FSF3 and FSF5, respectively, we have to 

compare the behavior with bilayers having a Nb layer 

thickness of 7.8 nm and 6.4 nm.  For S/F and F/S bilayers 

indeed an oscillation of Tc is observed for samples with a 

niobium thickness of about 8 nm, whereas the Nb 

thickness of about 6 nm leads to reentrant 

superconducting behavior [15-18]. Moreover, also the 

range of dCuNi, AV =(1/2)(dCuNi-B + dCuNi-T) in 

which superconductivity vanishes in the reentrant case of 

sample series FSF5, is comparable to S/F and F/S 

bilayers. In the case of sample series FSF3 the minimum 

of the critical temperature is close to dCuNi, AV=6.8 nm, 

in agreement with S/F bilayers [16]. 

For the single wedge sample series FSF1 and FSF2 a 

direct comparison with bilayer measurements is only 

possible for the CuNi alloy thickness of the upper layer 

which is equal to the constant lower layer. For FSF1 and 

FSF2 this thickness is 9 nm and 6.2 nm, respectively, 

while dNb=10.9 nm and 15.5 nm, yielding 5.5 nm and 7.7 

nm, if dividing by two. For  the  FSF1  series  the critical 

temperature is zero  for  dCuNi-T=9 nm of the  top  layer, 

because the sample  series  shows  reentrant behavior.  

For the FSF2 series there is a minimum of the critical 

temperature at dCuNi-T =6.2 nm.  This sample series 

shows an oscillation of the critical temperature. In spite of 

the thickness of the Nb layers these observations coincide 

with the behavior of S/F bilayers [16]. 

 

V. CONCLUSION 

These experiments represent an important step towards 

the superconducting spin valve, which needs a 

Ferromagnet/Superconductor/Ferromagnet core structure 

with an oscillatory or, more optimal, a reentrant 

superconducting behavior to realize the theoretically 

predicted spin switch effect. 

Thus, we now have elaborated and successfully applied 

the basic experimental technique, necessary to start the 

proposed investigations. Together with the theoretical 

calculations of L. Tagirov and A. Buzdin, this opens the 

possibility to come to a deep understanding of the FFLO-

like state in S/F layered systems. 
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I. INTRODUCTION 

    CANopen is a communication protocol and device 

profile specification for embedded systems used in 

automation. In terms of the OSI model, CANopen 

implements the layers above and including the network 

layer. The CANopen standard consists of an addressing 

scheme, several small communication protocols and an 

application layer defined by a device profile. The 

communication protocols have support for network 

management, device monitoring and communication 

between nodes, including a simple transport layer for 

message segmentation/desegmentation. The lower level 

protocol implementing the data link and physical 

layers is usually Controller Area Network (CAN), 

although devices using some other means of 

communication (such as Ethernet Powerlink, 

EtherCAT). In the paper is proposed the 

implementation of the CANopen protocol for ground 

station antenna control. 

VI. CANOPEN PROTOCOL 

The basic CANopen device and communication 

profiles are given in the CiA 301 specification released by 

CAN in Automation. Profiles for more specialized 

devices are built on top of this basic profile, and are 

specified in numerous other standards released by CAN in 

Automation, such as CiA 401 for I/O-modules and CiA 

402 for motion control. 

Every CANopen device has to implement certain 

standard features in its controlling software. 

 A communication unit implements the protocols 

for messaging with the other nodes in the network 

 Starting and resetting the device is controlled via a 

state machine. It must contain the states 

Initialization, Pre-operational, Operational and 

Stopped. The transitions between states are made 

by issuing a network management (NMT) 

communication object to the device. 

 The object dictionary is an array of variables with 

a 16-bit index. Additionally, each variable can 

have an 8-bit subindex. The variables can be used 

to configure the device and reflect its environment, 

i.e. contain measurement data. 

 The application part of the device actually 

performs the desired function of the device, after 

the state machine is set to the operational state. 

The application is configured by variables in the 

object dictionary and the data are sent and received 

through the communication layer. 

 

 
Fig.1. Schematic overview of CAN and CANopen 

standards in the OSI network model. 

 

CANopen devices must have an object dictionary, 

which is used for configuration and communication with 

the device. An entry in the object dictionary is defined by: 

 Index, the 16-bit address of the object in the 

dictionary 

 Object name, a symbolic type of the object in the 

entry, such as an array, record, or simple variable 

 Name, a string describing the entry 

 Type, gives the datatype of the variable (or the 

datatype of all variables of an array) 

 Attribute, which gives information on the access 

rights for this entry, this can be read/write, read-

only or write-only 

 The Mandatory/Optional field (M/O) defines 

whether a device conforming to the device 

specification has to implement this object or not 

Communication between the network users and the 

Master (PC / Control) takes place by means of object 

directories and objects. The objects are addressed via a 16 

bit index. The CANopen communication profile DS 301 

standardizes the various communication objects.  
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    Abstract — The paper deal with high precision ground station antenna control and positioning using 

CANopen protocol. CANopen is designed for motion-oriented machine control networks, such as 
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CANopen message structure  

 The first part of a message is the COB ID 

(Identifier).  

 

 
Fig.2. CAN 2.0A ID. 

 

A CAN telegram is made up of the COB ID and up to 

8 bytes of data: 

 

 
Fig.3. CAN data format. 

 

CANopen, however, is facing a much tougher battle, 

since its major application range is now being attacked by 

the new Ethernet technologies. These CANopen legacy 

applications are:  

 Motion Control  

 Industrial Machine Control  

 

VII.    CANOPEN AT GROUND STATION ANTENNA 

     To achieve very high precision data acquisition such as 

antenna positioning data from 18-bit encoders need to use 

one of the methods of high speed data transfer, with a 

hardware error correction and is referred to as priority 

based bus arbitration. This is the CAN network 

(Controlled Array Network), a communication system to 

transfer data in environments with potential high 

electromagnetic fluctuations. 

 

 

 
Fig.4. Ground station at Technical University of Moldova 

 

We proposed this model for data transfer between the 

encoder and the main controller to make the whole system 

in an efficient way, such as connecting both encoders to 

CAN transceiver, meaning connect them in a network 

where we have a Master and 2 Slave 's as shown in Fig. 5.  

Each of slave download their data automatically in CAN 

registers, meaning to take less time to process data from 

encoders using the interrupt method and priorities 

allocation based on the identification code of each 

encoder. 

 

 
Fig.5. Diagram of the antenna control system. 

 

VIII. CONCLUSION 

Standardized profiles (device, interface and 

application profiles) developed by CiA members 

simplified for us the system design, so we can easily 

integrate a lot of sensors on the same bus, using 

identification numbers and PID’s. Off-the-shelf devices, 

tools, and protocol stacks are widely available at 

reasonable prices. For system designers, it is very 

important to reuse application software. This requires not 

only communication compatibility, but also 

interoperability and interchangeability of devices. Using 

CANopen protocol and AT90CAN128 microcontroller it 

was realized a working CAN network based on two high 

resolution Encoders and one microcontroller at speed of 1 

MBPS. 
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I. INTRODUCTION 

The microcavity exciton-polariton Bose-Einstein 
condensation (BEC) described in the Refs. [1-5] emerged in 
the last decades as a new promising direction of the exciton 
BEC in solids [6-9]. The polariton, whose notion was 
introduced by Hopfield [10], is a quasiparticle in solids with 
a half-matter and half-light composition. Their properties in 
microcavities were described in Ref. [11]. The cavity 
polaritons have integer spin and can reveal bosonic 
properties responsible for stimulated scattering, polariton 
lasing, Bose-Einstein condensation (BEC) and 
superfluidity [12]. In recent years much attention is attracted 
to the complexity of the phenomena related to the influence 
of the external magnetic field on the microcavity polaritons 
[12-17]. There is a rich variety of nonlinear effects induced 
by magnetic field. One of them is the Zeeman splitting of the 
exciton eigenstates when the magnetic field is applied in 
Faraday geometry [12, 13] as well as the suppression of the 
polariton superfluidity and spin Meissner effect [14, 16]. The 
evolution of the circularly polarized nonequilibrium Bose-
Einstein condensates of spinor-polaritons in the excited spin 
state at 3 TB  , and in the ground spin state at 3 TB   was 
studied [15]. The TE-TM splitting of the cavity modes [12] 
and the Faraday rotation of the plane polarization of the light 
passing through the microcavity was observed 
experimentally. The change of the relative weights of 
photonic and excitonic components within the given state 
depending on the strength of the magnetic field [17] was 
investigated theoretically. The combined exciton-cyclotron 
resonance in quantum wells (QWs) was studied in 
Refs. [18, 19] in a strong magnetic fields exceeding the  

 
 

binding energies of the 2D Wannier-Mott excitons and of 
magnetoexcitons. 

A comprehensive review by Savona et al. [20] gives the 
theoretical analysis of the optical properties of 
semiconductor quantum wells (QWs) embedded in a planar 
Fabri-Perot (F-P) microcavity. F-P resonator is a simplest 
structure for the confinement of the electromagnetic field 
(EMF). The planar F-P resonator has the parallel mirrors 

separated by some dielectric spacer with thickness cL  and 

refraction index cn , inside of which the QW with much 

smaller width QWL  may be embedded. 

The high finesse semiconductor microcavities with 
distributed Brag reflectors and feasibility to obtain the 
needed information were performed. The EMF can exist 
inside F-P resonator in the condition of a constructive 
interference between the successive passes of the 
propagating waves. 

Following the Ref. [20] we will consider the two-

dimensional (2D) exciton with frequency ||( )ex k  and 2D 

wave vector ||k  oriented in the plane of the QW interacting 

with the photon propagating in the three-dimensional (3D) 

space with an arbitrary oriented wave vector || 3 zk k a k  , 

where 3a  is the unit vector perpendicular to the QW plane. 

The photon energy in the media with refraction index cn  has 

the dependence 
2 2

|| ||( ) ( , ) ( / )z c zk k k c n k k    , where 

c  is the light velocity in vacuum. Due to the translational 
symmetry along the QW plane the exciton-photon 
interaction obeys the conservation law of the in-plane wave 

vector ||k . 
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The polaritons in microcavity were discussed in Ref. [20]. 
Their energy spectrum is represented in fig. 2. 
Recently [12-17] the investigations of the microcavity 
polaritons under the influence of a magnetic fields were 
initiated. The external magnetic field is oriented along the 
axis of the microcavity and it is perpendicular to the surface 
of the semiconductor quantum well (QW) embedded inside 
the resonator. Until recently magnetic fields about 2-3 T 
were used [15]. They are not too high, and the two-
dimensional (2D) excitons did not change their electron 
structure remaining the Wannier-Mott excitons, but with 
Zeeman and diamagnetic effects. In the presence of a strong 
magnetic field about 10 T, the electron-hole (e-h) pairs in 
GaAs QW will form the magnetoexcitons with completely 
different structure and interaction between them. The 
Hamiltonian of the electron-radiation interaction in the 2D 
electron structures of the type GaAs QWs in a strong 
perpendicular magnetic field describing only the band-to-
band quantum transitions was obtained in Ref. [18]. Here the 
electrons of the p -type valence band situated on the given 

Landau levels undergo quantum transitions to the s -type 
conduction band on another levels of Landau quantization. 
Such Hamiltonian may be interpreted as describing the 
creation and annihilation of the e-h pairs with definite 
numbers of Landau levels occupied by the partners of the 
pair. The transitions are accompanied by the creation or 
annihilation of the photons. 

Contrary to this approach in Ref. [17] was proposed the 
physical model based on the semiconductor QW but with the 
intra-band instead of inter-band quantum transitions. In fact 
these two approaches are complementary each other. The 
aim of Ref. [17] was to determine the conditions of the Bose-
Einstein condensation (BEC) of 2D magnetopolaritons in a 
trap. For this purpose the Hamiltonian describing the 
interaction of 2D electrons in the condition of intra-band 
excitation with the photons confined by the microcavity was 
derived. The mixed magnetoexciton-photon states named 
magnetoexciton-polaritons or magnetopolaritons were 
introduced. But these new states happened to be related in 
Ref. [17] with the intra-band and not with the inter-band 
excitations in QWs. It was shown that the effective polariton 

mass increases with the magnetic field strength B  as 
1/2 ,B  

whereas the critical temperature of the BEC of intra-band 

magnetopolaritons in a trap decreases as 
1/4.~cT B

 It 

increases with the increase of the spring constant of the 
parabolic trap. The constant of the magnetoexciton-photon 
interaction, which determines the Rabi splitting of the intra-

band magnetopolariton branches is proportional to 
1/2B

 in 
graphene, while in a QW it does not depend on the magnetic 
field when it is strong [17]. The last result concerning the 
QW has to be compared with the results of Ref. [18], where 
the inter-band quantum transitions were considered. In the 
last paper it was shown and will be demonstrated below that 

the Rabi frequency is proportional to 
1/2.B  

As was mentioned above the apparent contradiction 
between two papers can be resolved if one takes into account 
that in Ref. [17] the intra-band quantum transitions in fact 
were considered. They are relevant for the graphene-type 
structures with a small band gap in comparison with the 
cyclotron energy. One can remember and it will be 
underlined below that the inter-band optical transitions are 
characterized in the absence of the magnetic field by the 

matrix element cvP  calculated with A  perturbation using 

the periodic parts of the electron Bloch functions. They 
determine also the band gap of the semiconductor QW. The 
"strong" magnetic field is strong only in comparison with the 

exciton binding energy but it is very weak in comparison 
with the band gap in GaAs-type QWs. The matrix element 

cvP  will be not changed by the "strong" magnetic field and it 

must be present in any theoretical calculations of the optical 
inter-band quantum transitions in semiconductors. Only in 
the case of intra-band quantum transitions the periodic parts 

of the same band Bloch functions without AP  perturbation 

give rise to normalization integral. In this case the AP  
perturbation is calculated with the envelope functions 
determined by the Landau quantization functions with 
quantum numbers n  and 'n , which differ by unity. Exactly 
this variant was realized in Ref. [17] and was not considered 
in Ref. [18]. Instead of it we consider for the first time the 
magnetoexciton-photon interaction related to the band-to-
band optical quantum transitions. 

II. HAMILTONIAN OF THE MAGNETOEXCITON-
PHOTON INTERACTION 

In the Ref. [18] the Hamiltonian of the electron-radiation 
interaction in the second quantization representation for the 
case of two-dimensional (2D) coplanar electron-hole (e-h) 
system in a strong perpendicular magnetic field was 
discussed. The s -type conduction-band electrons with spin 

projections 1/ 2zs    along the magnetic field direction 

and the heavy holes with the total momentum projections 

3 / 2zj    in the p -type valence band were taken into 

account. Their orbital Bloch wave functions are similar to 

( )x iy  expressions with the orbital momentum projections 

1M    on the same selected direction. The Landau 
quantization of the 2D electrons and holes is described in the 
Landau gauge with oscillator type motion in one in-plane 

direction characterized by the quantum numbers en  and hn  

and with the free translational motion described by the uni-
dimensional (1D) wave numbers p  and q  in another in-

plane direction perpendicular to the previous one. The 

electron and hole creation and annihilation operators , ,z es n pa

, , ,z es n pa , and , ,z hj n qb , , ,z hj n qb  were introduced 

correspondingly. The Zeeman effect and the Rashba spin-
orbit coupling are not taken into account below. 

The electrons and holes have a free orbital motion on the 
surface of the layer with the area S  and are completely 

confined in 3a  direction. The degeneracy of their Landau 

levels equals to 
2
0/ (2 )N S l , where 0l  is the magnetic 

length. In contrast, the photons are supposed to move in any 
direction in the three-dimensional (3D) space with the wave 

vector k  arbitrary oriented as regards the 2D layer as it is 
represented in the Fig. 1 reproduced from the Ref. [18]. 

There are three unit vectors 1a , 2a , 3a , the first two being 

in-plane oriented whereas the third 3a  is perpendicular to 

the layer. We will use the 3D and 2D wave vectors k  and 

||k  and will introduce the circular polarization vectors M  

for the valence electrons, heavy holes and magnetoexcitons 
as follows 
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Fig. 1. The reciprocal orientations of the circularly 

polarized vectors 
k

  and M , reproduced from the 

Ref. [18]. 
 

 
Fig. 2. Two branches of the cavity polaritons, reproduced 

from the lecture [21]. 
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The photons are characterized by two linear vectors ,k je  or 

by two circular polarization vectors 
k

   obeying the 

transversality conditions: 
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(2) 
The photon creation and annihilation operators can be 
introduced in two different polarizations as follows 
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(3) 

The reciprocal orientations of the circular polarizations 
k

   

and M  will determine the values of the scalar products 

( · )Mk
   . The electron-radiation interaction describing only 

the band-to-band quantum transitions with the participation 
of the e-h pairs in the presence of a strong perpendicular 
magnetic field was obtained in Ref. [18] and can be used as 
initial expression for obtaining the interaction of 2D 
magnetoexcitons with the electromagnetic field. Following 
the formula (12) of Ref. [18] we have 
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(4) 

Here volume V  of the 3D space can be represented as the 

product zV SL , where zL  is the size of the 3D space in 

the direction 3a . In the case of microcavity z cL L . The 

matrix elements cvP  of the band-to-band quantum transition 

are determined by the formula (A7) of Ref. [18]. In the case 
of conduction and valence bands of different parities it is 
assumed to be of allowed type according to the classification 
of Elliott [22, 23] and does not depend on the wave vectors. 

The functions  , ; , ;e h x yn p n p k k   were determined by 

the formula (A11) of Ref. [18] and are also listed below 
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(5) 

where ( )
en y  and ( )

hn y  are the Landau quantization 

functions, whereas the functions , , ( )c s gU   and 

, , , ( )
xv p x g kU   are the periodic parts of the electron Bloch 

functions in the conduction and valence bands. The last 

integral in the case || 0k   is the normalization or 

orthogonality integral. The dipole active transitions ( || 0k  ) 

take place only in the case when e hn n . It means that the 

2D magnetoexciton can be created in the dipole-active 
transition only if it is constructed by the electron and hole on 

the Landau levels with the same quantum numbers e hn n . 

In other words, the valence electron from the Landau level of 

quantization with a given number vn  can be excited by light 

in the conduction band only on the level of Landau 
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quantization with the same number c vn n . It is true only 

for the dipole-active transitions. In the case of quadrupole-
active transitions when the amplitudes of the quantum 
transitions (5) are proportional to the projections of the wave 

vector ||k  the selection rules are 1e hn n  . Instead of e-h 

pair representation (4) we have introduced the 
magnetoexciton creation operator depending on the wave 

vector ||k , on the orbital momentum projection M  and on 

the Landau quantization numbers n  and m  [24, 25] as 
follows 

2
0† † †

||
, , , ,

2 2

1
( , , , ) ; .y

x x
z z

ik tl

ex z zk k
s n t j m t

t

k M n m e a b s j M
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(6) 
The obtained Hamiltonian in the magnetoexciton 
representation looks as 
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(7) 
The interaction constant in the case of dipole-active 

transitions is proportional to 01/ l  and increases as B  

when the magnetic field strength B  increases. In the case of 
quadrupole-active transitions it does not depend on ,B  but is 

proportional to ||| |k . The first two resonance terms describe 

the annihilation of the photon with circular polarization 
k

   

and the creation of the magnetoexciton with the circular 

polarization M  and vice versa. The abilities of the photon 

to effectuate these transformations are determined by the 

scalar products  *· .Mk
   The next two addenda are the 

anti-resonance terms describing the simultaneous creation or 
annihilation of the both partners namely of the photon and of 

the magnetoexciton with opposite sign 2D wave vectors ||k  

and ||k , and with opposite sign orbital momentum 

projections M  and M . 
Side by side with the electron-radiation interaction of the 

type ( )·

i

i iA r   taken into account above there is also 

another interaction term proportional to the square of the 

vector potential ( )iA r  of the electromagnetic field in the 

form 2 ( )i

i

A r . It gives rise to a supplementary quadratic 

form in the photon operators containing the resonance and 
anti-resonance terms [23], which were neglected. 

The interaction Hamiltonian must be supplemented by the 

Hamiltonian 0H  of the free magnetoexcitons and photons 
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where || ||( , , , ) ( , , , )ex exE k M n m k M n m  is the energy of 

the 2D magnetoexciton. It contains the contributions of the 

cyclotron energies ce chn m   of the e-h pair forming 

the magnetoexciton and of the Coulomb e-h interaction in 
the presence of a strong magnetic field. The cyclotron 

frequencies ce  and ch  increase linearly as a function of 

B , whereas the Coulomb energy increases as a B  in the 
same way as the constant of the magnetoexciton-photon 
interaction. We supposed that the Coulomb e-h interaction 
leading to the formation of the magnetoexciton is greater 
than the magnetoexciton-photon interaction leading to the 
formation of the magnetopolariton. It means that the 
ionization potential of the magnetoexciton 

2
0( ) / 2lI e l  , where   is the dielectric constant, is 

greater than the Rabi energy | |R  introduced in the next 

section. The magnetoexciton energy does not depend on M  
when the Zeeman effect is not taken into account. The 
photon frequency depends on the 3D wave vector 

2 2
||( ) zk

c n k k   . The full Hamiltonian describing the 

magnetoexciton-polariton is 

0 .magex phH H H         (9) 

III. MAGNETOEXCITON-POLARITON IN 

MICROCAVITY 

The dispersion law of the magnetoexciton polariton in a 
rotating way approximation and in the case of dipole-active 
transitions can be obtained neglecting by the anti-resonance 

terms and all corrections proportional to ||k  in the case 

0e hn n  . When zk  and zL  have the well defined values 

as in the case of microcavity namely z cL L  and 

/z ck L  the Rabi frequency in the case of dipole 

transition is: 

           
0 0

1
| | | (0) | .R cv

c k

e
P

m l L



     

(10) 
In the case of quadrupole transitions a supplementary factor 

|| 0| |k l  appears and R  is proportional to ||| |k  but do not 

depend on magnetic field strength. 

In the Faraday geometry, when the wave vector k  is 

oriented along the axis of microcavity, 3( / )ck a L N , the 

light with circular polarization 
k

   (
k

  ) excites only he 

magnetoexcitons with the orbital quantum number 1M   (

1M   ). This alignment of the magnetoexcitons is the 
manifestation of the optical orientation phenomena. In the 

case of slight deviation of the light wave vector k  from the 

Faraday geometry with ||| | / ck L , the mentioned above 

orbital selection rule is only approximately true. A second 
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magnetoexciton state will be also excited, but with a much 
smaller amplitude, so that it will be neglected below. 

The terms of the Hamiltonian (7) with the given wave 

vector ||k  may be separated. To simplify them we use the 

following denotations: 

||
|| || ||, / , ,

ˆ ˆ( , ,0,0) ( ); ( );
c

ex ex k L k
k M k C C C k

  
     

||
|| || ||/ ,
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ex ex phk L k
E k M k k


         

(11) 
The equations of motion in this approximation are 
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For the stationary conditions they are 

|| || ||
ˆ( ( ) ) ( ) ( ) 0ex ex Rk k C k       

     || || ||( ( ) ) ( ) ( ) 0.ph R exk C k k          

(13) 
Their solutions give rise to magnetoexciton-polariton 
dispersion branches 
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which are fully consistent with Refs. [5, 20]. 
The matrix element of the band-to-band quantum transition 

| |cvP  may be expressed through the oscillator strength exf  of 

the optical quantum transition from the ground state of the bulk 
crystal to the 3D Wannier-Mott exciton state using the formula  

2 2 2 3 3
0 0 0 0v(2 ) | (0) | | (0) | ; | (0) 1 ) v| ( ; ,ex g cv ex ex exf m E P a a    

where gE  is the semiconductor energy gap, 0v  is the volume 

of the lattice cell and (0)ex  is the wave function of the 

relative e-h motion with the Bohr radius exa . If one supposes 

the parameters of the GaAs-type crystal ~ 1.5 eVgE , 

6~10  cmexa 
, 

8
0 ~ 2 10  cma   and 

6~ 10exf 
, the value 

20| (0) | 2 10  g cm/seccvP    will be found. Together with the 

parameters of the light ~k gE , resonator 

54 10  cmcL    and magnetic field strength 
6

0 ~ 10  cml 
 

the Rabi frequency of the order of magnitude 
12 -1~ 10  secR  

was calculated. 
IV. CONCLUSION 

The Hamiltonian describing the interaction of the two-
dimensional magnetoexcitons with the photons 
propagating without confinement in an arbitrary direction 
of the three-dimensional space was deduced. Only the 
inter-band optical quantum transitions were taken into 
account. In this case the electron lying on the Landau 

level with quantum number hn in the p -type valence 

band is transferred under the influence of light on the 

Landau level with number en  in the s -type conduction 

band of the GaAs-type 2D layer and vice versa. The 2D 
electron-hole pairs and magnetoexcitons arising in these 

conditions are characterized by the numbers en  and hn  

of the Landau quantizations, by the orbital momentum 

projection M  of the hole in the frame of p -type valence 

band and by the resultant 2D wave vector ||k  of the 

electron-hole pair and magnetoexciton. The light is 
characterized by two components of the wave vector 

|| 3 zk k a k  , where one is in-plane component ||k  and 

another one is oriented perpendicularly to the layer plane. 
When the semiconductor layer is embedded into the 

microresonator the zk  component of the light wave 

vector becomes quantized ( / )z ck L N , where cL  is 

the length of the resonator and 1N   , 2  . 
The Rabi frequency which characterizes the 

magnetoexciton-photon interaction is proportional to the 

matrix element (0)cvP  in the case of allowed-type band-

to-band quantum transitions. The selection rules are 

e hn n  and 1e hn n   for the dipole and quadrupole 

quantum transitions correspondingly. The Rabi constant is 

proportional to B  in the case of dipole transitions and 

does not depend on B  in the case of quadrupole 
transitions. 

The dispersion laws of the magnetopolaritons in 
microcavity were deduced. The estimations of the 
relevant parameters were presented. 
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I.  INTRODUCTION 

In uniaxial birefringence crystal are observed two 

refractive index (no and ne) with its dispersion curves, that 

can intersect at a certain wavelength. Phenomenon of 

intersect the dispersion curves no and ne observed in the 

crystals due to the fact that as the light energy from the 

minimum band gap, change the nature of the electronic 

transition. At what is the wavelength of the ordinary and 

extraordinary waves are aligned in phase. If the crystal 

performed phase condition, the energy transfer can take 

place from one mode to another, orthogonally polarized. 

It is assumed that there is an element of communication 

between the modes. The phenomenon of energy transfer 

between modes, the conversion of energy between the 

modes is performed in all the known anisotropic crystals, 

including crystals CuGaS2 [1-3]. 

II. EXPERIMENTAL RESULTS AND 

DISCUSSION 

As we move away from the absorption edge to longer 

wavelengths the absorption for polarization EIIc 

decreases more sharply than that in polarization Ec. At 

certain wavelength  0 absorption curves intersect, and 

hence the curves n. Propagating through the crystal light 

with a wavelength   =  0 occurs with transfer energy out 

mode, polarized as no (or ne) in the mode, polarized as ne 

(or no), i.e. in the isotropic crystals is observed interaction 

between two orthogonally polarized modes. 

Figure 1 shows the transmission spectra of the crystal 

thickness 4.5 mm in the EIIc and Ec polarizations. The 

figure shows that the curves of the transmission spectra 

intersect in the region at wavelengths 641.9 nm ( 01) and 

526.6 nm ( 0). Calculations of the refractive indices for 

ordinary n0 (EIIc) and extraordinary ne (Ec) rays, 

confirmed the presence of isotropic wavelengths at 637 

and 526 nm.    

\ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Transmission spectra of the crystals CuGaS2 

thickness 4.5 mm for the EIIc and Ec polarization at 

300K and spectral dependence of the refractive indices for 

ordinary n0 (EIIc) and extraordinary ne (Ec) rays in the 

CuGaS2 crystals (thickness crystals is 4.5 mm) 

On the propagation of ordinary and extraordinary 

waves in birefringence crystals an important role is are 

refractive indices ne, no, real ε1 and imaginary ε2 parts of 

the complex dielectric constant for these waves. 

Depending on these parameters varies the amplitude and 

phase of the reflected light. The spectral dependence of 

the reflection coefficient R, absorption coefficient K, 

phase of the reflected light ф and spectral dependence of 

the real ε1 and imaginary ε2 parts of the complex dielectric 

constant for EIIc polarization (4 exciton) in the crystals 

CuGaS2 were investigated in the works [1, 2]. In the 

region "bottleneck" phase of the reflected light varies 

from -0.25 to -0.7, i.e. almost 70-80°. The absorption 

coefficient K to the calculation of the reflection spectra 

has a maximum value of 10
6
 cm

-1
 for the values of 

transversal exciton frequency ωT. 

The phenomenon of spatial dispersion, i.e. depending 

optical functions on the orientation of the wave vector K 
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in the space of the crystal are an important role in 

gyrotropic crystals. Figure 2 shows the change the 

amplitude of the reflection spectra at different angles of 

incidence and reflection on two different crystal surfaces 

CuGaS2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. The spectral dependence of the reflection 

coefficient R for 4 exciton at different angles of 

incidence and reflection in crystals CuGaS2. 

 

In these experiments, the polarization of radiation 

remained unchanged but changes the direction of the 

wave vector K with respect to the crystal axes. The 

amplitude of the contour of the reflection spectra were 

calculated using the dispersion relations (solid curves in 

fig.2). Figure 2 shows that increasing the angle between 

the crystal axis b and the wave vector k the gradient of the 

long-wave amplitude of the reflection spectra of the 

shoulder is reduced. This means that the reduced value of 

the translational mass M 4 exciton (Table 1). Increasing 

the angle between the axis of the crystal a and wave 

vector k in the reflection spectra with the surface (b×c) 

leads to approximately the same changes in the mass M. 

 

 

 

 

 

 

 

TABLE I.  PARAMETERS OF EXCITON POLARITONS AT 

CHANGE THE DIRECTION OF PROPAGATION OF THE LIGHT 

WAVE K. 

Surface 

(bxc) 
from  

kIIa at 

45о 

Phase, 

фo 
εb ωo, eV ωL, eV 

Г, 

mev 
M, mo 

3о 8,3 2,501 2,503 0,3 2,2 

30о 8,3 2,501 2,804 0,3 2,3 
45о 8,3 2,502 2,505 0,4 2,5 

Surface 

(axc) 
from 

KIIc 

at 65о 

4о 8,8 2,502 2,504 1,3 2,5 
15о 8,8 2,502 2,504 1,6 2,4 
30о 8,8 2,502 2,503 1,9 2,4 
50о 8,8 2,500 2,502 2,5 2,3 
65о 8,8 2,499 2,502 2,8 2,2 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. The spectral dependence of the refractive index n 

and the phase  of ф the reflected light in crystals CuGaS2 

for 4 excitons at different angles of incidence and 

reflection of the light on the surface of the crystal (i.e, 

depending on the direction of the wave vector K). 
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Fig.4. The spectral dependence of the real ε1 and 

imaginary ε2 parts of the complex dielectric constant of  

4 excitons in CuGaS2 crystals at different angles of 

incidence and reflection of the light on the surface of the 

crystal (i.e., depending on the direction of the wave vector 

K). 

For 4  excitons in CuGaS2 crystals at different angles 

of incidence and reflection of the light on the surface 

(a×c) of the crystal (i.e., depending on the direction of the 

wave vector k) varies as the spectral dependence of the 

refractive index n and the phase of the reflected light ф, 

fig. 3. The spectral dependence of the real ε1 and 

imaginary ε2 parts of the complex dielectric constant of 4  

excitons in  CuGaS2 crystals at different angles of 

incidence and reflection of the light on the surface (a×c) 

of the crystal (i.e., depending on the direction of the wave 

vector K) also varies significantly, and especially when 

angles of 65 °, fig.4. 

The use of filters based on isotropic wavelength give a 

definite advantage when measuring Raman spectroscopy. 

For widespread use of narrowband filters in Raman 

spectroscopy and in other areas of optical spectroscopy to 

find semiconductor crystals with isotropic wavelength λo 

which coincides with the emission lines of the existing 

lasers. The dependence of the isotropic wavelength λo 

(center bandwidth) filter made of solid solutions 

CuGaxAl1-xS2 the parameter X is shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Dependence of λo and Eg at X parameter in 

solid solution CuGaxAl1-xS2 

 

This figure also shows the wavelength of the emission 

line Ar
+
 and He-Ne lasers and needed a solid solution that 

will have an isotropic wavelength λo appropriate 

wavelength lasers. For the wavelength 632,8 nm can be 

used near the solid solution composition CuGa0.95Al0,05S2. 

The thickness of the plates determined from the 

experimental results of the birefringence and optical 

activity. Thickness and composition was adjusted so that 

the filter has a maximum transmission lines 

corresponding to the laser. Filters narrowing bands Ar
+
 

laser radiation can be made of the composition X = 0.35-

0.53. 

CONCLUSION 

Filters made on the basis of solid solutions CuGaxAl1-

xS2 will measure Raman scattering near the line of 

emission lines Ag
+
 and He-Ne lasers and Raman 

spectroscopy used to single monochromator instead of a 

double or triple spectrometer. Such filters are critical 

narrow broad band lasers. 
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I. NTRODUCTION 

Topological insulator represent another class of states 

that are topologically distinct from simple band insulators. 

They are symmetric under time reversal, and can 

therefore be realized experimentally without magnetic 

field. 

It is known that Bi1-xSbx alloys demonstrated the 

topological nature of surface state. The surface states of 

pure Bi and Sb have been intensively studied 

experimentally and theoretically [1-5]. 

The semiconducting alloy of Bi and Sb is an example 

of 3D topological insulator [1, 3]. Authors [1, 3] 

developed a theory to analyze the topological nature of 

the surface state in Bi1-xSbx alloy. The first 3D topological 

insulator to be identified experimentally was the 

semiconducting alloy Bi1-xSbx, whose unusual surface 

bands were mapped in an angle- resolved photo emission 

spectroscopy (ARPES). In work a systematic study of the 

surface state of Bi1-xSbx alloy on quantitative first – 

principles calculation. However, clear discrepancies exist 

between the theory and the experiment about the surface 

state [3].  

At Sb concentration (0< x< 0.2), alloys Bi1-xSbx is a 

semiconductor with an inverted band spectrum [6]. In 

nanowires with an inverted spectrum, a topological 

insulator (TI) state occurs; it is a novel state of quantum 

matter. 

The demonstrating the enhancement of the 

thermopower (Seebeck coefficient) in quantum wires is a 

subject of intense investigations both theoretical and  

 

 

experimental [4, 5, 7, 8]. Bi and Bi1-xSbx nanowires are 

particularly interesting because Bi are a good 

thermoelectric due to its low carrier effective mass and its 

high atomic mass.  

Bismuth antimony alloys have long been studied for 

their thermoelectric properties [9]. Substituting bismuth 

with antimony changes the critical energies of the band 

structure. At an Sb concentration of x 0.04, the gap  

between Lc and Lu closes and gap less state is realized. As 

x is further increased this gap reopens with an inverted 

ordering. For x> 0.07 the top of the valence band at T 

moves below the bottom of the conduction. At x~0.09 the 

material is a direct gap semiconductor. 

Bulk Bi1-xSbx is semiconducting for 0.08< x<< 0.22, 

with a maximum band gap at x= 0.17 and displays its best 

TE performance in this range [10]. 

Single crystal Bi1-xSbx nanowires in glass cover are the 

most suitable object for studied of the influence 

dimensional and surface state on electron transport and 

thermoelectric properties. 

II. SAMPLES 

Individual monocrystalline Bi-17at%Sb nanowires in 

glass capillary with diameter 100 nm – 1000 mm were 

prepared by liquid phase casting, using the improved 

Ulitovsky methods [11, 12]. The drop- temperature in 

glass (Pyrex) capillary was 1100 C and material Bi1-xSbx 

before with owning intensive stirring by high- frequency 

880 kHz electromagnetic field the whole technological 

process in carrier out in the argon atmosphere. Multiple 

horizontal zone recrystallization of the nanowires was 

used for the homogenization and to improve their 

Electrical And Thermoelectric Properties Of 

Semiconducting Bi1-XSbx Nanowires 

Abstract — In this paper we shall present the results obtained with measurements of transport effects in 

semiconducting Bi1-xSbx single crystal wires in glass cover, prepared by liquid phase casting, using the 
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structural perfection. 

According X-ray diffraction the Bi-17at%Sb wires are 

single crystal and have cleavage (111) forming in the 

angle 19.5 to the sample axes. 

Fig.1 Rotation angular diagrams of the transverse residual 

magnetoresistance R/R() of Bi-17at%Sb wires at         

T= 77 K, H=0.4 T: 1. d= 200 nm, 2. d= 900 nm. 

 

The fact that the Bi-17at%Sb wires with different 

diameters have the same orientation was verified by the 

rotation angular diagrams of transverse magnetoresistance 

(Fig. 1). We observed decrease in the anisotropy of the 

magnetoresistance with decreasing of the wire diameter d. 

III. RESULTS AND DISCUSSION 

The temperature dependences of electrical resistivities 

between 1.5-300 K of a series Bi-17at%Sb wires are 

shown in Figure 2. It is seen that at region at the room 

temperature the difference in the resistivities various 

diameters wires is small. At 77 – 100 K the difference is 

very pronounced. The change in R(T) with diameter  is 

more clearly reflected in the low temperature (4.2 K). For 

the wires with different diameters, the resistivity tend to 

increase with decreasing temperature indicating that these 

wires are semiconductors hawing narrow band gaps. But 

the behavior of the R(T) in the range 300 – 120 K and 120 

– 4.2 K is different for wires with different diameters. 

We have calculated the thermal energy gaps from the 

temperature dependence of resistivity with an assumption 

that the resistivity fallows an exponential low: 

 

       (
  

   
),    (1) 

 

were    is a const= 170 Ohm*cm, and     is the band 

gap. The results are shown on Figure 2 (inset). The 

present data indicates that Eg weakly increases with 

decreasing diameter, and Eg = 191 meV, as compared 

with values at bulk composition between 12-18at%Sb 

reported in papers [15, 16]. At T< 100 K character of the 

dependences R(T) significantly dependences from 

diameter wires d. 

 

 

 

 

 
Fig.2 Temperature dependence residual resistances 

R/R(T) of Bi-17at%Sb wires with  different  diameters: 

1. d=200 nm, 2. d=600 nm, 3. d= 900 nm. Inset: the 

dependence R from 10
3
/T. 

 

 

 

At low temperatures in the thin wires d= 200 nm (Fig. 

2, curve 1) a sharp deviation from exponential 

temperature behavior resistance R(T) is observed. With 

decreasing diameter of the wires deviation from the 

exponential dependence of R(T) occurs at higher 

temperatures and the dependence R(T) for the wire Bi-

17at% Sb with d= 200 nm similar to dependence R (T) 

semimetallic wires of pure Bi with d< 100 nm and 

semimetallic Bi1-xSbx wires with d< 300 nm [12,13,14]. 

In order to explain the experimental results of R(T) 

shown in Figure 1, we need to take the surface state into 

account. According to the this deviation correspond to a 

considerable influence of a metalized well conducting 

near surface layer formed from the surface states arising 

through a spin- orbital Rashba interaction in nanowires. 

We measure the field dependences resistance R(H) at 1.5-     

4.2 K and observed quantum oscillations only in thin Bi-

15at%Sb wires in longitudinal and transverse  directions. 

This fact indicates a essential contribution of surface 

states in electron transport a semiconducting Bi1-xSbx 

nanowires. 

The Seebeck coefficients (thermopower) of Bi-

17at%Sb wires along the wire axis are shown as a 

function of temperature in Figure 3.  

For all wires the thermopower are negative in all 

temperature region. It may be seen that the thermopower 

 the absolute value of which increases with decreasing 

temperature from 100 mV/K to about ~ 160 mV/K in area 

40-120 K and then decreases again with decreasing 

temperature up to 4.2 K. By contraыt, the thin Bi and 

semimetal Bi1-xSbx wires changes its sign from negative 

to positive formed the positive polarity peak at low 

temperatures(20-50 К) [13, 14]. 

We calculated the Power factor P.f.= 
2
, and its 

temperature dependence for all the wires used diameters, 

using date Fig. 2 and Fig. 3. The P.f. is shown as a 

function of temperature in Figure 3 (inset). 
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Fig. 3 Temperature dependence thermopower (T) of Bi-

17at%Sb wires with different diameters: 1. d= 200 nm, 2. 

d= 600 nm, 3. d= 900 nm. Inset: temperature dependences 

P.f.= 
2
(T). 

 

It should be mentioned that using combination 

semimetallic Bi1-xSbx wires and semiconducting Bi-

17at%Sb nanowires it has been possible to obtain n- type 

and p- type legs in thermoelectric device at low (30- 50 

K) temperatures and a maximum TE cooling at 40- 50 K. 

IV. CONCLUSION 

The electrical resistivity, thermopower and magneto-

resistivity has been measured with different diameter 

semiconducting Bi-17at%Sb nanowires in glass cover in 

the temperature range 1.5- 300 K in magnetic fields up to 

14 T, along the wire axis. 

From these date, the thermoelectric Power factor have 

been calculated. 

The interval temperatures in which investigated wires 

can be used as n-type legs in thermoelectric energy 

converters has been defined. 

It is established that temperature dependence of the 

resistance R(T) of thin wires Bi1-xSbx exhibit the 

properties of topological insulators. 

A considerable influence in electron transport a 

semiconducting Bi-17at%Sb wires of a metalized well 

conducting near surface layers was established. 
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I. THE SPACE INFLUENCE FACTORS 

 

Majority of satelits, which content many 

microelectronic devices, operate în  Low-Erth Orbit 

(LEO), other in    Geosynhronous Orbits (GEO) and very 

smol number in  Middle Orbits (MEO). In this conition 

solar cells and other semiconductor devices are effected 

by space influence factors: proton and electron radiation, 

large light spectrum, UV radiation and higher temperature 

[1]. 

 

 
Fig.1. Protons (1) and electrons (2) sun wind. 

 

The hihg-energy electron and proton sun wind, 

presented in fig. 1, can produce atomic dispacements in 

semiconductor materials and generate different latice 

defects wich enhaced process of microelectronic devices 

degradation; UV radiation and higher temperature 

produce generation-recombination process and 

degradation of lifetime and mobility of electron and halls. 

   

 

II.  SPACE SOLAR CELLS DEGRADATION 

 

  In acordance with SCM results for 10 years in space 

radiation environment the Si – SSC degraded by 

aproximativly 2% ich year and GaAs –SSC by 

aproximativly 1,5% in dependence of the cell thickness, 

cell strucrure, coverglass thickness, difference of 

electrods, fig.2 [2] 

 

 

 

 

 

 
 

Fig.2. The space radiation degradation of Si – solar cells [2] 

 

Experences demonstrated that Si-SSC doped with 

higher concentration of borum and oxigen (fig.3a) 

degradat mor intensive that samples with lower 

concentration; Si-SSC doped with Ga are mor stabil 

(fig,3b). For the Si-SSC  with base field reflection 

(BSFR)  rate of degradation is more that for Si –SSC 

without  base field (BSR) [3  ]. 

 

 

 
Fig.3. Degradation of Si – SSC: a) doped with diferent 

oxigen concentration, b) doped with Ga and B 

 

The SSC on the base of semiconductors A
3
 B

5
 ( GaAs, 

InP and  InGaP/GaAs) have highr radiation-resistance. 

Normalized efficiency  directly depends of bandgap 

energy  and damage coefficient for minority-carrier 

diffusion length and optical absorption coefficients [3]. 

         

Reliability and Mechanism of  Radiation 

Degradation of Microeletronic Devices 

Abstract — This review pape is destinated to investigation the mechanism and radiation degradation of 

microelectroic devices whith p-n junction, including Space Solar Cells (SSC) on the base of Si, GaAs, InP, 

InGaP/GaAs by using publicated experimental results of NASDA Engineering Test Satellite – V (ETS-V), 

Solar Cell Monitor(SCM) and other results publicated in different papers, γ-radiation degradation of MOS- 

devises on the base of high-k dielectrics (ZrO2/Si and HfO2/Si). 
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Reliability is higher for higher bandgup energy of 

seniconductors.  The maximum reliability have SSC from 

InP and semiconductor compounds concerning indium 

(In) and phosphorous (P) as component; for exemple, 

demange constant variats from 60 related units for GaAs, 

to 25 units for InGaAsP, to 15 units for InGaP and to 

0,1units for InP [4].  

       At last time increase attention to the high- efficiensy 

InGaP/GaAs 2-junction, 3-junction and multy-junction 

cells with conversion efficiency of 30% - 44%  under 

500x concentration [4,5]. 

 

III. THE γ - RADIATION 

DEGRADATION OF MOS - HIGH K-

DIELECTRICS ZRO2/SI, HFO2/SI 

For the new generation of nano-devices with nanoscale 

of gate thickness lower than  2nm conventional SiO2 

dielectric with low k - permittivity (3.9) cannot be used 

for fabrication of MOS/CMOS nanodevices due to the 

gate large tunneling current, low threshold voltage, high 

concentration of interface defects and low radiation 

reliability. Therefore replacement dielectrics need to be 

found. Zirconium oxide (ZrO2) and hafnium oxide (HfO2) 

with high-k permittivity (20 - 25) and high band gap 

energy (3.2 - 3.5) eV are the main candidate for 

replacement of SiO2.  

The influence of γ-radiation on  CV characteristics of 

ZrO2/nSi have been investigated at different dose from 

0.1Gy to 80Gy, fig.2. On the base of this experimental 

dates have been estimated the concentration of charge 

interface defects (∆Nif) by using the relation: ∆Nif = Ci 

∆Umg/qA, where Ci is capacity,  ∆Umg – middle gap 

voltage (threshold voltage), q - electron charge,  A - aria 

of capacitor; the radiation sensibility (∆Nif /∆D) and  

(∆Umg /∆D). 
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Fig. 4. The CV characteristics of ZrO2/SiO2/nSi before 

and  after  γ-radiation at different dose (0.1,  2.0, 20, 

80)Gy. 
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     As follow from fig.4 for ZrO2/nSi at the low dose 

from 0.1Gy to 40Gy the CV and threshold voltage Umg 

removed slowly from -1.33V to -1,4V with sensitivity of 

SL= ∆U/∆D = 1.7x10
-6

V/rad; at higher dose from 40Gy to 

80Gy they removed faster from 1.4V to 1.66V with 

higher sensibility SH= ∆U/∆D = 6.5x10
-6

V/rad, Fig.4. The 

estimated concentration of positive charge interface 

defects is equal to ∆Nif= 4x10
10

cm
-2

. This experimental 

data show that in structures ZrO2/nSi by γ-radiation have 

been excited two type of charge defects- with slow energy 

bond and with higher energy bond (low and high 

sensitivity- SL, SH).  

          The bidirectional shift of the CV characteristics 

under γ-radiation at dose from 0.1Gy to 80Gy have been 

obtained for HfO2/nSi [15]. Under low dose of 0.1Gy - 

2Gy (a) the CV characteristics shifts to positive threshold 

voltage from -2V to -1.1V, but at higher dose from 2Gy to 

16Gy (b) the CV characteristics returned to negative 

voltage,  In the low dose the negative charge defects 

concentration is equal to ∆Nif = 6.2x10
10

cm
-2

; the 

sensitivity ∆Nif /∆D = 4.4x10
6
cm

-2
rad

-1
and ∆UT 

/∆D=3.6x10
-5 

V/rad. For high dose the positive charge 

defects concentration is equal to ∆Nif=8.7x10
10

cm
-2

, the 

sensibility is ∆Nif /∆D = 4.3x10
7
 cm

-2
rad

-1
 and 

(∆UT/∆D=3.5x10
-4

V/rad. 

 

IV. CHARACTERISTICS OF INTERFACE 

TRAP - CHARGE DEFECTS IN ZRO2/NSI 

AND HFO2/NSI 
 

Bellow on the base of our experimental results and 

data from other publication we propose the models of 

interface trap-charge defects responsible for CV shift 

under gamma radiation of this structures.          

    Authors[19], by Auger method, have been observed 

that annealing of ZrO2/chemical SiOx layers in oxygen at 

temperature of 850 
0
C leads to the formation of ZrSixOy 

interfacial layer. Our sampls are selecte from the same 

sets of structures, with the same technology [16,19] and 

consists four layers, ZrO2/ZrSixOy/SiOx/Si, and three 

interfaces (ZrO2/ZrSixOy, ZrSixOy/SiOx, SiOx/Si).  In 

each interface can be formed different structural defects 

due to difference of inter-atom length of the  atom bonds. 

 

 
 

Fig.5. The structure and interface charges of 

ZrO2/SiO2/Si. 

 

     In accordance with [5] the inter-atom lengths (L) for 

different bonds have different values: LSio = 1.62A
0
 for 

(Si-O) bonds; for Zr-O is LZrO = 1.94A
0
 and for ZrSix – Oy 

is LZrSiO=2.29A
0
. In accordance with this data, on the base 

of our experimental results we suppos that in this 

structures there are presented at list three type of interface 

trap-charge defects:  the interface positive defects Q0
+ 

(SiOx)
+
 - conventional defects in SiOx/Si with bond 

length equal to 1.62A
0
 , interface positive trap-charge 

defects like donor centres Qd
+
 (ZrSixOy)

+
 with length 

2.29 A
0 

and interface negative trap-charge defects like 
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acceptor centres  Qa
- 
(ZrOx)

-
 with length equal to 1.94A

0 
. 

Initial, total defects charge in structure is: QT = Q0
+
 + Qd

+
- 

Qa
-
. This defects are distributed at interfaces of 

ZrO2/SiO2/nSi consecutively as follow: ZrO2/Qa
-
 (ZrOx)

-
 / 

Qd
+
 (ZrSixOy)

+
 / Q0

+
 (SiOx)

+
 / nSi. The value of each 

charge defect concentration depends of composite, 

technology and post growing thermal treatment of this 

materials. The analogical structure can be and for 

HfO2/nSi. 

      Bay this model is possible to explain the removing of 

CV characteristics and Raman spectra and mechanism of 

degradation under gamma radiation.   
 

V. CONCLUSION 

On the base of experimental results we disscused 

diferent mechanisms and models of SSC degradation 

including degradation of carrier lifetime, electron and 

hole concentration and parameters of n+ - p - p+ 

structures.     

        Degradation of the high k-dielectrics MOS- ZrO2/Si 

and MOS - HO2/Si is caused by restructuration at lower 

dose existing defects and by generation of the new 

positive charge defects at high dose of γ – radiation. 

. 
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I.  INTRODUCTION 

Bismuth antimony alloys are attractive both for 

theoretical investigations and for prospects in 

thermoelectric applications [1-3]. Recently special 

attention is paid to low dimensional structures, in 

particular nanowires and films based on bismuth and 

bismuth antimony [4, 5]. 

There are two types of size effects observable in low 

dimensional structure. The classical size effect, which is 

seen when the charge-carrier mean free path is 

comparable with or greater than the sample thickness, 

results in a resistivity which is higher than the bulk value, 

due to the additional scattering of the charge carriers at 

the sample surface. The quantum size effect, which 

manifests itself when the carrier wavelength is 

comparable with or greater than the sample thickness. 

The effect of the surface on the transport properties of 

films has been long studied in the classical-size-effect re-

gime [6, 7]. Classical size effects arise when the thickness 

of the film approaches the hulk mean free path, and have 

largely been interpreted according to the theories [8, 9]. 

These theories are based on the Boltzmann equation in 

which the surface in incorporated via boundary conditions 

on the electron distribution function. In particular, the 

surface is characterized by a specularity parameter  

according to the degree of scattering from the surface, 

with  lying between 0 (for completely diffuse) and 1 (for 

completely specular).  Extensions of these  theories to 

include angle-dependent specularity parameters [10]. 

Theoretically, quantum size effects in a film with per-

fect surfaces were first studied by Sandomirskii [11].  

The properties of bismuth-antimony thin films are 

affected by solid solutions, defects in the crystal structure, 

the sample size, and deformation at the film – substrate 

interface.  

Grain-boundary scattering can also contribute to the 

scrambling of the phase of the electron  wave function, in 

which case li is of the order of the size of a grain.  

The goal of the present work was to obtain a  

 

monocrystalline Bi1-xSbx films and to study the effect of 

various factors on the mobility of charge carriers. 

II. SAMPLES  

Block bismuth-antimony films were obtained by 

discrete thermal spraying in a vacuum (10
-5

 mm Hg.) on 

the a substrate at a temperature of 410 K. Muscovite mica 

and a polyimide film were used as substrates. After 

deposition, the films were annealed at 540 K. The single-

crystal films were obtained by zone recrystallization 

under cover films by discrete thermal spraying [12, 13]. 

The choice of material for substrates was primarily due to 

two reasons. Mica has a crystalline structure that exerts an 

orienting effect on a bismuth film and bismuth-antimony 

solid solutions, so that, the orientation of crystallites of 

the films is usually characterized by the C3 axis 

perpendicular to the substrate plane. A polyimide 

substrate is amorphous and a pronounced orienting effect 

on the film. 

In addition, the coefficient of linear thermal expansion 

of mica, bismuth, and polyimide is (7,5-8,5)·10
-6

 К
-1

 < 

11·10
-6

 К
-1

 < (30-50)·10
-6

 К
-1

  respectively. Therefore, at 

a temperature below the temperature of formation of the 

film, in-plane tensile tested on mica and plane 

compression on a polyimide substrate. 

Investigation of the structure of films using 

metallography and atomic force microscopy showed that 

the films are single crystal with an orientation of the 

trigonal axis normal to the plane of the substrate. 

Thermally evaporated films block have the same 

orientation with respect to the trigonal axis of the plane of 

the substrate (Figs. 1 and 2). 

The growth from the vapor phase is clearly expressed 

in the figures. 

The results of X-ray diffraction studies of single-crystal 

bismuth-antimony films, with 3.5at%Sb, are shown in 

Fig. 3. The small width of the diffraction peaks of the 

film, as well as a good resolution of X-ray peak of the 

doublet in the fifth order (a), confirm the perfection of the 
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crystal structure of the films and indicate a uniform 

distribution of antimony over the film (Fig. 3). 

 

 
 

Fig. 1. Image of the etched surface of single-crystal 

bismuth antimony films on mica in a metallographic 

microscope. The diameter of the field of view is 100 mm. 

 

 
 

Fig. 2. AFM image of the surface of the original 

thermally deposited bismuth-antimony film. 

 

 
Fig. 3 X-ray diffraction from the trigonal plane of the 

single-crystal bismuth-antimony films with 3.5at %Sb and 

the plane of single-crystal bismuth-antimony films with 

3.5at%Sb on mica. 

III. RESULTS AND DISCUSSION 

Effect of crystal structure on the transport 

phenomena. 

 

An important factor that affects the properties of the 

films is their crystal structure; this is clearly evident from 

the comparison of the properties of samples of bismuth-

antimony films with the same thickness and composition. 

Figures 4 and 5 show the reduced temperature 

dependence of the resistivity and magnetoresistance of 

two pairs of films, the solid solution of bismuth-antimony 

alloys with 5at%Sb on mica and polyimide. The films 

have the same thickness of 0.5 mm, and the pairs differ in 

the degree of perfection of the crystal structure; one of 

them is a block; the other a single crystal (no 

intercrystalline boundaries). 

 
Fig.4. Temperature dependence of the resistivity of the 

block and single-crystal films of Bi95Sb5. 

 

 
Fig.5. Temperature dependence of the 

magnetoresistance of the block and single-crystal films of 

Bi95Sb5. 

 

The resistivity of the block of films both on mica and 

on polyimide is higher and magnetoresistance is less than 

that of the single-crystal films on similar substrates. This 

difference in the temperature dependence of the resistivity 

and magnetoresistance of single-crystal films and blocks 

indicates a significant effect of block boundaries on 

transport phenomena. 
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Fig. 6. Temperature dependence of the Hall 

coefficients of the block and single-crystal films of 

Bi95Sb5. 

 

Figure 6 shows the temperature dependence of the Hall 

coefficient of the single-crystal films and block with the 

same composition on mica and polyimide. In block films, 

the Hall coefficient is negative and increases in absolute 

value with decreasing temperature; the effect is most 

significant on polyimide substrates. 

In the single-crystal films with decreasing temperature, 

the Hall coefficient shifts to positive values and increases 

in magnitude. For the films on mica, with a further 

decrease in temperature, the Hall coefficient shifts to 

negative values. 

 

Dependence of the transport phenomena in the 

bismuth-antimony films on the ratio of the solid 

solution components  

 

Figure 7 shows the temperature dependence of 

resistivity of crystal-crystal films of bismuth-antimony 

alloys with different composition and a thickness of 0.6 

mm on mica. In these films, the resistivity increases with 

decreasing temperature. 

 
Fig.7. Temperature dependence of the resistivity of 

single-crystal films. 

 

The resistivity of single-crystal films with 8at% 

antimony is higher than that of the films containing 5at% 

antimony, similar to the resistivity of bulk single crystals 

of antimony content. 

 

 
Fig.8. Temperature dependence of the Hall coefficient 

of single-crystal films. 

 

Figure 8 shows the temperature dependence of the Hall 

coefficient of single-crystal films. For bismuth-antimony 

films containing 8at% antimony, the Hall coefficient is 

negative and increases in absolute value with decreasing 

temperature. For films with 5at% antimony, the Hall 

coefficient has a low positive value to the transition to 

negative values at temperatures below 100 K. The 

difference in the sign, magnitude and temperature 

dependence of the Hall coefficient in single-crystal 

bismuth-antimony films containing 5at% antimony, and 

8at% is caused by due to the different structure of the 

bands in the vicinity of the Fermi energy. 

 

Charge carrier mobility in bismuth-antimony films 

 

On the basis of experimental data on transport 

phenomena with the known expression of the theory of 

transport phenomena in crystals such as bismuth, the 

mobility of charge carriers in the bismuth-antimony films 

was calculated.  

During the simulation process, it was necessary to 

separate the effect of deformation of films on the 

concentration and mobility of charge carriers [14, 15]. 

Given the small difference in the coefficients of thermal 

expansion of bismuth and mica, the carrier concentration 

for films on mica was assumed to be the same as in bulk 

single crystals. 

 
 

Fig. 9. Temperature dependence of the charge carrier 

mobility L- electrons in the block and single-crystal films 

on mica. 
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Fig. 10. Temperature dependence of the charge carrier 

mobility T-holes in the block and single-crystal films on 

mica. 

 

Figures 9, 10 shows that the mobility of electrons and 

holes is higher in single-crystal films. The mobility of 

charge carriers in the films increases with the antimony 

content in the solid solution, as well as in bulk crystals. 

For the calculation of the mobility in the films on 

polyimide, it is necessary to determine the effect of 

deformation on the concentration and mobility of charge 

carriers. A model, that will take into account the effect of 

deformation on energy spectrum and the parameters of the 

charge carriers in the films of bismuth-antimony solid 

solutions is currently being developed. 

IV. CONCLUSION 

Monocrystalline Bi1-xSbx films with homogeneous Sb 

distribution were made by method of floating-zone 

refining under covet. The study of their galvanomagnetic 

properties and the comparison with block textured films 

allowed to reveal the features of influence of charge 

carrier grain-boarder scattering. 

The comparison results for thin films of BiSb on 

substrates with different thermal expansion reveal the 

essential influence of mechanical deformations, which 

occur in film-substrate system, on galvanomagntic 

properties of BiSb films. 
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I. INTRODUCTION 

 

Owing to the high mechanical strength, low 

specific weight, excellent thermal stability, and 

chemical inertness the titanium and titanium alloys are 

widely used in various recent technologies including 

used in medicine [1, 2]. The inertness of Ti surface is 

related to the spontaneous formation of Ti oxides on the 

titanium surface in the air and in aqueous solutions [3]. 

However, this TiO2 film only several tenths of 

nanometers thick frequently exhibits a poor resistance 

against corrosion. It is common knowledge that 

additional chemical, or electrochemical oxidation of 

titanium allows increasing of the thickness of the 

natural titania (TiO2) layer up to ~1 mm [4], or up to 12 

mm by micro-arc oxidation of Ti [5], improving to some 

extent the chemical stability of this material.  

The most commonly used electrolytes in titanium 

anodizing are phosphoric [6, 7] and sulphuric acids, at 

different degrees of dilution [8]. 

In the last years, a new class of anodization 

techniques has been developed, consisting of the anodic 

oxidation of titanium in electrolytes containing fluoride 

ions: particular surface structures can be achieved with 

this method, for example highly ordered arrays of TiO2 

nanotubes [9]. In fact, fluoride ions tend to perforate 

locally the TiO2 barrier layer, which causes the oxide to 

thicken around the small holes while the ions consume 

the oxide forming on their bottom: the result is a 

nanotubular morphology, height and diameter of the  

 

nanotubes depending on the fluoride ions concentration 

and solution pH [10-12].  

Thus, it is developed relatively simple and effective 

methods to fabricate a slack and porous nanostructured 

TiO2 with a large specific surface area and uniform 

nanopore distribution. The obtained oxide layers are 

subjected to medical technologies implementation, for 

ex.: TiO2 is an attractive matrix to immobilize proteins 

and exhibits facile, direct electrochemistry without any 

electron mediator. The glucose sensor made by the 

material shows great sensitivity, good specificity, fast 

response time, and sound reliability. The new material 

could have great potential applications in biosensing and 

green energy systems [13]. TiO2 photocatalysts have been 

found to kill cancer cells, bacteria and viruses under mild 

UV illumination, which offers numerous potential 

applications [14]. On the other hand, the  unusual results 

have been obtained in which TiO2 thin and composite 

films protect  E. coli, S. aureus and Bacillus sp from UV 

light. The survival of E. coli with UV alone was 3.2 % 

while with UV and TiO2 composite film was 91%. The 

UV absorbing coatings are transparent, colorless, and 

exhibit high optical quality. The UV-protective coatings 

offer an easy method to protect the living organisms 

against UV [15]. 

In addition, titania is of interest to use it for 

photovoltaic application, and to realize high energy 

conversion efficiency, mesoporous TiO2 nanocrystalline 

electrodes of a large surface area have been investigated 
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extensively as a key material for dye-sensitized solar cells 

[16].  

Rubbing or particle impacts may damage the oxide 

film and thus promote corrosion of substrate, as well as 

the functional properties of oxide film will be lost. The 

need to select or design new surfaces for future 

equipment as well as to minimize the operating costs, 

and extend the life of existing machinery has led to 

demands for a much better understanding of surface 

degradation processes. This has given rise to research 

area on tribocorrosion which seeks to address the 

concerns above and to understand the surface 

degradation mechanisms when mechanical wear and 

chemical/electrochemical processes interact with each 

other. S. Mischler et al [17] defined tribocorrosion as a 

material degradation process which results from 

simultaneous mechanical wear and chemical (or 

electrochemical) material removal mechanisms. It is 

important to point out that the two mechanisms of 

degradation do not proceed separately, but depend on 

each other in a complex way: corrosion is accelerated 

by wear and, similarly wear may be affected by 

corrosion phenomena. Additionally, according to [18], 

in practice the occurrence of tribocorrosion is not 

always recognized. 

The aim of this study is photoelectrochemical and 

tribocorrosion behaviour of titanium oxide films 

electrodeposited by anodisation of titanium in solutions 

containing phosphoric acid and fluoride-ions. 

II. EXPERIMENTAL PROCEDURE 

Preparation of Ti substrate and it anodization. Prior 

to anodizing, Ti substrates with a size of 20×20×2 mm 

(99.2 % of purity, Alfa Aesar GmbH&CoKG, Germany) 

were mechanically polished using diamond paste 

followed by ultrasonic cleaning in acetone and then in 

distiller water. The anodization potentials (AP) between 

cathode (Cu) and anode (polished Ti) were varied 4 to 60 

V. The anodization was carried at temperatures ranged 

from 0 to 20°C. As photocurrents depend on the surface 

morphology, in order to simplify the data interpretation, 

the thin TiO2 films obtained at AP=4V and replicated 

mechanically polished surfaces of Ti substrate have been 

examined.  

The surface of titanium was anodized in 2 M H3PO4 

solution with different concentration of NH4F, and exact 

formulations of electrolytes are presented in Table 1. 

 

TABLE 1. Composition of solutions used for Ti 

anodization. 

Lab code Composition 

Ti_1 2 M H3PO4 

Ti_2 2 M H3PO4 + 0.05 M NH4F 

Ti_3 2 M H3PO4 + 0.2 M NH4F 

Ti_4 2 M H3PO4 + 0.5 M NH4F 

 

 The morphology of the Ti substrate and the 

anodized Ti samples was investigated by scanning 

electron microscopy JEOL (JSM-T220A). The 

compositions of obtained passive films were studied by 

EDS analysis. 

Photoelectrochemical study. A potentiostatic 

photocurrent and galvanostatic photopotential 

examinations of obtained titania extremely thin films was 

carried out in the dark and under UV illumination with a 

potentiostat/monochromatic light sourse (Zahner Electric, 

1M6ex and PP210 with  =365 nm, ) in a three-electrode 

cell equipped with a flat quartz window in front of the 

photoanode (working electrode). The electrolyte used for 

the illumination study was 0.0.5M NaOH at room 

temperature. The anodic reactant was the hydroxyl ion, 

and the photocatalytic reaction resulted in the generation 

of hydroxyl radical for the generation of O2. 

Protocol of tribocorrosion tests. Electrochemical 

measurements consisted of open-circuit potential (OCP), 

Eoc, measurements and recording of electrochemical 

impedance spectra, EIS in the corrosion media consisting 

on the mixture of 0.05 M H2SO4 and 0.2 M K2SO4 (pH 7) 

at the room temperature (22 ± 2 
0
C). These measurements 

were performed prior, during, and after sliding tests. A 

platinized titanium gauze was used as counter-electrode, 

and Ag/AgCl electrode in saturated KCl solution as 

reference electrode, and a working electrode was cleaned 

Ti substrate and anodized Ti test samples. All potential 

have been shown versus Ag/AgCl electrode. In course of 

tribocorrosion study the electrochemical measurements 

were done using a Solartron 1287 Electrochemical 

Interface and a Solartron 1255 Frequency Response 

Analyzer. EIS were recorded in frequency range 10
5
 to 

10
-3 

Hz. 

The test set up consists of wear testing equipment 

allowing continuous circular ball-on-disk tests (Falex 

Tribology N.V., Belgium). Before the test, Ti substrate 

and the anodized Ti samples were cleaned in ultrasonic 

bath in acetone and then in ethanol for 5 min. each. 

Samples were kept for 24 h in the desiccator before the 

electrochemical and tribocorrosion tests. Test samples are 

used as plates and have to be fully immersed in the 

corrosion media. The tribocorrosion properties of 

exploratory Ti samples have been studied in a following 

sequence [19] as it is shown in Table 2. 

 

TABLE 2. The sequence of measurements during 

tribocorrosion tests 

Measured 

parameter 

Time, min Tribotester mode 

OCP 60-240 Without sliding 

EIS at OCP 136 Without sliding 

OCP 2 Without sliding 

OCP 18 Under sliding 

EIS at OCP 16 Under sliding 

OCP 45-60 Without sliding 

 

Continuous unidirectional sliding tests have been 

started up immediately after the end of the EIS 

measurements at OCP. Record on-line the open-circuit 

potential under sliding, E
s
oc during 1,800 contact events 

under following conditions: counterbody- alumina ball 

(diameter 10 mm), the normal load applied - 0.4 N and 

0.8 N which corresponds in these tests to a average 

Hertzian contact pressure Pavg of 240 and 258 MPa, in 

continuous circular sliding tests rotation speed - 100 rpm 

(1.67 Hz), radius of the wear track Rtr = 4 mm, the one 

mechanical contact event is counted per rotation cycle. 

After sliding tests, the area of the sliding track, Atr, and 
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the wear track volume, Vtr were calculated based on the 

profilometric measurements (measuring station 

Micromesure STIL, France) at eight spots uniformly 

distributed along the sliding track. From these data, the 

corresponding mass loss was calculated as [20]: 

trA e L     (1) 

trV S L     (2) 

trV S L d      (3) 

where L is the length of the sliding track (L =2πr) (cm), e 

is an average width of track (cm), S is an average area of 

the cross-section of wear track (cm2), d is the material 

density (g/cm3). 

III. RESULTS AND DISCUSSIONS 

Anodic deposition of titania films. Titanium was 

anodized in the various solutions under anodization 

voltage (AV) 4-60 V. Dependently on the voltage used for 

anodization, it is possible to obtain either entire or ordered 

films. For photoelectrochemical and tribocorrosion study 

the samples containing entire titania films were selected. 

The typical elemental analysis data of obtained anodized 

compact films is presented in Table 3. However, 

inclusions of fluorine and phosphorous into oxide layer is 

observed in the presence of NH4F, and that is caused 

probably by the formation of fluoride complexes with 

titanium and its migration via oxide films. The surface 

morphology of obtained films also slightly varies, and 

smoothest surface is obtained in the presence of 0.05M 

NH4F (see Fig. 1). 

 

TABLE 3. Elemental analysis data of anodized titanium 

samples after anodization in 2 M H3PO4 + 0 - 0.5 M 

NH4F solutions. %). Anodization voltage 12 V. 

 

Lab code 

of solution 

Content of elements, at. % 

Ti O F P 

Metallic Ti 100 - - - 

Ti_1 34.7 65.4 - - 

Ti_2 40.5 51.3 8.21 - 

Ti_3 38.2 55.1 6.42 0.38 

Ti_4 34.1 56.5 9.11 0.37 

 

The passive state of surface after anodization also 

is confirmed by the shifts of OCP values towards positive 

values from -0.23 - 0.12 V to +0.40.6 V. These films 

were used further for tribocorrosion study. 

Photocurrents and photopotentials. As 

photocurrents depend on the surface morphology, in order 

to simplify the data interpretation, the extremely thin TiO2 

films obtained at AP=4V and replicated mechanically 

polished surfaces of Ti substrate have been examined. 

The photocurrent up to 5 mA/cm
2
 (at constant anodic 

potential 1.8 V) and anodic photovoltage up to 2 V (at 

constant current 1 mA/cm
2
) and have been detected in 

0.05 M NaOH solutions (see Fig. 2 and 3). The 

photocurrents and photopotentials correlate with fluorine 

incorporation into film, and the values of ones were 

obtained for films not included fluorine, i.e. for films 

obtained in pure 2M H3PO4.  

 

 
Figure 1. SEM photos of the surface of titania samples 

obtained in the various solutions at the AV= 12 V. Lab 

codes of solutions are indicated below photos. 

 

 
Figure 2. The effect of light intensity ( =369 nm) on the 

photocurrent density in 0.05M NaOH generated byTiO2 

films obtained in 2M H3PO4 with various concentrations 

of NH4F (indicated in the figure) 

 

 

 
Figure 3. The effect of light intensity ( =369 nm) on the 

decrease in anodic polarization in 0.05M NaOH of TiO2 

films obtained in 2M H3PO4 with various concentrations 

of NH4F (indicated in the figure). 
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Electrodeposition of ordered porous films. The 

ordered porous films are formed under conditions 

facilitating the breakdown of passive film. In the case of 

Ti, the ordered nanoporousity is formed in the H3PO4 with 

NH4F additive, where it plays a role of ligand for Ti
+4

. 

The anodization at 4-60 V in solutions containing NH4F 

role of temperature was determined: the nanotubes of 

TiO2 are formed at the temperatures 10-20°C and 

AV=20V (Fig. 4 a). The length of nanotubes determined 

by FIB technique is in the range 650-730 nm, and the 

diameter of pores is 60-90 nm (Fig. 4b). 

 

  
 (a)     (b) 

Figure 4. Nanotubes formed in the 2M H3PO4 + 0.2M 

NH4F solution at 20°C (a); the FIB crossection of 

obtained nanotubes (b). 

 

Tribocorrosion of titania films. The formed TiO2 

films onto Ti at AV=12V exhibits relatively high 

corrosion resistance (up to 10
6
 ohm cm

2
) – see Nyquist 

plots in Fig. 5. The obtained electrochemical impedance 

spectra fit well with the equivalent circuit, containing the 

uncompensated solution resistance, the constant phase 

element representing the double layer capacitance, and the 

charge transfer resistance.  

 
Figure 5. Nyquist plots for TiO2 obtained in 2 M H3PO4 

(1) and in 2 M H3PO4 + 0.5 M NH4F (2). The corrosion 

media 0.05 M H2SO4 + 0.2 M K2SO4 (pH 7). 

 

Unidirectional continuous sliding was proceeded at 

settled OCP values. Before sliding Eoc of non-processed 

Ti substrate reaches -0.04 V value, whereas Eoc of 

anodically obtained TiO2 films are more positive, i.e. 

+0.150 ÷ +0.170 V. Under sliding, all values of OCP shift 

sufficiently towards negative potentials up to -0,480 ÷ -

0,650 V. The rapid changes of OCP can be explained by 

the passive film abrasion, when oxide film becomes 

damaged and bare Ti surface is exposed. It was calculated 

that approximately 5 ÷ 10 % weight loss of top film from 

general area of exploratory samples. The Eoc value 

recorded under sliding is a mixed potential resulting from 

the galvanic coupling of exploratory samples inside and 

outside the sliding track. During continuous unidirectional 

sliding, the values of OCP remain more or less constant at 

that lower value. During tribocorrosion tests under 

loading the Eoc of analyzed Ti samples dropped down 

sharply, it means that the passive film becomes fully 

destroyed at 0.4 N or 0.8 N normal loads. 

The electrochemical impedance spectra were 

recorded during the second half of the sliding period. As 

follows from the obtained data, the EIS also fit well with 

the mentioned equivalent circuit, however, under sliding 

the values of corrosion resistance decreased at the least 

5.1∙10
2
 times and mostly – 2.3∙10

4
 times. It means, that 

the formed passive film on the anodized Ti samples can 

be mechanically destroyed during sliding at 0.4 N normal 

loads.  

When sliding is finished, the values of OCP become 

more positive rapidly (see Fig. 6) that is caused by self-

healing of passive film on the wear tracks. As it seen, the 

passive film re-growing on the wear track on the naked Ti 

surfaces takes ~400 s. Noticeably, the values of OCP 

reach similar range that was obtained for untreated 

metallic Ti before friction. 

 
Figure 6. OCP evolution of Ti and TiO2 films after sliding 

have been finished. 

 

IV. CONCLUSIONS 

 

The electrochemical behaviour of metallic Ti and 

TiO2 films formed during anodization of Ti in 0.2M 

H3PO4 with addition of 0.0-0.5M NH4F was investigated. 

Various oxide layers might be deposited (entire, ordered, 

extremely thin) dependently on the initial state of Ti 

substrate, composition of solution used for anodization 

and anodization potential.  

The photocurrents and photopotentials correlate with 

fluorine incorporation into film, and the values of ones 

were obtained for films not included fluorine, i.e. for 

films obtained in pure 2M H3PO4. The anodic 

photovoltage up to 2 V (at constant current 1 mA/cm
2
) and 

photocurrent up to 5 mA/cm
2
 (at constant anodic potential 

1.8 V) have been detected in 0.05M NaOH solution. 

The metallic Ti (“as is”) and anodized Ti covered by 

TiO2 films immersed into 0.05 M H2SO4 + 0.2 M K2SO4 

(pH 7) solution show passive behaviour. A significant 

degradation of oxide film in the sliding track on the 

anodized Ti samples was detected under sliding in 0.05 M 
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H2SO4 + 0.2 M K2SO4 (pH 7) at 0.4-0.8N loads. After 

sliding have been finished, the oxide film re-grow on the 

wear track of naked Ti surfaces within about 400 s. The 

values of open circuit potential for all samples reach the 

similar range that was obtained for the non-processed Ti 

sample. 
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I. INTRODUCTION 

Nanowire systems have become the focus of intense 

experimental and theoretical investigation due to their 

scientific and technologic interest. The most exciting 

prospect is that of an ideal quantum wire with diameter d 

that is less than Fermi wavelength λF where the Fermi 

level is chosen such that nanowire transport is mediated 

by a single conduction channel. The properties of this 

one-dimensional system or quantum wire have been 

investigated theoretically. A particular case of Bi 

nanowires was studied by Hicks and Dresselhaus [1]. 

Bismuth has a Fermi surface consisting of small hole and 

electron pockets at T and L points of the Brillouin zone, 

respectively; therefore, the Fermi wavelength λF is very 

long (about 50 nm). Bismuth is a particularly favorable 

material to study the electronic properties of quantum 

wires due to its small electron effective mass and high 

carrier mobility [2]. 

Angle-resolved photoemission spectroscopy (ARPES) 

studies of planar Bi surfaces showed that they support 

surface states with carrier densities Σ of about 5×10
12

 cm
-2

 

and large effective masses mΣ of around 0.3 [3]. The 

observed effects are consistent with theories of the surface 

of nonmagnetic conductors whereby the Rashba spin-orbit 

interaction gives rise to a significant population of surface 

carriers. 

It is well known that quantum interference effects are 

present in superconducting devices and in very small pure 

metallic rings and cylinders. In particular, in the presence 

of a magnetic flux, Aharonov-Bohm (AB) oscillations [4] 

can occur in doubly connected systems. For a normal 

metal, the period of these oscillations is Φ0=h/e (flux 

quantum). These effects should vanish once the elastic 

mean free path of the electrons is smaller than the system 

size. For the disordered cylindrical samples with a short 

mean free path (compared with the circumference of the 

cylinder) the AB oscillations with a period proportional to 

h/2e was predicted by Altshuler, Aronov, and Spivak 

(AAS) [5]. This effect arises from the interference of pairs 

of coherent electron waves circumscribing the cylinder. 

AB and AAS oscillations have been observed in various 

conducting rings, tubes, and solid cylinders that consist of 

tubes, such as multiwall carbon nanotubes (MWNTs), and 

arrays of a 270-nm Bi nanowire [6]. 

Experimental investigation of the magnetoresistance 

(MR) of thin single-crystal bismuth nanowires in glass 

coating obtained by the Ulitovsky method in the diameter 

range of 200 - 800 nm with a large mean free path l 

revealed MR oscillations with period h/e in a longitudinal 

magnetic field at rL, l > d/2, where rL is the Larmor radius 

of the electron trajectory [7]. In this case, theoretical 

studies have been focused on the whispering gallery 

model of low-effective-mass electrons that define a highly 

conducting tube in the boundary of the solid cylinder. The 

period of oscillations depends on the angle α between the 

sample axis and the direction of magnetic field as ΔB(α) = 

ΔB(0)/cosα, which is a characteristic feature of the size 

effect oscillations of the flux quantization type [8]. In 

addition to the h/e period of MR oscillations, the period 

equal to 1.4 h/e also was observed. The additional period 

was connected with Dingle oscillations, which results 

from quantization of the electron energy spectrum [9]. 

The study of the MR of thin single-crystal bismuth 

nanowires with diameter d < 80 nm [10] in glass coating, 

which were obtained by the Ulitovsky method, revealed 

the Aharonov-Bohm oscillations derived from the 

longitudinal magnetoresistance (LMR) with two periods 

ΔB proportional to h/e and h/2e; the development of a 

Berry phase shift [11] owing to electrons moving in the 

nonuniform magnetic field SOBBB


 , where BSO is the 

Zeeman-like effective magnetic field, was found in h/2e 

oscillations. The fact that the h/2e oscillations exhibit a 

phase shift only in one direction means that, as in 

topological insulators [12], the surface states of Bi 

nanowires have only one spin degree of freedom. 
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Fig. 1. Relative changes in resistance (R-R0)/R0, where 

R0 – resistance at Ug=0, of the 180-nm Bi nanowire versus 

potential Ug on the top-gate electrode at T=4.2 K; Insert: 

Schematic drawing of the EFE experiment, external 

voltage was applied to the top-gate relative the core of the 

nanowire. 

 

Electrical field effect (EFE) is a very powerful tool to 

control the surface properties of semiconductors; it 

changes the electronic properties of a sample by electrical 

charging. The surface effects would be difficult to 

observe if the sample were heavily doped. It is easily 

implemented in the capacitor structure where the sample 

is used as one of the plates. It seems very useful to apply 

EFE to influence the electronic properties of surface 

layers of semimetals [13, 14]. 

To understand the occurrence of MR equidistant 

oscillations in Bi nanowires, we have investigated the 

LMR of Bi nanowires in the geometry of the EFE. 

 

 

Fig. 2. Dependence of phase displacement of the 

quantum size oscillations in bismuth single crystal 

microwire with D=17.3 mm and d=0.45 mm at T=4.2 K on 

transverse electric field E= 6.110
6
 V/cm. 

II. SAMPLES AND EXPERIMENT 

Individual nanowire samples were prepared by high-

frequency liquid phase casting in a glass capillary using 

an improved Ulitovsky technique [15]; they were 

cylindrical single-crystals with the )1110(  orientation 

along the wire axis. In this orientation, the wire axis 

makes an angle of 19.5
o
 with the bisectix axis C1 in the 

bisectrix-trigonal plane the trigonal C3 axis is inclined to 

the wire axis at an angle of ~70
o
, and one of the binary C2 

axes is perpendicular to it. Diameter D of nanowire glass 

insulation was in a range of 15 - 20 µm. The glass coating 

reliably protects the sample from mechanical damage 

while mounting and from oxidation. The samples were 

then cut from long nanowires, the length l of the samples 

was 0.5 - 0.8 and 3 - 5 mm for nanowires with d < 100 nm 

and d > 150 nm, respectively. Electrical connections to 

the nanowires were performed using the InGa eutectic. 

This type of solder consistently makes good contacts 

compared to other low-melting-point solders. The 

samples are characterized by electronic diameter

0/Rld Bi , where ρBi = 1.14x10
−4

 Ohm*cm is the bulk 

resistivity at 300 K, l is the wire length, and R0 is the wire 

resistance at T=300 K. The actual diameter dSEM of the 

samples was measured with a scanning electron 

microscope (SEM). We found that dSEM=d within 

experimental error and that there is a trend toward dSEM < 

d for smaller diameters, consistent with an increase in 

resistance due to size effects at room temperature [16].  

Fig. 3.  Dependence of the change of the period of 

quantum size oscillations in the nanowires of bismuth 

under EFE on the diameter of the nanowires. 

 

We used samples with 45 nm<d<800 nm. Shubnikov–

de Haas (SdH) oscillations of LMR are observed in the 

thick (d>150 nm) Bi nanowires; this shows that the 

bismuth material in the nanowires has the required high 

purity and high mobility. However, in the thin samples 

(d<80 nm) the conditions for observing SdH oscillations 

are not optimal because of large AB oscillations. The 

observed periods of SdH oscillations are consistent, 

within the experimental errors (3%), with the well-known 

periods for this particular crystalline orientation with 

respect to the magnetic field for intrinsic Bi. We surmise 

that our nanowires are intrinsic and do not undergo strain 

from the glass coating upon cooling. For measurements of 

EFE in thick nanowires (d > 150 nm) the long samples 

with l of about 5 mm were cut from long nanowires. In 

this case, a top-gate electrode was prepared by painting 

the surface of the glass coating with liquid Ga (Insert of 

Fig. 1). Owing to the coaxial geometry of our samples, 

the highest electric field value above 10
7
 V/cm on the 
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surface of the Bi wire was achieved: 

2 /(ln( / )gE Ud Dd , where Ug is the top-gate electrode 

potential, d and D represent the diameter of the Bi 

nanowire and the diameter of the glass coating, 

respectively. A back-gate electrode was prepared for thin 

Bi samples with d < 100 nm and l = 0.5 – 0.8 mm; a 

schematic diagram of a back-gate electrode is shown in 

the inset of Fig. 4. The calculated capacitance of a coaxial 

nanowire is an order of magnitude higher than the back-

gate capacitance; therefore, the electric field on the 

surface of the Bi nanowire is much smaller for the case of 

the back-gate electrode.   

Magnetic field-dependent resistance R(B) 

measurements in a range of 0 to 14 T were carried out at 

the International Laboratory of High Magnetic Fields and 

Low Temperatures, Wroclaw, Poland. 

 

Fig. 4. Relative changes in resistance (R-R0)/R0, where 

R0 – resistance at Ug=0, of the 45-nm Bi nanowire versus 

potential Ug on the back-gate electrode at longitudinal 

magnetic fields B=0 and 14 T, T=1.5 K; Insert: Schematic 

drawing of the EFE experiment, external voltage was 

applied to the back-gate relative the core of the nanowire. 

 

III. RESULTS AND DISCUSSION 

Relative changes in resistance (R-R0)/R0, where R0 is 

the resistance at Ug=0, at helium temperatures of the Bi 

nanowire versus potential Ug on the gate electrode are 

shown in Fig. 1. (for the 180-nm Bi nanowire and top-

gate electrode) and Fig. 4 (for the 45-nm Bi nanowire and 

back-gate electrode). The figures clearly show that the 

change in the resistance of thin bismuth wires is much 

less than in thicker wires. The most important fact is that 

the dependence of ΔR = f(Ug) fundamentally changes, 

which means that the properties of the Bi nanowire 

surface strongly depend on nanowire diameter. According 

to calculated theoretical EFE of the Bi film [13] the sign 

of the slope of EFE at Ug=0 is determined by the sign of 

the term (µn - γµp), where µn is the electron mobility, µp is 

the hole mobility, and coefficient γ is on the order of 1.5.  

This represents the fact that with decreasing nanowire 

diameter, in the surface region of the nanowire, the 

density of electrons increases or their mobility increases 

compared to holes; this is probably due to the growing 

influence of the helical edge states of the Bi bilayer [17], 

this will be further discussed below. 

 

Fig. 5. Magnetic field dependences of the LMR for 45-

nm Bi nanowires, T=1.5 K (the monotonic parts are 

subtracted); Potentials are applied to the back-gate 

electrode relative to the core of nanowire. 

 

The oscillation parts of the LMR of the 45-nm 

nanowire at different potentials on the back-gate electrode 

are shown in Fig. 5. It is clear that the changes in potential 

(+200 V, 0, -200 V) do not alter the pattern of 

oscillations. For thicker nanowires with d = 450 nm, the 

EFE led to a significant change in the LMR oscillation 

frequency (Fig. 2). Theoretical studies of LMR oscillation 

for thick nanowires were focused on the whispering 

gallery model of low-effective-mass electrons that define 

a highly conducting tube in the boundary of a solid 

cylinder [18]. In this case, the EFE is shown in a 

modification of the effective diameter of this tube in the 

range of the penetration depth of the electric field Le≈100 

Å which leads to a change in the oscillation frequency 

ΔF~1-5% (Fig. 3). Invariance of the LMR oscillation for 

the 45-nm nanowire (Fig. 5) confirms our interpretation 

[19] of the h/e oscillations of LMR observed in the 55-nm 

Bi nanowire in our earlier work [10] (as in carbon 

nanotubes [20]) in terms of oscillations in the density of 

surface states. The high-frequency nonmonotonicity 

observed in the oscillations of LMR can be a 

manifestation of the conductance fluctuations which were 

observed in Bi nanowires [21].  

In terms of the band structure, Bi is classified as a 

trivial topological insulator, and surface states are not 

protected from dissipation. It was recently suggested that 

Bi(111) bilayers can exhibit the quantum spin Hall effect 

[17]. A bismuth crystal can be viewed as a stacking of 

bilayers with a honeycomblike lattice structure along the 

[111] direction. According to calculation of Murakami 

[17] Z2 topological number I is odd which guarantees 

stability of the helical edge states against backscattering. 

As the sample becomes thicker, the helical edge states are 

expected to transform to 2D surface states on 3D bulk Bi. 

In 45-nm nanowire, the self-organization of helical edge 
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states results in the appearance of AB oscillations in 

TMR. 

In conclusion, using electric field effect in 

measurements of quantum magnetic oscillations we have 

confirmed the dependence of the surface states properties 

on the Bi nanowires diameter. 
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Development of biosensors based on 

nanostructured solid matrix is actual and promising task. 

One of the most suitable materials for this purpose is 

silicon. First, the technology for producing of porous 

silicon is well developed, that allows to obtain the thin 

nanostructural layers with reproducible parameters, 

namely, thickness, pore size, surface morphology, etc. 

Second, the surface of porous silicon absorbs and good 

keeps the biological complexes which can be sensitive to 

various kinds of toxic molecules. Thus such sensor 

systems can monitor air and water for determination of 

different toxic substances and certain chemicals. 

Furthermore, in medicine the sensors based on porous 

silicon with bio-organic complexes in pores can be used 

for laboratory analysis, to control the intensive care, 

where certain parameters must be monitored in the 

dynamics. In this paper features of photoluminescence 

spectra and the current-voltage characteristics have been 

studied with the introduction of various organic molecules 

in the pores. 

In particular, PL spectra of thin films of 

nanoporous silicon with porosity of 40-89% have been 

investigated at room temperature. It was found that the 

layers of porous silicon with porosity about 40 % have 

more intensive photoluminescence (PL) than that with 

porosity in range of 50-80 %. Furthermore, it was found 

that the adsorption of methionine molecules causes a shift 

of the right wing of PL spectrum to shorter wavelengths. 

While the adsorption of molecules of glycine leads to a 

shift of PL in the opposite direction to longer 

wavelengths. It may be due to a decrease of the size of nc-

Si caused by the local oxidation of Si nanocrystals (nc-Si) 

during the interaction with adsorbed methionine 

molecules (soft an organic oxidant). On the other hand, 

the change of the intensity of room temperature PL 

spectra and its shift to the short-wavelength region upon 

adsorption of glycine (organic reducers) are also 

observed. The medical films based on porous silicon as a 

delivery system of active substances have also been 

investigated. Medical tapes are compounds of 

nanoparticles with polymers. Three types of samples were 

examined: (1) the solution of dimethyl sulfoxide 

(CH3)2SO and nanoporous silicon was injected into the 

polymer basis; (2) nanoporous silicon was injected as a 

suspension of liquid paraffin oil into polymer base; (3) 

nanoporous silicon was injected as a suspension of liquid 

paraffin oil into polymer base, and then added the 

dimethyl sulfoxide and homogenized. It was found that in 

the first and second cases, a gel is formed (Fig. 1, a, b). 

When heated to 55 C gel becomes transparent, but upon 

cooling restores its original condition. But in the third 

case, the film consists of irregularly shaped particles 

forming a mosaic structure with an average size of 1-5 

microns. Microstructure of the samples was studied using 

an optical microscope MBS-10 digital camera TUSCAN 

5 MPixel in mode of translucence and light reflection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Polymer matrix based on solutions of porous silicon and (a) dimethyl sulfoxide; (b) liquid 

paraffin 
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I. INTRODUCTION 

Until recently, silicon thin-film electronics was limited 

by the use of amorphous silicon, but today the situation 

has changed rapidly. Instead of amorphous material, its 

structural modifications have come - protocrystalline 

(proto-Si), microcrystalline (μc-Si) and nanocrystalline 

silicon (nc-Si) [1-3]. Amorphous silicon thin film, 

containing super small crystallites (size of several 

nanometers or less), that are sometimes difficult to differ 

conventional methods of materials analysis, is called as 

protocrystalline silicon [1]. Microcrystalline silicon is 

characterized by the presence of large grains (size of 100 

nm or more) and voids. In addition grains have column 

form, which in width can reach hundreds of nanometers 

and several microns in length [2]. But μc-Si thin films 

have lower absorption coefficient than amorphous silicon. 

A good alternative to the proto-and microcrystalline 

silicon is nanocrystalline silicon, which represents the 

amorphous material with crystallites size of 1 - 50 nm [3]. 

The application of nanostructured silicon material is 

caused by several reasons. Firstly, when ordered region 

(crystallites) appear in the amorphous matrix, the stability 

of optical characteristics sharply increases during light-

soaking. Second, due to the presence of crystallites, the 

absorption spectrum of nanomaterial significantly 

expands. The formation of fine-grained structure in 

amorphous matrix (a few nanometers) enables to absorb 

efficiently ultraviolet and high-energy visible light, while 

coarse-grained structure (over 10 nm) absorbs low-energy 

visible and near infrared radiation [4]. These features of 

nanocrystalline silicon make it a promising material for 

manufacturing of thin-film transistors, photosensors, 

LEDs and solar cells [5-7]. 

In this paper the synthesis of multilayer structures 

based on nanocrystalline silicon is proposed in order to 

use of solar spectrum more efficiently. From this point of 

view, the gap width has to change from bigger to smaller 

value in the direction from the top layer to the bottom 

one. More efficient absorption of solar spectrum takes 

place in such structures. The upper layer absorbs the high-

energy radiation (eg., UV-waves) and transmits the low-

energy radiation (eg., visible and IR-waves), one part of 

which (eg., visible waves) is absorbed by the next layer, 

and another part (eg., IR-waves) goes further and so on.  

Application of multilayer structures in photodetectors and 

solar cells can lead to increased photosensitivity and 

photo-emf. 

The combination of fine and coarse-grained silicon thin 

films has a significant advantage in comparison with the 

structures that use entirely different materials (e.g., SiC in 

α-Si PV-modules or compounds A3B5 in heterostructures 

for solar cells). All structural modifications of silicon 

films are similar in terms of lattice parameters, 

temperature coefficient of expansion and so on, that 

enable to obtain high-quality multi-layer structure without 

great efforts. 

II. EXPERIMENTAL PART 

Nanocrystalline silicon thin films were deposited by 

electron beam evaporation. The modification of film's 

structure and properties was carried out by means of the 

following process parameters: deposition temperature 

(100-350C) and deposition time (2-5 min). Deposition 

rate is about 7 ... 10 nm / min. 

Nanocrystalline silicon films were deposited layer by 

layer on a substrate during single technological cycle. 

Three-layered structure has been chosen for the study. 

Each layer of such structure has equal thickness, but was 

obtained at different temperatures (130, 250 та 350С). In 

this paper, we studied the effect of deposition time on 

properties of three-layered structure and compared it with 

the corresponding one-layered structure. 

Thin films were deposited on silicon substrates for 
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investigation of electrical, photo-sensitive and 

photovoltaic characteristics and on quartz substrates - for 

transmission spectra measurements. Schematic 

representation of the layered structure is shown in Fig. I. 

 

 

 

 

 

 

 

 

 

Fig.I. Structure of experimental samples.  

 
 

The study of film’s structure was conducted by atomic 

force microscopy (AFM) using a microscope NanoScope 

IIIa Quadrexed Dimension 3000. Optical spectra of 

silicon films were measured by means of Double Beam 

Spectrophotometer 4802 UV / VIS UNICO. Electrical and 

photosensitive properties were investigated by 

measurement of dark and light current-voltage 

characteristics, as well as lux-voltage characteristics using 

visible light lamps of Phillips Spotone. Sensitivity to UV 

radiation was measured at wavelength of 350 nm using 

the UV-lamp Spectrum 5-A4/M. The photovoltaic 

characteristics of experimental samples were studied by 

irradiation with simulated sunlight spectrum AM1, 5.  

III.RESULTS AND DISCUSSION 

To establish the deposition sequence of silicon layers, 

synthesized at different temperatures, the surface 

morphology of silicon films was investigated. According 

to AFM-images, presented in Fig.II, with increasing 

deposition temperature from 130 to 300 C, the structure 

of silicon film goes from coarse- to fine-grained.  

In nucleation theory two mode of grain appearance are 

known  - the regime of full and partial condensation. In 

the regime of full condensation with increasing substrate 

temperature the surface mobility of adsorbed atoms 

increases and their lifetime decreases, which leads to an 

increase in the radius of the critical nucleus, resulting in 

appear a coarse-grained structure of the film. At the 

relatively high deposition temperature adsorbed atoms re-

evaporate, the capture area around each nucleus 

decreases, the maximum possible number of nuclei on the 

substrate surface increases, and therefore the film of fine-

grain structure is formed (regime of partial condensation). 

Obviously, the results of structural studies, presented in 

Fig. II, can be explained by the regime of partial 

condensation. 

Optical transmission spectra of silicon films, deposited 

at different temperatures, are consistent with structural 

studies (Fig. III). For example, silicon films, synthesized 

at high temperatures (300 and 350 C), are characterized 

by maximum transparency in the red and infrared range 

and minimal transparency in the blue and ultraviolet 

range, indicating a more efficient absorption of high-

energy radiation. Such transmission spectra indicate the 

presence of crystalline phases in the amorphous matrix. 
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Fig.II. АFМ- images of nc-Si thin films, deposited at 

130с(а) та 300с(б)  
 

Indeed, according to the known dependence of 

nanocrystal band gap from it's size, follows, that smaller 

crystals are characterized by higher band gap. The 

presence of such crystalline grains in the amorphous 

matrix enhances the absorption spectrum of the material 

in the high-energy region. 

Silicon thin films, obtained at 180 and 250 C, 

effectively absorb low-energy visible light (for example, 

red radiation) that is the evidence of coarse-grained phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.III. Transmission spectra of nc-Si thin films, 

deposited at different temperatures 
 

Obviously, the combination of films, containing 

crystallites of different sizes, in one structure is very 

promising in terms of a more complete coverage of the 

solar spectrum. It was asked to change deposition 

temperature in the sequence 130, 250 and 350C. 

For obtained three-layered structures, the grain size 

dependence on one-layer deposition time is observed. 

Thus, the analysis of AFM images of samples with 

deposition time 2 and 3.5 min, in the contrast 

enhancement regime, showed the appearance of coarse-

grained phase at higher deposition time (Fig. IV). Such 

modification of film's nanostructure with increasing 

deposition time, apparently, is due to a greater probability 
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of growth than emergence of new crystallites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.IV. AFM-images of three-layered structures with one-

layer deposition time 2 (a) and 3.5 (b) min 
 

In order to investigate the basic properties of multilayer 

structures, these films were deposited on single-crystal 

silicon substrates. Due to differences in band gap and 

doping level of nc-Si thin films and c-Si, at the their 

interface the heterojunction is formed. The properties of 

three-layered structures are compared with the properties 

of one-layered structure, synthesized at 350 C during 5 

min. 

The analysis of electrical characteristics showed that 

the obtained experimental samples are inherent the 

rectifying properties (Fig. V). This indicates on the 

formation of a significant potential barrier for charge 

carriers in the boundary areas. The significant dependence 

of straightening on the thickness of structure was found. It 

was shown, that for the most thin layered structures the 

rectifying properties does not observed at all (one-layer 

deposition time is 2 min). With increasing of one-layer 

deposition time the rectification coefficient is rapidly 

growing , reaching 2700 at 1 V, that is 6 times larger than 

the coefficient for single-layer structure (Table I). 

This result is explained by the fact, that during small 

deposition time the transition regions between thin layers 

occupy the most part of multilayer structure. Therefore, 

characteristics of such structure is mainly governed by the 

properties of transition regions, than the properties of the 

films. Increased rectifying properties of thick three-

layered structure in comparison with one-layered one, can 

be explained by the appearance of larger potential barrier 

in the near-boundary region. 

The study of the optical characteristics showed, that 

obtained experimental samples are characterised of 

significant sensitivity to visible and ultraviolet light (Fig. 

VI, Table I). Moreover, it was found that coefficient of 

sensitivity is depend on morphology and thickness of 

silicon film. Indeed, abnormally large photo- and UV 

sensitivity is observed in thin film structures. Primarily, 

this is due to a significant difference in size of crystallites 

under the transition from top to bottom film, that is 

reflected in expanding of absorption spectrum in the 

structure.  

Fig.V. comparison of I-V-characteristics of one- and 

three-layered structures 

 

According to the structural analysis (Fig. II, b), with 

increasing deposition time the larger grains are formed in 

multilayer structure. This means that the absorption 

spectrum of thick multilayer structures is shifted to low-

energy range of radiation. In addition, for thick structures 

the decrease of photosensitivity is caused due to 

absorption of radiation in the upper layers.  

Fig.VI. Influence of one-layer deposition time on lux-

ampere characteristics of three-layered structures 
 

As a result, a small part of the radiation reaches to the 

lower layers and they do not actually participate in the 

process of absorption. 

Comparison of photosensitivity coefficients showed, 

that even for thick three-layered structures, the 

photosensitivity is 2.5 times higher than for one-layered 

one, despite the losses of the absorption in the upper 

layers. At the same time thin three-layered structures 

provide the growth of photosensitivity by 2 orders of 

magnitude compared to the single-layer structure (Table 

I). 

With increasing of deposition time, UV-sensitivity of 

these structures is more determined by absorption losses 
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in the upper layers than photosensitivity. Therefore, for 

thick three-layered structure the coefficient of UV-

sensitivity is lower than for one-layered structure. 

However, thin experimental samples showed significant 

sensitivity to this radiation, exceeding the magnitude of 

UV sensitivity in one-layered structure by 2-4 times 

(Table I). 

 
TABLE I.  THE BASIC PARAMETERS OF ONE- AND THREE-

LAYERED STRUCTURES 

 

The photovoltaic effect is inherent to the three-layered 

structures (Fig. VII, Table I). It should be noted that for 

thin three-layered structure (one-layer deposition time is 2 

min) this effect does not take place, because the potential 

barrier is absent (as shown above). In general, the height 

of potential barrier determines the magnitude of photo-

emf in the structure. So, in thick three-layered structures 

the rectification coefficient, and hence the open circuit 

voltage increases significantly compared with one-layered 

structure (Table I). Further increase of deposition time 

does not lead to improved photovoltaic characteristics, 

because serial resistance grows in the structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Influence of one-layer deposition time on the 

photovoltaic characteristics of three-layered structures 

 

It is seen that significant increasing of short-circuit 

current  is main constituent in efficiency of converting 

solar energy. The presence in three-layered structure the 

crystallites of different size (from smallest to largest in 

towards to the substrate), allows them to absorb almost 

the entire solar spectrum. As a result, total photocurrent 

through the structure will increase. With increasing 

deposition time, the short-circuit current is somewhat 

reduced due to the shift of absorption in direction of low-

energy range and the cutting off high-energy radiation.  

Thus, on the one hand, long deposition process 

increases the open circuit voltage, on the other hand, 

reduces the short-circuit current. To choose the optimal 

technological conditions for synthesis of three-layered 

structure with photoelectric effect load characteristics 

were measured (Fig. VII). As shown in Fig. VII, the 

layered structure with one-layer deposition time of 3.5 

min converts sunlight more efficiently, because it is 

characterised by larger value of filling factor. 

V. CONCLUSION 

In this paper, three-layered structures, based on 

nanocrystalline silicon, were synthesized. It has been 

shown that multilayer structures are very promising for 

thin-film photodetectors and solar cells. 

It was found, that for the synthesis of efficient sensors 

of visible or ultraviolet radiation, the one-layer deposition 

time should not exceed 2 ... 2.5 min. 

Synthesis of thin film solar cells of high efficiency 

requires, obviously, a combination of different deposition 

time in one structure. So, the upper layers should deposit 

for a short period of time to expand the absorption 

spectrum of the structure and, therefore, increase its short-

circuit current. The bottom layers have to be obtained 

longer to generate the greatest possible potential barrier 

for charge carriers, and thus increase the value of open 

circuit voltage.  
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I. INTRODUCTION 

The research field of carbon nanotubes (CNTs) has 

received a continuously growing interest since their 

discovery in 1991 [1] due to their unique and highly 

desirable electrical, thermal and mechanical properties 

[2]. Functionalizing CNTs with magnetic nanoparticles 

can combine the features of magnetic nanoparticles and 

CNTs, which may result in materials with novel chemical 

and physical properties, and thus promising applications. 

It has been reported that CNTs filled with Fe3O4 may be 

used as diffraction gratings, optical filters, and polarizers 

[3]. Other applications of these materials include 

cantilever tips in magnetic force microscopes, magnetic 

stirrers or magnetic valves in nanofluidic devices [3–5] as 

well as transporting drugs to specific locations in the body 

and for medical diagnosis without surgical invasive 

procedures [4].  

Our motivation for creating a CNT/magnetite 

composite stems from the goal of creating a new 

generation of nanofluids, which are amenable to be 

controlled by appropriate magnetic fields. These 

                                                           
1 This work has been supported by the FCT of Portugal through 

projects and grants PTDC / EME-MFE / 105031 / 2008, PEst-C / CTM 

/LA0025 / 2011, RECI / FIS-NAN / 0183 / 2012, SFRH / BPD / 22230 / 
2005, SFRH /BPD / 74086 / 2010, and REDE / 1509 / RME / 2005. 

nanofluids are a suspension of carbon nanotubes filled 

with magnetite nanoparticles, in a base fluid [4,5]. These 

suspensions, in general, exhibit behavior of a normal 

liquid coupled with superparamagnetic properties. This 

leads to the possibility of controlling the properties and 

the flow of these liquids with moderate magnetic fields.  

Gogotsi’s group [9] demonstrated that it is possible to 

fill CNTs with a diameter of 300 nm using commercially 

available ferrofluids. However, the level of CNTs filling, 

in terms of the ratio between the magnetic particles 

volume by that of the nanotube, was relatively low 

(approximately 11%). 

Despite a number of previous studies, filling CNTs 

completely with Fe3O4 nanoparticles has remained a 

challenging task. 

In this paper we report a modification of the CNTs 

production procedure proposed in Ref. [9] aimed at 

increasing the nanotube filling factor to levels that are 

adequate for the production of nanofluids with magnetic 

CNTs as nanoparticles. A detailed magnetic 

characterization of the CNTs filled with ferroparticles has 

been undertaken by means of ferromagnetic resonance 

(FMR) and vibrating sample magnetometry (VSM) 

techniques. 

 

 

Magnetic properties and applications of carbon 

nanotubes filled with Fe3O4 nanoparticles
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II. EXPERIMENTAL DETAILS 

CNTs were produced by a non-catalytic chemical vapor 

deposition (CVD) technique based on the pyrolysis of 

ethylene. Before the growth of CNTs, the 60 μm thick 

alumina template membranes (Whatman® Inc., U.K.) 

were placed vertically inside the quartz tube. The 

nanotubes were formed in straight cylindrical pores which 

run through the whole membrane thickness. The 

microstructures of the alumina membrane and the CNTs 

samples inside the membrane were observed in a Hitachi 

SU-70 scanning electron microscope (SEM). The SEM 

images (see, e.g., Fig. 1a) reveal that the pores have 

varying diameters within one membrane sample. The pore 

diameter in our samples was in the range from 200 ± 15 

nm (Fig. 1b). 

 

 

 
Fig. 1. (a) SEM micrograph of an alumina membrane. 

(b) Pore size distribution in the alumina membrane 

calculated from the SEM image analysis. 

 

The resulting CNTs with an average length of 6 μm 

have at least one open end, and their walls are highly 

disordered and amorphous – this characteristic makes 

filling of the nanotubes with both organic and water-based 

fluids viable [9,11]. The size of the membrane pores with 

CNTs inside was characterized using atomic force 

microscopy (AFM, Ntegra, NT-MDT). The majority of 

CNTs have an inner diameter close to 124 nm [12]. 

The organics-based ferrofluid EMG 911 (Ferrotec 

Corporation) containing Fe3O4 nanoparticles with an 

average diameter of 7.5 nm was used in our experiments. 

To fill the CNTs sitting in the template with ferrofluid, we 

added a 100-fold excess (by weight) of the ferrofluid to 

the system; no magnetic field was used in this filling 

procedure. The nanoparticle-filled CNTs were 

characterized using transmission electron microscopy 

(TEM) in a Hitachi H-9000 microscope at 300 kV. 

The magnetic properties of the original CNTs and 

samples filled with Fe3O4 were characterized using a 

vibrating sample magnetometer (VSM, Lake Shore 

Cryotronics, model 7404). The measurements were done 

at several temperatures from 78 K to 293 K in applied 

fields up to 10 kOe.  

FMR was measured on a X-band Bruker ESP 300E 

EPR spectrometer. Out-of-plane angular dependences of 

the FMR were obtained at RT by rotating the magnetic 

field between the film plane and the normal to the film. 

The temperature-dependent measurements from 150 to 

450 K were conducted for two principal magnetic field 

orientations, viz., for the field aligned parallel and 

perpendicular to the film plane.  

III. RESULTS AND DISCUSSION 

Typical TEM images of CNTs filled with Fe3O4 

nanoparticles are shown in Figs. 2a,b. The filled 

nanotubes can be easily identified in the image. The table 

in Fig. 2a results from EDS measurements of the filled 

samples; these measurements confirm the presence of 

atomic iron in the CNTs.  

The filling of the CNTs can be explained in terms of 

capillary forces induced during the impregnating process.  

 

 

 
Fig. 2. TEM image of CNTs filled with Fe3O4 nano-

particles. Table: EDS results. 

 

Previous studies reported in the literature [6–8,13,14] 

have shown that elements and compounds with surface 

tension lower than 200 mN/m are suitable for wetting and 

filling of carbon nanotubes. The EMG 911 ferrofluid has 

a surface tension value of 68 mN/m; therefore, as 

demonstrated, this ferrofluid is capable of strongly 

wetting and filling the nanotubes.  

The empty arrays have been checked by magnetometry 

before filling. The original carbon nanotubes did not 

present any ferromagnetic properties. The magnetization 

curves of the CNTs samples after being filled with Fe3O4 

nanoparticles are shown in Fig. 3. 
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Fig. 3. Magnetization curves of CNTs filled with Fe3O4 at 

different temperatures. Inset: Enlargement of the low-

field region at at 125 K and 78 K. 

 

It is seen in Fig. 3 that the magnetic CNTs exhibit no 

hysteresis loops in a weak applied magnetic field at RT 

and at 273 K. However, hysteresis is clearly observed at 

lower temperatures, 125 K and 78 K. Thus, ferromagnetic 

properties do occur. The saturation magnetization varies 

with temperature from 17.53 emu/g to 20.10 emu/g. The 

saturation magnetization MS, coercivity HC, remanent 

magnetization MR and the ratio R = MR/Ms measured at 

different temperatures are presented in Table 1. 

 
TABLE 1. CHARACTERISTICS OF CNTS WITH MAGNETITE 

NANOPARTICLES. 

T, K HC, Oe 
Ms, 

emu/g 
Mr, emu/g 

R = 

Mr/Ms 

293 0 17.53 0 0 

273 0 17.78 0 0 

175 0 19.26 0 0 

125 2.75 19.78 0.2 0.01 

78 9.98 20.10 0.63 0.03 

 

At low temperatures the coercivity of a system of non-

interacting and randomly oriented particles is expected to 

follow the relation [15]: 

  
1/ 2

C C0 B1 /H H T T   
 (1) 

For CNTs filled with Fe3O4 we obtained at low 

temperatures the following HC values:  

HC ≈ 3 Oe at T = 125 K, and HC ≈ 10 Oe at T = 78 K. 

Besides, the blocking temperature TB was estimated. At 

temperatures well below TB, the hysteresis appears and, as 

a result, the superparamagnetism is no longer manifested, 

as the thermal energy is not sufficient anymore to 

overcome the magnetic anisotropy energy. In our case the 

TB value is equal to approximately 145 K. 

Alternatively, the magnetic properties of the EMG 911 

ferrofluid were estimated taking into account that it shows 

a significant hysteresis in the presence of a weak 

magnetic field at 78 K and 5 K. A detailed analysis for 

EMG 911 (similar to that described above for the CNTs 

filled with Fe3O4) yields the following parameters:  

HC ≈ 265 Oe at T = 78 K; HC ≈ 2250 ± 250 Oe at T = 5 K. 

For the EMG 911 ferrofluid TB = 93 ± 6 K. This value 

is much higher than that for pure magnetite nanoparticles 

with a diameter of 6 nm (TB ≈ 31 K) and for CNTs filled 

with them (TB ≈ 58 K) and is comparable with values 

reported in the literature [10]. This may infer that there is 

an increase of the interaction strength between magnetic 

nanoparticles and CNT walls [10,16] as well as of those 

among magnetic nanoparticles inside the nanotubes. It is 

generally accepted that the magnetic interactions that 

dominate magnetic nanoparticle assemblies are dipole-

dipole interparticle interactions (which are always 

present) and exchange interactions through the surfaces of 

particles that are in close contact [10,16]. It is known [17] 

that the exchange interaction among Fe3O4 particles might 

be minimal because the average edge-edge separation 

between particles is large due to the presence of the 

surfactant. However, the tight packing of Fe3O4 inside 

CNTs can reduce the average distance between the Fe3O4 

particles, thus enhancing the strength of the dipolar 

interparticle interaction. In the present case the filling 

level of carbon nanotubes with magnetic particles is about 

32% [12,18]. This percentage corroborates our premise 

that there is a strong interaction among the magnetic 

particles inside the CNTs, which are the object of the 

FMR study described in the following. 

FMR measurements at RT have shown relatively broad 

resonance lines (line width ΔH ~ 1 kOe) which are typical 

of FMR in magnetite nanoparticles [19–24]. An in-plane 

FMR line is comprised of three resonance peaks each 

having Gaussian shape. Typical fitting using three 

Gaussians is shown on Fig. 4b. The main peak is 

practically two times wider and has an integral intensity 

as least one order of magnitude higher than the two 

others. Its angular dependence reflects easy-axis 

anisotropy of the system as a whole with the axis 

perpendicular to the film plane, which is to be expected 

for such a structure with a low surface density of pores 

(13.5%). In other words, individual magnetic properties of 

magnetically filled nanotubes are dominating over the 

collective properties of the film-shaped ensemble of 

nanotubes. In the following, calculations will be 

performed to quantitatively evaluate the filling factor and 

to compare its value with the data obtained from the 

magnetometry. 

The low-intensity peaks have resonance field positions 

lower and higher than the main peak (Fig. 5). Both peaks 

have the same magnitude and line width (FWHM ~ 540 

Oe). These parameters have been found to be practically 

independent on the angular variation of external magnetic 

field. The angular dependences of their resonance fields 

reflect different symmetry. Actually, the high-field peak 

evidently shows 180º symmetry. Nevertheless, it was 

impossible to track its angular variation with a high 

accuracy in the whole range of angles due to strong 

overlapping with the main peak. Surprisingly, the low-

field peak shows the combination of 180º and 90º 

symmetries. It is hard to explain such a behavior from the 

point of view of randomly oriented and well-separated 

nanoparticles uniformly filling the nanotubes. On the 

other hand, according to previous studies [24–26], it could 

be attributed to the FMR of anisotropic conglomerates of 

nanoparticles (e.g., dimers) formed on the CNT’s walls or 
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spontaneously appearing in the presence of the external 

magnetic field. 

 

 

 
Fig. 4. (a) FMR spectra measured at different angles 

(indicated in the graph) between the external magnetic 

field and the normal to the film plane. (b) An example of 

the FMR spectrum fitting with three Gaussians. The 

spectra were measured at f0 =9.78 GHz. 

 

The angular dependence of the resonance field (Fig. 5) 

for the main peak demonstrates a comparatively low 

variation amplitude: the highest and the lowest resonance 

fields are 3600 and 3100 Oe, respectively, which gives a 

magnitude of the perpendicular anisotropy field of ~250 

Oe. If one considers a 100% filling of nanotubes by the 

magnetite phase, and that the average CNT length is 

orders of magnitude larger that the average diameter, 

then, in the absence of dipole-dipole interaction between 

the nanotubes, one has to obtain 

a s2 2 480 3 kOeH M     , which is one order of 

magnitude higher than the observed value. This 

discrepancy may be theoretically explained as a decrease 

of the perpendicular anisotropy due to the dipole-dipole 

interaction in the ensemble or by the fact that the filling 

factor is much lower than 100%, and the filling inside the 

nanotubes is non-uniform. The possibility of non-uniform 

filing is also supported by the analysis of the angular 

dependence of the line width for the main peak (Fig. 5). 

The angular dependence shows a 37% increase for the in-

plane magnetic field orientation as compared to the out-

of-plane orientation, where Hext is parallel to the 

nanotubes axes. Such a behavior is understandable if the 

particles are able of moving inside the nanotubes: when 

the magnetic field is oriented along the nanotubes, the 

particles have to gather together to minimize the 

magnetostatic energy. In contrast, for the magnetic field 

oriented perpendicularly to the nanotubes, the 

minimization of the magnetostatic energy should lead to a 

spreading of the particles over the nanotube as much as 

any possible. In the latter case, the non-uniformity of the 

internal field will be higher, which will be reflected by a 

larger line width of the FMR absorption peak. 

 

 
Fig. 5. Angular dependences of the resonance peak 

positions (left panel) and for the line width of the main 

FMR peak (right panel). The spectra were measured at f0 

=9.78 GHz. 

 

The temperature dependence of the main resonance 

peak for the in-plane and out-of-plane magnetic field 

orientations is shown in Fig. 6. A continuous decrease of 

the resonance fields for both orientations with reducing 

temperature is supplemented by an increasing line width. 

This is a classical superparamagnetic behavior in FMR 

measurements [19–24]. A constant ratio /H H   = 1.3 

± 0.06 is preserved in the whole range of temperatures. At 

the same time, a decrease of the resonance fields, is 

accompanied by an increase of the distance between the 

resonance fields for the in-plane and out-of-plane 

magnetic field orientations. This effect is linked to a slight 

growth of the particles’ saturation magnetization which 

typically occurs when the temperature decreases down to 

the Verwey transition point [27]. 

To evaluate the nanotube filling factor from the FMR 

angular dependences, one has to start with a description of 

the considered system’s magnetic energy. If the 

nanoparticles are considered as magnetically isotropic, the 

total magnetic energy density will have two contributions: 

 
tot d ZE E E  , (2) 

where EZ is the Zeeman energy term expressing the 

interaction of the net magnetic moment with the external 

magnetic field H: 

Z s ext m h m h m h (cos cos +cos( )sin sin )E M H        
.
(3) 

The angular variables θh (polar angle read from a certain 

direction in the film plane) and  h (azimuthal angle read 

from the film normal) determine the external magnetic 

field orientation, while θm and  m give the film’s net 

magnetic moment orientation, respectively, and Ms stays 

for the particles saturation magnetization. The second 

term, 

  2

s v p p v eff

2

m m/ 2 4 (1 (cos sin ))dE M f f f f N    
, is 

the magnetostatic energy which, according to Refs. 

[28,29], describes a thin film having an array of 

perpendicularly oriented pores filled by nanoparticles: 
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  2

d s v p p e f mf

2

mv (cos sin )/ 2 4 (1 )E M f f f f N    
, (4) 

where fv is the relative volume occupied by the pores in 

the film, fp is the relative volume occupied by the particles 

in each pore, and Neff is an effective demagnetization 

factor of the filled nanotube as a whole: for a uniformly 

filled tube Neff will be equal to 2, while Neff < 2 will 

characterize the non-uniformity of the filling. 
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Fig. 6. Temperature dependences of the main peak’s 

resonance field (Hres) and its line width (ΔH) measured for 

the in-plane and out-of-plane magnetic field orientations. 

The spectra were measured at f0 = 9.465 GHz. 

 

To calculate the resonance field of a FMR line, we 

applied the Smith-Beljers formalism: 

 

 

tot tot

m m

2 2 2 2

tot tot tot

2 2 2

m m m ms m

=0,       =0;

1

sin

E E

E E E

M

 



    

  
 



                    

. (5) 

Here / (2 )g e mc   is the gyromagnetic ratio (g – 

spectroscopic Landé g-factor, e – electron charge, m – 

electron mass, c – light velocity). Kittel’s resonance 

conditions for two main orientations of the magnetic field, 

i.e. those in-plane ( h h / 2    ) and out-of-plane (

h h 0   ), can be found from Eq. (5) directly: 

 
2

hsys s

sys

h

hs h

( ( ),/ ) / 2)( ,

/ 0), ( .

H H N M

H N M

    

   

 









 

 (6) 

Here 
sys p v eff v(4 (1 ))N f f N f    is the net 

demagnetization parameter of the system as a whole. For 

intermediate orientations, Eqs. (5) have to be solved 

numerically. 

Fig. 7 shows the best fit of an angular dependence of 

the resonance field for the main peak. The literature value 

of saturation magnetization for the bulk magnetite (480 

emu/cm
3
) was used [30]. The filling parameters fp and fv 

were also set fixed, as fv has been determined from the 

microscopy and fv, from the VSM magnetometry. The 

fitted model parameters were the g-factor and Neff, 

yielding 2.043 and 0.69·2, respectively. The g-factor 

value obtained for T = 300 K is slightly lower than that 

for bulk magnetite (2.10–2.12) [30], which is reasonable 

from the viewpoint of superparamagnetic resonance [19–

23]. From the temperature dependences of Hres for the 

main peak (Fig. 6) we obtain using Eqs. (6) that, with the 

temperature lowering from 450 to 150 K, the g-factor 

decreases from 2.04 to 2.18. The second fitting parameter, 

representing an effective demagnetization factor of a 

nanotube non-uniformly filled with a magnetic phase, has 

been found to be 30% lower than those estimated for 

completely and uniformly filled nanotubes whose shape is 

approximated by an infinite cylinder. This proves the 

aforementioned assumption about the non-uniform 

nanotube filling. 
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Fig. 7. Model fitting with the fixed parameters: 

92 9.78 10 rad/s    , fp = 0.32, fv = 0.135, Ms = 480 

emu/cm
3
. Fitted parameters: Neff = 0.69·2, g = 2.043. 

The magnetic nanotubes have a tremendous application 

potential in magnetics, functional nanomaterials and 

nanodevices. As an application example, we used the 

magnetic carbon nanotubes as a magnetic sorbent in a 

magnetic field for cleaning biological fluids from the 

extracellular hemoglobin and myoglobin, which appear in 

the blood plasma during pathology (hemolysis of red 

blood cells and massive damage of muscle tissues) [31]. 

Hemoglobin (Hb) is the major erythrocyte protein 

consisting of four subunits, where each subunit is a 

combination of a polypeptide chain and a heme group. 

The heme group consists of an iron atom (Fe
2+

 or Fe
3+

) 

attached to a planar organic structure belonging to the 

porphyrin compounds.  
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Fig. 8. The optical absorption spectrum of hemoglobin 

before and after magnetic nanoseparation (MPS). 

Hemolysis is the rupturing of erythrocytes and the 

release of their contents (free Hb) into the surrounding 

fluid (e.g., blood plasma). The free Hb is extremely toxic. 

In the present work we have determined on model 

systems the sorption selectivity of the magnetic CNTs for 

the purification of the blood plasma and whole blood 

from the hemoglobin and myoglobin. For the cleaning of 

the liquid from CNTs loaded with toxins, we have 

developed a special device – a magnetic separator. 

The first experimental results have shown that the 

content of free Hb was reduced from 200 mg/l to 30...37 

mg/l for 4 min of separation processing (Fig. 8). Thus, we 

may conclude that the efficiency of our proposed 

magnetic nanoseparation (MPS) is more than 10 times 

higher as compared to the conventional hemosorption 

method: the clearance of free Hb by our method is 79–150 
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ml/min, while by the conventional method it is only 3–15 

ml/min, with the price for one procedure being the same. 

IV. CONCLUSION 

We propose an ad-hoc modification of a previously 

published procedure for the fabrication of magnetic 

CNTs. The new procedure is based on capillarity effects 

using a wetting fluid. It employs CNTs with a large 

diameter (above 100 nm) which are loaded with magnetic 

Fe3O4 particles. The magnetic properties of the loaded 

CNTs were investigated at various temperatures. A 

combination of the magnetometry and ferromagnetic 

resonance techniques has allowed us to determine the 

filling factor and uniformity, as well as the magnetic state 

of the system as a whole. The resulting composite shows 

excellent superparamagnetic properties at RT. The 

blocking temperature TB was estimated to be around 145 

K.  

The proposed methodology opens an opportunity for 

simplified fabrication of magnetic nanotubes aiming at 

biomedical applications and, in particular, at the 

production of magnetic nanofluids which can be steered 

by appropriate magnetic fields, e.g., as magnetic sorbents 

for cleaning blood from free hemoglobin. 

The first experimental results have shown that our 

proposed magnetic nanoseparation is of more than tenfold 

efficiency in comparison with the conventional 

hemosorption method. 
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I. INTRODUCTION 

Perovskite-type complex transition metal oxides 

(TMO) display a remarkable spectrum of electronic, 

optical, and magnetic behavior: superconducting, 

ferroelectric, piezoelectric, and ferromagnetic properties 

are all accessible due to strong coupling between lattice, 

charge, spin and orbital degrees of freedom [1]. 

Extremely rich diversity of complex oxide functionalities 

is originated from a strong electronic correlation and can 

be further expanded by atomically tailored oxide 

heterostructures, which lead to emergent properties – e.g., 

superconducting interfaces between insulating oxides. 

This is why thin film preparation of TMO needs a 

thorough control at the nano- and even at atomic scale 

level. 

The ability to grow perfect epitaxial films and artificial 

heterostructures is of critical importance both for 

fundamental understanding and following application of 

these materials. A number of growth techniques are 

currently employed to prepare thin film oxides. Common 

growth techniques include pulsed laser deposition (PLD) 

[2] and molecular beam epitaxy (MBE) [3]. Metalorganic 

chemical vapor deposition (MOCVD) technique require a 

volatile precursors, but in most cases the elements of 

TMO have precursors with a very low volatility (alkali 

earth elements) or even are non-volatile (rare earth 

elements). Due to the volatility problem, MOCVD of 

transition metal oxides is based on the injection of liquid 

solutions contained required precursors dissolved in an 

appropriate organic solvent [4]. 

The present study deals with one of the many variations 

of the liquid injection MOCVD technique that is 

Metalorganic Aerosol Deposition (MAD). 

 

 

 

 

 

II. EXPERIMENTAL DETAILS 

MAD is a solution-based chemical deposition 

technique that uses metal-chelate coordination 

compounds (e.g. La-, Sr-, Mn - acetylacetonates) as 

precursors dissolved in an organic solvent (e.g. 

dimethilformamide). Growth is performing by spraying of 

controllable volumes of the corresponding solutions onto 

the heated substrate. An oxide grows on the substrate as a 

result of heterogeneous pyrolysis reaction of the precursor 

molecules. The main distinctive feature of MAD 

technique from the other liquid injection ones is a unique 

combination of a high speed of aerosol motion (usually ≥ 

20 m/s) with a very high temperature on the substrate 

surface (>800ºC). This combination allows of vapor phase 

creating in a very thin near-surface boundary layer even 

in the case of non-volatile precursors. Small thickness of 

boundary layer in combination with high pressures and 

high temperatures creates growth conditions controlled 

rather by mass transport than by surface kinetic. 

The scheme of the MAD is shown in Fig. 1. To 

produce the high speed of aerosol flow we use a high 

pressure (> 5 bar) pneumatic nozzle. Six independent 

automated dosing units feed the nozzle by controllable 

volumes of different precursor solutions. Optical 

pyrometer and light scattering by aerosol are used for 

control of substrate temperature and aerosol flow 

intensity. 

Ellipsometry is employed for in situ control of growth 

process. Incident polarized light passes a phase modulator 

with frequency ω, whereas detected light intensity varied 

with ω and 2ω. Measurements of intensities 

Iω~sin(2ψ)sin(Δ) and I2ω~sin(2ψ)cos(Δ) allow us to 

determine rotation ψ and phase shift Δ angles  
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independently from the absolute intensity. Fitting of ψ 

and Δ to suitable optical model yields information about 

film thickness, surface roughness and dielectric 

parameters of growing oxide film. 

 

 
Fig. 1. Schematic diagram of the metalorganic aerosol 

deposition set-up equipped with ellipsometry. 

 

All films, SLs and layered structures, presented in this 

study were grown on singly TiO2 terminated STO (100) 

substrates. Surface morphologies were studied by 

scanning tunneling microscopy (STM) in Veeco 

Multimode V Scanning Probe Microscope. To determine 

overall thickness of the films as well as superlattice 

period we used a small-angle x-ray scattering (SAXS) in a 

Brucker D8 diffractometer, which was also employed for 

X-ray diffraction (XRD) analysis. Transport 

measurements were carried out on a Quantum Design 

PPMS platform. The magnetization as a function of 

temperature and magnetic field was measured using a 

Quantum Design MPMS SQUID magnetometer. 

 

III. RESULTS 

A. Thin films 

The perovskite manganites, La0.67Sr0.33MnO3 (LSMO) 

and La0.67Sr0.33MnO3 (LBMO), have transition from a 

paramagnetic insulator to a ferromagnetic metal above the 

room temperature and possess near 100% spin 

polarization below the transition temperature. These 

properties make them perspective materials for spintronic 

application such as, for example, spin-dependent injection 

of carriers [5]. All applications require the growth of thin 

films with a device quality that is with an atomically 

smooth surface, a high Curie temperature, a large 

magnetization, and a low residual resistance. 

In this study we report on the growth and properties of 

relatively thick LSMO and LBMO thin films grown by 

MAD technique and comparison of obtained results with 

the best results obtained by other techniques such as PLD 

and MBE.  

Presented here the best functional properties of MAD 

grown films were obtained after a thorough optimization 

of all growth conditions: the growth temperature, 

composition of precursors, speed of deposition, and etc.  

Fig. 2 shows an STM 1×1 μm image of a 23.7 nm thick 

LSMO film. The one-unit-cell-height steps and wide 

atomically flat terraces are clearly visible, pointing the 

“step-flow” mode of epitaxial growth. The absence of 

precipitates, related to the off-stoichiometric deposition, 

indicate an equal ratio between A- and B-cations. 

 

 
Fig. 2. STM image of 24 nm thick LSMO film grown on 

STO(100) substrate. 

 

XRD analysis confirms epitaxial growth of uniformly 

strained manganite films. Near the substrate peaks we 

permanently observed a finite thickness fringes (Laue 

fringes) with the period corresponding well to the 

thickness of films, determined from SAXS.  

The temperature-dependent resistivity of optimally 

doped LBMO and LSMO films are shown in Fig. 3. 

Metallic behavior for LBMO starts from TMI=352 K, 

whereas LSMO has no evident metal-insulator transition 

up to 400 K, which is the maximum achievable 

temperature for our experimental setup. The dependence 

for LSMO looks like transition from one metal to another 

and, indeed, it is known that a high quality LSMO has 

transition from paramagnetic metal to ferromagnetic one 

without manifestation of the maximum on the R(T) curve. 

 

 
Fig. 3. Temperature-dependent resistivity of 59 nm thick 

LBMO and 24 nm thick LSMO films grown on STO(100) 

substrates. 

Magnetic measurements showed the saturation 

magnetization at low temperature was equal to 3.2 and 3.5 

μB/Mn for LBMO and LSMO, respectively. The Curie 

temperatures for these manganites are equal to 325 K for 

LBMO and 355 K for LSMO. The magnetization of both 

manganites is very soft with coercive field of only 30-40 

Oe. This value reflects a high microstructural perfection 

(absence of pinning centers) in the materials. 

The metal-insulator and magnetic transition 

temperatures as well as the values of magnetization are 

exactly coincided with the best result obtained for the 

films grown by PLD and MBE [5]. However, the residual 

low-temperature resistivity for our LSMO , which is only 
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35 μΩcm, is significantly smaller than the best value of 

60 μΩcm for PLD grown films and do not inferior to the 

best value obtained for MBE grown films[5]. For LBMO 

we obtained the residual resistance of 120 μΩcm that is, 

to our knowledge, smaller than any previously published 

value. 

Our results on the “bulk” manganite films epitaxy 

demonstrate the ability of vacuum-free MAD technique to 

produce films with superior functional properties required 

for device applications. 

 

B. Digital superlattices 

A-site disorder plays a fundamental role in the 

properties of manganites near the phase transitions. The 

ability thus to engineer disorder is critical both for 

fundamental science and for applications of correlated 

oxides. In this framework (SrMnO3)n/(LaMnO3)2n 

superlattices (SLs) with a low number of unit cells n≤3 

have been intensively studied as a digitally ordered analog 

of the optimally doped LSMO [3]. From the other hand it 

is known that the half-doped LBMO can be synthesized 

as layer-ordered single crystal (LaBa)Mn2O6, due to 

greater A-cation mismatch than in LSMO. Therefore 

LBMO may give a good possibility to test the idea of 

digital ordering by SLs approach. 

In this study we report on the MAD synthesis and 

properties of digital SLs of (LaMnO3)n/(La0.5Ba0.5MnO3)2n 

with n=1-2, where the overall stoichiometry is equivalent 

to optimally doped LBMO. 

As a prerequisite for the SLs growth, to obtain the half-

doped manganite, a series of “bulk” LBMO thin films was 

grown with increasing Ba doping over the optimal level. 

Characterization of structural, magnetic and transport 

properties and their comparison with the phase diagram of 

manganites allows determining all conditions required for 

the half-doped LBMO synthesis. 

The surface morphology of SLs consisted from a flat 

terraces covered by unit-cell-height islands, indicating 

thus a layer-by-layer mode of epitaxial growth. 

 

 
Fig. 4. SAXS patterns measured from the “digital” SL 

(LaMnO3)n/(La0.5Ba0.5MnO3)2n on STO(100) with n=1 

and 2. 

 

 

In Fig. 4 we present the SAXS pattern of two 

(LaMnO3)n/(La0.5Ba0.5MnO3)2n SLs with n=1 (33 periods) 

and 2 (25 periods). In spite of extremely short periods the 

SL peaks are clearly visible on the both curves, 

evidencing the formation of SL structures. The peak 

positions are very close to the desired SL periods, which 

are equal to 1.18 nm (3 unit cells) and 2.36 nm (6 unit 

cells) for n=1 and n=2, respectively. Due to a very small 

period the satellite SL peaks were not detected by XRD 

analysis for n=1, but for n=2 the SL
-1

 peak was clearly 

revealed. As in the case of “bulk” LBMO films, XRD 

shows clear Laue fringes with periods corresponded to the 

overall thickness, confirming thus formation of a 

coherently strained SLs. 

For SL with n=1 the Curie temperature determined 

from the temperature dependence of magnetization is 

equal to 325 K, that is not so far from the “bulk” LBMO 

films. The saturation magnetization and coercive fields 

are also almost matched the values obtained for the 

“bulk” LBMO. 

The temperature-dependent resistivity, shown in Fig. 5, 

reveals a metallic behavior starting from temperature of 

metal-insulator transition (TMI). The SL with n=1 

demonstrates values of TMI and the temperature 

coefficient of the resistance, TCR=(dR/dT)/R, closer to 

optimally doped “bulk” LBMO films than SL with n=2. 

The residual resistance of 135 and 165 µΩcm, 

respectively for n=1 and n=2, confirms that a higher 

structural quality of “digital” material was obtained at a 

shorter SL period with n=1. 

 
Fig. 5. Temperature-dependent resistivity of the digital 

SL (LaMnO3)n/(La0.5Ba0.5MnO3)2n on STO(100). The 

inset shows temperature dependence of TCR=(dR/dT)/R. 

The structural and functional properties of digitally 

synthesized LBMO are practically identical to the “bulk” 

thin film material. This result confirms the ability of 

MAD technique to produce extremely short period SLs, 

which can be applied to tailor properties of TMO. 

C. Sub unit cell growth 

Oxide engineering at the sub-unit-cell level can result 

in the creation of a new metastable material with 

enhanced or novel functionalities. To prove the ability of 

MAD for the atomic-level engineering we have grown the 

n=1–4 members of the layered superlattice-type 

Srn+1TinO3n+1 compounds. These metastable at n≥3 

compounds are known as Ruddlesden–Popper (RP) 

phases, which are built up with alternate stacks of rock 

salt SrO monolayers and perovskite (SrTiO3)n block 

layers [3]. 

In this study we report on the MAD synthesis of RP 

phase by alteration of SrO and TiO2 monolayers with 

insertion an additional monolayer of SrO after n couples 

of SrO-TiO2, i. e. we employed sub-unit-cell growth to 
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build up the whole of material, including (SrTiO3)n block 

layers.

 
Fig. 6. In situ ellipsometric data for phase shift angle Δ 

during the growth of Sr5Ti4O13 on STO(100) substrate. 

The deposition process was controlled in situ via 

ellipsometry measurements. Ellipsometric monitoring of 

phase shift angle Δ, shown on Fig. 6, demonstrates that all 

separate steps of deposition can be identified. Increasing 

of tan(Δ) during deposition of SrO monoatomic layer and 

its decreasing at deposition of TiO2 monoatomic layer 

leads to formation of oscillations, thus indicating a pure 

atomic layer-by-layer growth mode. Inserting of an 

additional SrO monolayer can be clearly identified as a 

couple of upward steps. The layer-by-layer mode of 

growth was also confirmed by STM analysis of surface 

morphology. 

 
Fig. 7. XRD spectrum of Sr5T4O13 epitaxial film grown 

on STO(100) substrate. 

 

To prove the regularity in the periodicity of grown RP 

phases we performed XRD analysis. The θ-2θ XRD 

patterns in Fig. 7 confirm epitaxial orientation of film and 

formation of a new periodicity corresponded to specific 

value of n = 4 for the presented Sr5T4O13 PR compound 

with total thickness equal to 25.1 nm according to SAXS 

measurements. All of the peaks denoted on the scan are at 

the correct 2θ positions and correspond to c-lattice 

constant of 3.59(5) nm, which is approximate to the 

theoretic value of 3.6 nm, and corresponds to the total 

thickness of 7-periods films. Some broadening of peaks as 

well as weakness of (008) and (0014) peaks seems to be 

attributed for spotting non-periodicity in the stacking 

sequence. 

This result demonstrates the ability of epitaxial 

engineering of metastable compounds by a sequential 

deposition of sub-unit-cell layers within the MAD 

technique. The growth oxides in any desired sequence 

with sub-unit-cell control offers a great potential for the 

tailoring of complex oxide properties required for 

different application. 

IV. CONCLUSION 

We have presented MAD growth and some properties 

of (1) optimally doped “bulk” LSMO and LBMO 

manganite thin films, (2) “digital” manganite films 

formed via ultra-shot period 

(LaMnO3)n/(La0.5Ba0.5MnO3)2n SLs, and (3) films of 

metastable RP phase compounds formed via sub-unit-cell 

control of growth of Srn+1TinO3n+1 titanates . We have 

shown that the relatively simple and a vacuum-free MAD 

technique can produce films, SLs and even metastable 

atomically layered compounds of comparable quality to 

those grown by PLD or MBE. 
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Abstract - The extinction of sensitivity to nitrogen dioxide induced by high gas concentration have been observed 

in ultrathin tellurium films. The phenomenon becomes apparent in both continuous and nanostructured films 

shown by AFM, SEM and XRD analyses to be in amorphous state. Sensitivity of 30 nm thickness Te film   

decreases near linearly with concentration increase between 150 and 500 ppb of nitrogen dioxide. The results are 

explained in terms of formation of a nitrogen dioxide catalytic gate in which a molecule adsorbs (and desorbs) 

without reacting. 

 

Keywords - Gas sensitivity, Extinction, Nanostructured tellurium, NO2. 

  

1. INTRODUCTION 

Tellurium thin films exhibit sensitivity to toxic and 

harmful gases [1-2], which allowed proposing them for 

the development of gas sensors [3]. The sensitivity to 

these gases, as well as to oxygen, nitrogen and water 

vapors [4] depends on substrate microstructure and its 

temperature during film deposition [5,6]. Besides, the film 

thickness strongly influences both the sensor sensitivity 

and conductivity. Decrease of a Te film thickness from 

120 nm to approximately 40 nm results in increasing of 

sensitivity toward NO2 by more than 10 times [7]. The 

current flow through two parallel channels explains such a 

behavior [8]. In a compact layer, the current flows 

through two parallel channels, one of them being the 

surface channel, which is affected by the gas reaction and 

the other is the gas-unaffected bulk.  

Decreasing the layer thickness leads to enhancing the 

influence of the surface resistance and removing the bulk, 

gas-unaffected parallel resistance. In this context it 

appeared to be interesting making experiments with 

ultrathin (less than 40 nm) compact layers. On the other 

hand, layer’s compactness can be controlled by deposition 

rate. It is known for a long time [9] that the deposition 

rate strongly influences the growth of Te film. The 

increase of deposition rate is associated with a shortening 

of the lifetime of atoms migrating on the substrate 

surface, decreasing of degree of crystallite order and 

increasing the compactness of the film.  

In this study, the nitrogen dioxide sensing properties 

of compact tellurium films grown by high evaporation 

rate were examined with respect to SEM, XRD and AFM 

characterization. In order to elucidate the influence of 

substrate microstructure, the films were deposited on both 

continuous (Pyrex glass) and priory nanostructured 

(Al2O3) substrates. 

Apart from an essential reduction of the response time, 

a new unexpected phenomenon consisting in 

concentration-induced extinction of gas sensitivity was 

observed.  

2. MATERIAL AND METHODS 

Tellurium (purity 99.999 %) based thin films of 

different thicknesses were deposited both onto Pyrex 

glass and nanostructured Al2O3 substrates with thermal 

vacuum evaporation. The evaporation was performed 

from a tantalum boat at the working pressure of  10
-4

 Pa, 

without heating or cooling the substrate. The growing rate 

of the film was around 30 nm / s, the area of deposition 

being around 70 mm
2
. Rectangular samples of different 

thicknesses were prepared by variation of evaporation 

time, while the distance between the evaporation boat and 

the substrate has been kept the same - 20 cm. The 

thicknesses and the shape of the films have been 

measured after their preparation using an Atomic Force 

Microscope (SIS SCAN Control/C). The surface 

morphology of the films was investigated, using a VEGA 

TESCAN TS 5130 MM scanning e lec tron 

microscope  (SEM).  X –ray analyses using the DRON 

–YM1 diffractometer by FeK   radiation was applied 

for the structural investigations of the grown films. 

Rotation velocity of the scintillation counter was 2 (or / 

and 4) angle degrees /min. 

Two Indium pillows were pressed on top of the Te 

film surface in order to serve as electrical contacts for the 

gas-sensing element. The distance between electrodes was 

~ 5mm so that the sensing aria consists of about 30 mm
2
. 

NO2 vapor with a concentration of 0.15 to 1.0 ppm was 

obtained by using the experimental set up described in 

Evidence for the Concentration Induced 

Extinction of Gas Sensitivity in Amorphous and 

Nanostructured Te Thin Films 
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[10]. The membrane pump provides the flow of the carrier 

gas (ambient air) which is split into two independent 

streams. Both lines lead to a thermostat, where they are 

connected to U-shaped glass tubes in which the carrier 

gas is saturated by gas of interest at constant temperature. 

The saturation takes place in one U-shaped glass tube, 

where a NO2 calibrated permeation tube (Vici Metronics,  

USA) is placed. The second line is used either for dilution 

or as the reference. Both lines are fed through a diluting –

switching system to the waste or the test sell, respectively.  

A PC with a data acquisition board manufactured by 

National Instruments Inc. was used for processing.  

The thin film sensing devices were put into a test cell 

(of 10 ml volume) and the gases were injected with a flow 

rate of 100 ml /min, maintained by mass flow controllers 

(MFC, Wigha, Germany),  parallel to the film surface. 

The current transient characteristics have been carried out 

with different gas concentrations at room temperature 

with an applied voltage of 5 V. In order to transform the 

resistance signal into voltage signal, the sample was 

connected in series to a load resistance using a d.c. 

voltage supplier. In all measurements, the load resistance 

was chosen to be approximately by an order of magnitude 

less than the sample resistance. 

The sensor sensitivity was defined as a relative 

variation of the resistance expressed in percent / ppm : 

 

                              

100



a

ga

cR

RR
S                        (1) 

 were Ra and Rg  are the electrical resistance of the sensor 

in air and in  the presence of gas  (NO2)   respectively, and 

c: concentration [ppm] of the gas measured. 

 

3. RESULTS 

 

3.1. The thickness, morphology and phase 

            structure of Te thin films 

The thickness, topography, morphology and phase 

structure of Te films were examined before investigating 

their sensitivity to NO2 vapour. Figure 1 shows the atomic 

force microscope (AFM) images of an as - prepared Te 

thin film with thickness of about 110 nm, grown on a 

Pyrex substrate.  The film was scratched in order to assess 

its thickness. 

It is seen that except of separate jumps (which can be 

caused by measurement process) the surface of the film is 

smooth.  The average roughness of 5µm ×5µm areas is 

about 2-3nm. 

 

 
 

Fig.1.   AFM images of a tellurium film (110 nm) grown 

on a Pyrex –glass substrate. 

 

Figure 2 (a, b) shows the SEM images of tellurium films 

grown on both continuous (Pyrex glass) and priory 

nanostructured by electrochemical methods (Al2O3) 

substrates. SEM analyses confirms that the films are 

smooth and without any traces of crystallites. 

 

   
 

                                              a) 

 

 
 

b) 

 

Fig.2.   SEM micrographs of Te films grown:  a) on Pyrex 

–glass and    b) on nanostractured Al2O3 substrates  

 

        X-ray diffraction (XRD) data are in agreement with 

the above observations. Fig 3 shows the XRD diffraction 

pattern of a Te film grown on Pyrex – glass substrate. The 

peaks corresponding to Te (shown by dotted lines) were 

not found, indicating the predominantly amorphous nature 

of the film.  
 

3.2 Gas sensing characterization 

 

Figures 4(a) and 4(b) show the current flow through  

tellurium  thin (~ 110 nm) films grown on Pyrex-glass 

and nanostructured Al2O3  substrates respectively, under 

repeated switching on-off of the NO2 gas mixture at 

constant bias voltage, room temperature (25 
0
C) and 

relative humidity of 32%. Humidification of the carrier 

gas was accomplished using saturated solution of the salt 

CaCl2 in water, but the platinum resistance temperature 
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detector PT – 100 close to the sensor served as a 

temperature controller.    

 

 
Fig.3.    XRD diffraction pattern of amorphous tellurium 

film grown on a Pyrex glass substrate. Dotted lines show 

the places corresponding to peaks of crystalline Te with 

orientation indicated by round brackets. 

 

There were applied squared pulses of NO2 vapor. 
The dotted line gives the switching schedule. It is seen 

that the current follows the schedule showing a usual 

behavior: the transition of concentration from 0.5 to 1.0 

ppm of NO2 results in increasing of current. 

 

 
Fig.4. Transient characteristics of gas - induced current by 

exposure of Te films (thickness ~110 nm) to various 

concentrations of NO2 according to the profile shown in 

dotted lines of the bottom.  Substrate: a) Pyrex –glass; b) 

Nanostructured Al2O3. 

 

The recovery time is longer than response time, which 

consists only a few seconds. There is no also a noticeable 

baseline drift. 

       It is clearly seen the influence of substrate 

microstructure: growing of the film on nanostructured  

substrate (Al2O3) results in an evident shortening of both 

response and recovery times. 

Figures 5(a)  and 5 (b)  illustrates the transient 

characteristics of gas - induced current in Te ultrathin 

(~30 nm) films grown on Pyrex-glass and nanostructured 

Al2O3  substrates respectively,  by exposure to various 

concentrations of NO2 according to the profile shown by 

dotted lines at the bottom.  Surprisingly, but in these films 

the transition from 0.5 to 1.0 ppm of NO2 results in 

decreasing of current i.e. extinction of sensitivity induced 

by high NO2  concentration . 
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Fig.5. Transient characteristics of gas - induced current by 

exposure of Te films (thickness ~30 nm) to various 

concentrations of NO2 according to the profile shown in 

dotted lines of the bottom.  Substrate: a) Pyrex –glass;  b) 

Nanostructured  Al2O3. 

 

The diluting system of our experimental set-up 

allowed investigating the effect of gas concentration on 

device sensitivity in limits 0.15 - 0.5 ppm. Figure 6 

presents the sensitivity of a Te sensor (thickness ~30 nm) 

grown on a Pyrex –glass substrate versus concentration of 

nitrogen dioxide diluted in ambient air at room 

temperature. The Te based sensor grown on a 

nanostructured Al2O3 substrate exhibits a similar 

dependence. As one can conclude, the sensitivity of the 
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sensor is near linearly damped by gas concentration 

increase.  

Fig. 6.  Sensitivity of an amorphous Te sensor 

grown on a glass substrate (thickness ~ 30 nm) vs. 

NO2  concentration. 

 

 

4. DISCUSSION 

 

    Tellurium and its alloys belong to so-called lone - pair 

(LP) semiconductor materials. The main peculiarity of LP 

semiconductors is that the upper part of the valence band 

is formed from p - state lone-pair electrons [11]. Being 

weekly bond, these electrons interact with dangling 

bonds, which serve as acceptors. Such interaction results 

in the releasing of about 10
13

 - 10
15

 cm
-3

 holes, leading to 

p-type conductivity. 

Because namely on the surface the maximum 

concentration of dangling bonds occurs, a hole enriched 

(accumulation) region is formed at the surface. Gas 

sensing is due to variation of hole density in the enriched 

(surface) region in the presence of gaseous media. It is 

known that adsorption of gas molecules on the 

semiconductor surface can produce either donors or 

acceptors. Nitrogen dioxide molecule comprises an odd 

electron that is after covalently bonding of nitrogen to 

oxygen one of the atoms remains with a single unpaired 

electron [12]. Being adsorbed on the surface of the Te 

film the molecule of NO2 act as a dangling bond that can 

accept a LP electron to form an electron pair via reaction: 

 
  TeNOTeNO 22                (2)  

 

    Capture of lone-pair electrons, i.e. their transition 

from the upper part of the valence band to NO2 acceptor 

levels is accompanied with the release of additional holes 

(majority carriers) and results in increasing of 

conductivity of the film.  The concentration induced 

extinction of sensitivity, i.e. decrease of conductivity  can 

be due to a nitrogen dioxide catalytic  gate created 

because the film surface may be NO2 covered in an it 

excess [13]. The initial reactions for different 

concentrations of nitrogen dioxide take place therefore on 

different types of surfaces. Moreover, it seems, during the 

transient the switching phenomena predicted by 

Lundstrom [13] occurs (Fig. 5 a,b), where one type of 

coverage is rapidly transformed to another. As follows 

from our experiments, the other factors that determine 

identification of damping effect are the thickness of the 

film and its phase structural state (or compactness). SEM 

and XRD spectra show the sensitive tellurium films, 

physically grown in the present work by high rate of 

thermal deposition in vacuum on glass substrate, to be 

amorphous. The last is obviously due to the increase of 

pressure of tellurium vapours in the substrate aria, which 

lowers the lifetime of atoms migrating on the substrate 

surface to be trapped in the suitable position with the 

minimum of surface energy. The density of tellurium 

films strongly increases with deposition rate increase and 

at deposition rate larger than 8,6 nm/s the density does not 

depend on the film thickness [9]. As in the present work 

the Te films were prepared using much higher rates of 

deposition (~ 30 nm / s) they definitely should be 

attributed to the compact layers. In such a layer the 

current flows through two parallel channels [8]: a) the 

surface channel, which is strongly affected by the gas 

reaction, and b) the bulk channel, in which the gas 

reaction is controlled by diffusion processes. Electrically 

that means two parallel resistors Rs (surface) and Rb 

(bulk) differently affected by pollutant gas in question, 

although the microscopic mechanism of gas interaction 

may be the same. Obviously, the bulk channel can be 

removed reducing the film thickness to nanoscale (< 30 

nm). In such a case, the reaction sites of the film are fully 

involved in sensing response even at very low 

concentration of nitrogen dioxide. The excess of NO2 

concentration results in formation of a catalytic gate that 

dampens the sensitivity. 

                   While the proposed mechanism of concentration 

damping of sensitivity is not perfect, this phenomenon has 

to be taken into consideration by development of 

semiconductor thin film gas sensors.  

 

5. CONCLUSIONS 

 

          Non-crystalline Te thin films were grown on glass 

and nanostructured Al2O3 substrates without their cooling 

by high (~30 nm/s) deposition rate. The films exhibit high 

sensitivity to low concentration of NO2 at room 

temperature. The films grown on nanostructured Al2O3 

show a considerably short response time. The gas 

concentration increase results in extinction of sensitivity 

of the film. The formation of a catalytic gate on the 

surface at excess of nitrogen dioxide can explain this 

phenomenon, so that the initial reactions for different 

concentrations take place on different types of surfaces.       
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I. INTRODUCTION 

 

Works [1, 2] show that the possibilities for the 

nanofibers formation under the ESA, in particular, on the 

aluminum surfaces during treatment of the latter using the 

TE made of the alloy which is a hard matrix that contains 

an easily fusible component (e.g., Sn), provided that Al-

Sn alloy is a mechanical mixture. If the dimensions of the 

easily fusible component are within the limits of several 

micrometers, then under the ESA, the drops of this 

component stretch into fibers of nanometric dimensions. 

Under the ESA in the air they become oxidized, forming 

tin oxide – SnO2. The surfaces that are formed in this 

fashion have the unique abrasive properties [3]. During 

the contact with the counterbody from the hardened steel 

the wear of such surfaces is less by an order of magnitude 

(or even less) than that of the surface from the hardened 

steel, whose microhardness exceeds by several times the 

microhardness of the matrix of the treated surface. The 

results of [3] were obtained under the conditions of a 

manual variant of the ESA during the lubricated friction. 

 

This work studies the conditions of manufacturing the 

surfaces using ESA under the feed rate control the TE 

movement against the treated surface (i.e., in the 

automatic mode). It also determines the tribological 

properties of these surfaces during the lubricated friction. 

 

II. RESULTS AND DISCUSSION 

 

Treatment of the specimen surfaces was carried out 

using the facility described in detail in [4]. The TE feed 

rate against the specimen changed from 0.3 to 2 mm/s. 

The ALIER-31 (Scinti, Moldova) generator working in 

mode 5 was used as a source of power (see [1–3] for the 

details). In the variant of specimen treatment used in the 

study the number of the TE passes along the treated 

surface was maintained constant, equaling 4. Depending 

on the TE feed rate V increase and a relative decrease in 

the surface treatment time, the value of the energy passed 

through the interelectrode gap also decreased 

proportionally to V increase. 
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Fig. 1. Dependence of the absolute weight gain of the specimen (a) and the treatment rate G (b) 

on the TE feed rate against the treated surface 
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Abstract – Under certain modes of electrospark alloying (ESA) of aluminum surfaces using the Al-Sn 

tool-electrode (TE), nanostructuring of the manufactured surfaces occurs owing to the formation of SnO2 

fibers. Examining the tribological properties of these surfaces in a friction couple with a counterbody made of  

hardened steel showed that the wear of the counterbody during the friction in oil exceeds by an order of 

magnitude and above it the wear of such surfaces.  

 

Index Terms – Al-Sn  alloy, electrospark alloying, nanostructuring, SnO2 fibers, wear resistance 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 

 

         228 

 

  
a b 

  
c d 

 
e 

Fig. 2. The morphology of the surface layers manufactured using method 1 at the TE feed rate of 0.6 

mm/s (a, b), 1 mm/s (c, d), EDX spectrum and elemental composition of the surface segment (e) marked in 

Fig. 2d.  
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This, in turn, led to a decrease in an absolute weight 

gain of the specimen and intermittent change in the 

treatment rate G at V > 1 mm/s (Fig. 1). As is seen from  

Fig. 1, there are two modes of treatment depending on the 

TE feed rate, i.e., mode I (Fig. 1b) at a constant rate of 

deposition (in mg/cm
2
) and mode II (Fig. 1b) which will 

further be referred to as the “sparkling” mode. Under the 

mode II treatment the weight loss of the treated surface is 

observed. 

Figure 2 shows the images of the surface treated at 

various feed rates V (for mode I). The peculiarity of the 

results presented is the formation of fairly thick fibers that 

allow us to more accurately measure their elemental 

composition (Fig. 2e). As is seen, the fibers that are 

formed represent the Sn nucleus covered with tin oxide. 

This follows from the fact that the content of tin exceeds 

that needed for SnO2 according to stoichiometry. 

The change in the TE feed rate modifies roughness of 

the surface, however, it almost remains unchanged during 

the transition from mode I to the “sparkling” mode, 

remaining constant at V > 0.5 mm/s both in mode I of the 

treatment and “sparkling” mode (Fig. 3). At the same 

time, it is noteworthy that a decrease of Ra at an increase 

of V is observed in the range of small values of  V (Fig. 

3). 

0 0,5 1,0 1,5 2,0

8

16

24

 

 

V, mm/s

R
a
, mm

1

2

 
Fig. 3. The change in roughness of the ESA treated 

surfaces (1) and surfaces after the wear tests (2) 

depending on the TE feed rate against the surface treated 

during the manufacturing of coatings.  

 

 

0 0,5 1,0 1,5 2,0

0,06

0,12

0,18

0,24

 

 

V, mm/s

f

 
 

Fig. 4. The change in the friction coefficient of the 

treated surfaces (counter-body – hardened steel) 

depending on the conditions of obtaining of the coatings 

(V = 0.3–1 mm/s, mode I; V = 1.5–2 mm/s, mode II). 

Transition from mode I of the treatment to mode II 

changes the dependence of the friction coefficient in the 

testing experiments on the conditions of manufacturing 

the coatings (Fig. 4). During manufacturing the coatings 

in mode I, the friction coefficient increases relatively to 

an increase of V, and it decreases for the coatings 

obtained in mode II (Fig. 4).  

Test experiments were performed in two stages [2, 3]. 

At the first stage, grinding-in of the counterbody and the 

tested surface was performed. It was carried out during 

ten hours of testing with a load changing from 2 to 9 kG 

(a contact area of the tested surface with the counterbody 

was 9 mm
2
, and the overall area of the treated surface, 

against which the counterbody was performing a 

reciprocal movements was 165 mm
2
). The grinding-in at 

the initial and final loads was done during two hours and 

at the intermediate loads during one hour. At the second 

stage, the main test experiments were performed at 9 kG 

load during 20 h. Before and after every tests the surface 

roughness (Ra parameter) was measured. These values for 

the different conditions of coating deposition are shown in 

Fig.3 (curve 1).    

As well as the measurements of roughness, the 

measurements of the specimen and counterbody weights 

were carried out both during the first stage of the tests (at 

a less load) and after the termination of the tests (Fig. 3 

(curve 2)).  

For the estimation of wear resistance of the coatings 

the ratio K of the weight loss of the counterbody ΔU
cb 

to 

the weight loss of the specimen ΔU  (K = ΔU
cb

/ΔU) was 

used (similarly to [2, 3]). The value of K was determined 

both after the grinding-in and after the full termination of 

the tests. 

Earlier it was shown that the observed effect of 

abnormal wear of the counterbody made of hardened steel 

that worked in the friction couple with the coatings under 

study (but manufactured in the manual mode), increases 

with the increase of the surface roughness [2, 3]. Since, 

depending on the TE feed rate, roughness changed (Fig. 

3). The results of this investigation could answer the 

question if the fact of high Ra values that are reached 

under the ESA is a necessary condition for the observed 

effects.   
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Fig. 5 The effect of the TE feed rate against the 

surface treated on the value of a counterbody relative 

wear at lubricated friction with the ESA treated surfaces 

after the grinding-in (1) and after two stages of testing (2). 
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The results presented in Fig. 5 allow us to infer: a) 

under the automatic deposition of the electrospark 

coatings (electrospark surface modification) the effect of 

the abnormal wear of the hardened steel counterbody is 

also observed (Fig. 5); b) the ESA surface roughness is 

insignificant for the effect of the abnormally high 

counterbody wear, c) this effect does not depend on 

whether the deposition of the layer occurs (i.e., the ESA 

itself, mode I) or the treatment leads tothe weight lost of 

the treated surface (at the “sparkling” mode used). 

Indeed, during testing of the coatings with a 

maximum roughness (when feed rate V = 0.3 mm/s) the 

wear resistance of the counterbody is close to the value of 

the wear of the coating, whereas for the coatings 

manufactured at higher TE feed rates, the counterbody 

wear exceeds the coating wear by an order of magnitude 

and above that (Fig. 5). In some cases, in the process of 

testing the specimen weight loss was not specified, but the 

fact of their weight enlargement was found, i.e., the 

material of the counterbody turned out to be spread on the 

surface obtained after the ESA. In such cases, the value of 

K was designated as  in Fig. 5.   

It is noteworthy that during the transition of the first 

stage of testing – grinding-in – to the second one, the K 

values decrease, however, the effect itself was observed 

independently of test conditions (enhancing of loads, 

transition to deeper layers of the surface treated) (Fig. 5).   

 
III. CONCLUSIONS 

 
Surface nunostructuring as the result of the ESA with 

TE made of the alloy containing the infusible matrix with 

an   easily   fusible  component   as  a  mechanical  

mixture,            

depends on the TE feed rate against the surface treated, 

which is evidently the consequence of conditions of its 

crystallizing, that are modified with the change of the TE 

movement. It is shown that the conditions of coating 

manufacturing that are determined by the TE feed rate 

against the surface treated, define its tribological 

properties. The surface high roughness does not play a 

determining role for reaching the effect of the abnormal 

wear of the counterbody made of the hardened steel that 

works in the friction couple with such surfaces. 
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1. INTRODUCTION  

 

The titania (TiO2) is one of the important materials 

for nonlinear optics, solar cells, photocatalyst, sensors and 

biomedical engineering applications. The titania exist in 

tree crystalline modifications [1]: rutile (tetragonal), 

anatase (tetragonal) and brookite (orthorhombic). It can 

be prepared as thin films, nanostructured dots, nanowires, 

nanotubes, and rib waveguide films [1-7]. There are used 

different methods of TiO2 fabrication: sol-gel, hydrolyse, 

methods of chemical, electrochemical, spray pyrolysis, 

magnetron sputtering [1-7]. Many researchers prepared 

the nanostructured TiO2 on different substrates for 

applications in biomedical engineering, optical sensors 

and optical waveguides. In this case a lot of different 

structural defects and phases of TiO2 films can be formed. 

To minimize the concentration of defects and improve the 

quality of materials it is necessary to optimize the post 

growing thermal treatment of these structures.        

Our work is designated to investigation of the impact 

of rapid photothermal processing on reduction of defect 

concentrations and improving the crystallinity and quality 

of TiO2 films deposited on glass, silicon wafers (Si, 

SiO2/Si) and onto optic fiber. 

2. EXPERIMENTAL 

The titanium dioxide films, in our experiments, have 

been obtained by two methods: spray pyrolysis deposition 

(SPD) and electrochemical deposition.  

 

 

 

 

 

 

 

The spray pyrolysis deposition SPD of TiO2 on the 

silicon wafer (TiO2/Si) or (TiO2/SiO2/Si ), on glass 

substrate (TiO2/glass) and on optical fibers (TiO2/f.o) 

have been realized at temperature of 280-320C by 

optimization of distance, angle and speed of solution flux. 

The spray solution has been prepared by reaction of two 

components:  

 

TiCl4 +C2H5OH→TiCl (OCH2CH3)4 +HCl↑. 

 

The electrochemical deposition have been done on the 

base of two solutions: 

1) – 0.01 M TiCl3 and 2) – 0.1 M KNO3 (0.77 ml 

TiCl3+475 mg KNO3+50 ml H2O). The high quality films 

have been obtained from precursor solution of (0.01 M 

TiCl3) at voltage U=20 V, time 30 min and initial current 

intensity 100 mA. For second precursor solution (TiCl3 + 

KNO3 + H2O) the TiO2 films have been deposited at 

voltage U=30 V, time 3 hours and current intensity of 20 

mA – 100mA. 

3. RESULTS AND DISCUSSION 

Homogeny TiO2 thin films on different substrates – Si, 

SiO2/Si, glass have been obtained by spray pyrolysis 

method at pressure of 2 atm., target distance 16 cm, flux 

angle 45() and solution mass 6ml. But on optical fiber 

substrate it was more difficult to obtain the homogenized 

thin films by this method.  

Raman Spectra of TiO2 Thin Films Deposited 

Electrochemically and by Spray Pyrolysis  
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Abstract — In this paper we present our experimental results concerning the fabrication of TiO2 thin films 

by spray pyrolysis and electrochemical deposition method onto different substrates – Corning glass, Si and 

optical fibers. The surface morphology of the TiO2 thin films have been investigated by Atomic Force 

Microscopy. Raman shift spectra measurements have been done for the optical characterization of the 
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a) 

   

 
b) 

 

Fig. 1. AFM images of TiO2/Si after RPP at 400C  and 

60sec: a) 2D, (2µm scale), b) 3D. 

 

All samples after growing have been processed by rapid 

photothermal treatment at temperature in the interval of 

100-800C for 1-2 min. By AFM and Raman 

spectroscopy have been investigated the impact of rapid 

photothermal processing on properties of the TiO2 thin 

films. Raman spectra were measured at room temperature 

with a Confocal MonoVista CRS spectrometer, excitation 

wavelength 532 nm.  

The high quality of TiO2 films have been obtained by 

optimization of the post growing rapid photothermal 

processing (RPP) at temperatures in the interval of 350- 

450C and time of 1 - 2 min. 

For illustration, in Fig. 1 are presented the 2D and 3D- 

AFM images of the TiO2/Si film surface after RPP at 

400C for 60 sec.    

 
 

 
 

 

Fig. 2a,b. The Raman spectrum intensity of TiO2/Si after 

RPP at different temperatures and 60 sec (obtained by 

spray pyrolysis method). 

 

The structural homogeneity of TiO2 films after RPP at 

temperature 400C for 60sec was better compare to initial 

films and structures after RPP at higher temperature at 

600-650C for 60 sec. 

Our experimental data are comparable with data of 

other authors [5-7] and the obtained TiO2 – films have the 

same spectra for anatase and for rutile phases.  

The Raman spectra for TiO2 were identified from 

different publications [3, 6, 7]. For anatase phase the 

values of 144 cm
-1

, 201 cm
-1

 and 400 cm
-1

 are attributed 

to vibrations of O-Ti-O; values of 520 cm
-1

 and 648 cm
-1 

– to vibrations of Ti-O. For rutile phase the maximum are 

at 240 cm
-1

, 448 cm
-1

, 611 cm
-1

. 
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Fig. 3. The Raman spectrum intensity of TiO2/glass (a,b) 

after RPP at different temperatures and time of 60 sec 

(obtained by spray pyrolysis); (c) –samples obtained by 

electrochemical deposition, 1 – initial; 2 – RPP 450C. 

In Fig. 2 are presented the Raman spectra of TiO2 

films deposited on Si (a,b) by spray pyrolysis method, 

after RPP at different temperatures and for 1 min: 300- 

600C.    

In Fig. 3a,b are presented the Raman spectra of TiO2 

films deposited on Corning glass substrate by spray 

pyrolysis method, and TiO2 deposited by electrochemical 

method (c) after RPP at different temperatures for 1 min: 

300- 650C. 

From the experimental data presented in Fig. 2 and 

Fig. 3 one can see that after RPP at temperatures 400-

450C the maximum intensity of the crystalline anatase 

TiO2 (144cm
-1

) increased from 5634 a.u. to 410
4
 a.u. for 

TiO2/Si and from 1860 a.u. to 3.510
4
 a.u. for TiO2/glass. 

At temperatures higher than 500C the TiO2 films 

transformed from anatase phase to rutile phase and the 

intensity of each maximum behaves differently.  

We observed that the TiO2 films before RPP are in the 

amorphous phase, but after RPP at 400C for 60 sec they 

transformed to crystallite phase with Raman spectrum 

corresponding to anatase TiO2. The results obtained for 

the electrochemical deposited TiO2 films are presented in 

Fig. 3c.   

4. CONCLUSIONS  

In this paper we presented our experimental results 

concerning the results of RPP impact on TiO2 thin films 

obtained by spray pyrolysis and electrochemical 

deposition methods. Measurements of Raman shift 

spectra and AFM shown that by application of post-

growth rapid photothermal processing at different 

temperatures is possible to reduce the concentration of 

structural defects and improve the crystallinity of TiO2 

films deposited onto different substrates. 
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I. INTRODUCTION 

La0.67Sr0.33MnO3 (LSMO) still remains among of 

manganites the best candidate for the electrode material of 

spintronic devices because of its 100% spin polarization 

at room temperatures. One of the obstacles for realization 

its high potential is the difference in magnetic properties 

at interfaces and bulk of the film [1]. The widely used for 

manganites epitaxy SrTiO3 (STO) substrate has (100) 

orientation. The polar discontinuity at interface LSMO-

STO along (100) planes is possible reason of “dead” layer 

formation. Interface between TiO2-terminated STO 

substrate and LSMO film is constructed from charged 

La1-xSrxO and neutral TiO2 planes that lead to electronic 

redistribution. This problem will be inherited by 

numerous interfaces of LSMO-STO superlattice (SL) 

grown on (100) oriented substrate. Tailoring interface 

along (110) plane allows to escape polar catastrophe due 

to stacking neutral bilayers (SrTiO
4+

 – O2
4-

) and 

(La0.67Sr0.33MnO
4+

 – O2
4-

)[2]. The interest to (110) 

oriented LSMO films grown on STO substrates recently 

was stirred up by demonstration of high temperature (560 

K) ferromagnetism in ultrathin layer [3]. For spintronic 

applications the ferromagnetic electrodes have to be 

epitaxial and atomically flat. Recently was demonstrated 

persistent layer-by-layer growth of atomically flat 

LSMO(110) films [4].  

The LSMO-STO(100) SLs were extensively 

investigated whereas to the best of our knowledge a work 

was presented on LSMO-STO(110) SL only [5]. 

The STO films used as insulating layers in tunneling 

magnetoresistance devices produced by widely spread 

PLD and MBE techniques reveal stoichiometry problem 

[6]. Oxygen vacancies act as shallow donors giving rise to 

a leakage through spacer layer.  

Metalorganic aerosol deposition (MAD) technique [7] 

provides oxygen stoichiometry due to high oxygen 

pressures growth conditions.  

The goal of presented work was to prepare by MAD 

technique LSMO-STO multilayered structure on (110)  

 

 

oriented STO substrate and characterize it structure and 

magnetotransport properties.  

II. EXPERIMENT 

The LSMO-STO superlattice was grown by MAD 

technique on STO(110) substrate heated to Tsub=950 °C. 

Epitaxial multilayered structure was formed in result of 

sequential spraying of aerosols of 2 organic solutions 

containing metalorganic precursors. LSMO layers grew 

from mixture of La-, Sr-, Mn-acetylacetonates and STO 

layers were derived from Sr-acetylacetonate and Ti-

isopropoxide. Cation stoichiometry in layers was 

achieved during preliminary depositions of single films 

by optimization of precursors proportion in solutions. The 

oxygen stoichiometry is assumed to provide due to a high 

(PO2~0.21 atm) gas pressure conditions. Deposition 

chamber was equipped by ellipsometry measurement 

system for monitoring of the growth process. The 

monolayer accuracy was achieved by accurate calibration 

of dosing units.  

Time diagram of the growth of first two superlattice 

periods is presented on Fig. 1. Ellipsometry signal reflects 

the stages of LSMO and STO growth synchronized with 

operation of syringe dosing units. The growth of first 4 

LSMO monolayers (ML - 0.274 nm in (110) direction) on 

STO surface is clearly defined on initial growth stage. 

The structure was composed from 7 LSMO layers of 4 

nm thick separated by about 2 nm STO layers and 

finished by additional LSMO layer.  

The film and substrate surface morphology was 

characterized by scanning probe microscopy (SPM) 

including atomic force microscopy (AFM) for insulating 

and scanning tunneling microscopy (STM) for conducting 

samples. The crystal parameters of grown structure were 

characterized by a small-angle x-ray reflectivity (XRR) 

and X-ray diffraction (XRD) performed in a Siemens 

D5000 diffractometer. Transport measurements were 

performed by standard 4-probe technique using 

commercial PPMS from “Quantum Design”. 
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Magnetization was measured by means of commercial 

SQUID (MPMS, “Quantum Design”). 

 
Fig. 1 Time diagram of the growth process. The 

ellipsometry signal tan() characterization of the first two 

LSMO-STO pairs growth. Mark 1 u.c. corresponds to 

deposition of a lattice parameter layer in (110) direction. 

Marks 1 ML correspond to growth of a LSMO 

monolayer. Syringe operation mode indicates: 0-0 feeding 

speed, 1-full feeding speed. 

 

III. RESULTS AND DISCURSION 

SPM surface analysis is presented on Fig. 2. Surface of 

STO(110) substrate after annealing at 950°C clearly 

demonstrates terraces of about 20-100 nm width and a 

monolayer height (~0.276 nm). Rectangular form of 

terraces is specified by slight miscut angle away from 

exact (110) oriented surface. The measured mean square 

roughness (RMS) is 0.14 nm.  

First LSMO layer of 4 nm thick inherits terrace 

structure from substrate, but terrace steps are no longer 

clearly visible. The surface is still atomically smooth with 

RMS=0.21 nm. Relief of the layer is formed by small 

(about a few nanometers) secondary terraces.  

The crystal structure of LSMO-STO multilayered 

structure was examined by X-ray analysis. Fig.3 (a) 

shows θ-2θ X-ray diffraction spectra measured around the 

(110) Bragg peak for the LSMO-STO SL. The evidence 

for a SL formation is confirmed by well-formed satellite 

peaks up to 6
th

 order in XRR and 2
nd

 order in XRD 

pattern. The SL periods were calculated from satellite 

peak positions using standard procedure.  

The SL period T can be accurately determined from the 

equation (2sinθSLn-2sinθSL0)=±nλ/T, where λ is the X-ray 

wavelength, n is the order of satellite peaks, θSLn is the 

diffraction angle of the satellite peak, and θSL0 is the 

Bragg angle of the host lattice. Calculated period is equal 

to 5.47 nm. The θSL0 peak position is shifted to the right 

from (110) substrate peak reflecting the strain of out-of-

plane lattice parameter. To estimate strain parameter a/a 

we assume the Mn-Mn distances in [100] and [010] 

direction in the strained LSMO will be the same as in 

unstrained LSMO. Then expected out-of-plane lattice 

parameter of LSMO layer on STO(110) will be a=0.2726 

nm and a/a=0.0123.  

Period calculated from XRR data (Fig. 3 (b)) is differ 

from defined from XRD one. Extrapolation of 

dependence of interlayer distance d=n /2sinθSLn from 

1/sin
2
θSLn to zero gives us period value T=5.75 nm. 

 
Fig. 2 SPM images of (a) STO(110) substrate annealed surface 

(AFM) and (b) surface after deposition of LSMO 4 nm thick 

layer (STM). Insert in (b) reveals 2D growth mode. 

 

The difference in calculated periods can be explained 

from origin of satellites peaks on XRR and XRD patterns. 

In XRD case oscillations emerge from the crystalline 

structure, while in XRR fringes originate from the 

presence of two interfaces, independent of the 

crystallinity of the material in between. Consequently, the 

XRD fringes are extremely sensitive on the qualities of 

the interface while the Laue oscillations depend only 

weakly on properties like surface roughness but are 

sensitive to crystalline disorder. Therefore, the two 

provide complementary information: the XRR fringes 

determine the total thickness of a sample, while the XRD 

oscillations probe the size of the crystalline ordered 

volume.  

The simulations of XRD and XRR curves were 

performed using TER_SL on the WEB: X-ray specular 

reflection from multilayers with rough interfaces and 

GID_SL on the WEB: Dynamical X-ray diffraction from 

strained crystals, multilayers and SL [8]. In simulation 

routine were used the parameters calculated from 

experimental curve. Due to small number of repetition (7 

periods) the structure were presented as 15 individual 

layers with their own parameters (Table 1). 
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Fig. 3 (a) Experimental X-ray diffraction spectrum around (110) 

Bragg’s peak of the La0.67Sr0.33MnO3-SrTiO3 multilayered 

structure with period 5.47 nm. Asterisk denotes CuKβ line 

STO(110) (b) The small angle X-ray reflection pattern and the 

plot of interlayer distance d vs 1/sin2θn for La0.67Sr0.33MnO3-

SrTiO3 multilayered structure. The intercept of the extrapolated 

line with the d axis shows the SL period. 

 

The individual thicknesses of component were taken 

into account around mean value of period. Adjusting 

curves were performed by variation individual 

thicknesses, strain parameter (a/a) and roughness. The 

roughness was gradually increased from 0.14 nm for 

bottom layer to 0.7 nm for top layer as specified for 

substrate and whole structure from SPM measurement. 

The reasonable roughness parameters didn’t give satellite 

peaks intensity on simulated curves matched to 

experimental one. Introducing the “fraction” parameter 

reflected the presence of macro defects in grown SL 

improves intensity peaks ratio. We assume the uniform 

strain in LSMO layers across whole structure. The a/a 

parameter 0.012 used in simulations is in good agreement 

with estimated above. The individual thicknesses of layers 

used in XRR simulations were increased comparatively to 

that for XRD fitting to provide matching with larger 

period defined from experiment. 

Thus, according to X-ray analysis the LSMO-STO 

multilayered structure was composed from 7 pairs of 

epitaxial 4 nm strained LSMO and free 1.7 nm STO 

layers. The thickness of LSMO layers (about 7 perovskite 

unit cells) lies below critical thickness above which the 

change of strain relaxation mechanism takes place [3].  

Fig.5 presents magnetotransport properties of LSMO-

STO SL grown on STO(110) substrate.  

 
 

Table 1 The individual layers parameters used in simulation XRD 
curve for LSMO-STO multilayered structure. 

 Nr Thickness    a/a   #    Roughness, A   Layer      Fraction 

   1     37.0        -0.120E-01       7.0           LSMO          0.85   

   2     17.0         0.000E+00      6.5           STO              0.90   

   3     37.5        -0.120E-01       6.0           LSMO          0.90   

   4     17.0         0.000E+00      5.5           STO              0.90   

   5     38.0        -0.120E-01       5.0           LSMO          0.90   

   6     17.0         0.000E+00      4.5           STO              0.90   

   7     38.5        -0.120E-01       4.2           LSMO          1.00   

   8     17.0         0.000E+00      3.9           STO              1.00   

   9     39.0        -0.120E-01       3.6           LSMO          1.00   

  10    17.0         0.000E+00      3.3           STO              1.00   

  11    39.5        -0.120E-01       3.0           LSMO          1.00   

  12    17.0         0.000E+00      2.7           STO              1.00   

  13    39.5        -0.120E-01       2.5           LSMO          1.00   

  14    17.5         0.000E+00      2.3           STO              1.00   

  15    40.0        -0.120E-01       2.1           LSMO          1.00   

  16      0.0         0.000E+00      1.4           STO              1.00  

 

 
Fig. 4 Experimental (dark grey) and simulated (black) XRD (a) 

and XRR (b) curves for La0.67Sr0.33MnO3-SrTiO3 multilayered 

structure. 

 

The multilayered structure resistance can be presented 

as parallel connected resistance of conducting LSMO 

layers. The crystal quality of subsequent layers decreases 

as follows from X-ray analysis and therefore the growth 

of resistance of LSMO layers is expected. The resistance 

of LSMO-STO structure was found to be about 3 times 

lower than the sum resistance of eight 4 nm LSMO layers 

and doesn’t demonstrates insulating behavior as expected 

from chosen thickness of LSMO layers.  
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Fig. 5 Magnetic and transport properties of La0.67Sr0.33MnO3-

SrTiO3 multilayered structure: (a) temperature dependence of 

magnetization (1) and resistance (2); (b) magnetic hysteresis 

loops measured at 10 K and 300 K. 

 

 

Curie temperature of our structure is higher than that 

for ultra thin LSMO (110)-oriented layers. Saturation 

magnetization MS related to sum of thicknesses of LSMO 

layers defined from XRR gives value of 530 emu/cm
3
 or 

3.43 µB/Mn. Whereas MS associated with crystalline 

ordered volume of LSMO yields value 560 emu/cm
3
 that 

is closer to magnetization of optimal doped “bulk” LSMO 

films. The coercive field Hc ~170 Oe (10 K) and 20 Oe 

(300K) indicates taking into account growth direction the 

magnetic homogeneity of structure. 

Resistivity and magnetization of 8 LSMO layer 

composed in SL are inconsistent with results obtained for 

critical thickness in [3] and are in agreement with work 

[5]. We suppose that in ultra thin LSMO(110) layers the 

critical thickness can be sufficiently lower than 10 

perovskite unite cells. In our experiment SL was grown at 

oxygen pressure about 3 orders greater then MBE can 

provide at comparable growth rate. Oxygen stoichiometry 

of manganite as well as titanite can be responsible for 

formation of critical layers at interfaces LSMO-

STO(110).  

 

 

 

IV. CONCLUSION 

We have shown that MAD prepared LSMO-STO 

(110)-oriented SL has comparable crystal quality with 

prepared by MBE one. Observed difference in 

magnetotransport properties MAD and PLD deposited 

samples can be result of significantly higher oxygen 

pressure condition during sample growth. 
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I. INTRODUCTION 

The quantum states of a free spinless electron with 

parabolic dispersion law under the influence of a magnetic 

field were investigated by Landau [1]. This procedure is 

known as Landau quantization. 

The Landau quantization of an electron with the spin 

taking into account the spin-orbit coupling (SOC) was firstly 

studied by Rashba [2] in the frame of twoband model. Its 

Hamiltonian has diagonal elements expressed through the 

initial parabolic dispersion law 2 2 / 2k m  and the 

nondiagonal elements containing the first order chirality 

terms x yk k ik   , where k  is the wave vector of the 

conduction electron in a bulk crystal. The SOC and chirality 

terms in [2] are induced by the external electric field zE  

applied parallel to the magnetic field. The electron wave 

functions were written in a spinor form with two components 

corresponding to spin orientation along z  axis. The energy 

levels except one with 0n   are characterized by two 

quantum numbers n  and 'n  different for two spin 

projections. They differ by 1 in the case of first order 

chirality terms. The method proposed by Rashba [2] was 

applied in Refs. [3, 4] to describe the Landau quantization of 

two-dimensional (2D) heavy holes with nonparabolic initial 

dispersion law, two spin projections and third order chirality 

terms proportional to 
3( )k , as well as to the electron in the 

biased bilayer graphene with nonparabolic initial dispersion 

law, two pseudospin components and second order chirality 

terms proportional to 
2( )k . In both cases the two-band 

models were applied and the differences between the 

numbers m  and 'm  were equal to 3 and 2 correspondingly. 

The aim of our paper is to obtain new information in 

comparison with the Ref. [3] concerning the 2D heavy holes 

and their Landau quantization levels in dependence on the 

magnetic field strength at different parameters of the initial 

nonparabolic dispersion law. These details influence on the 

electron structure of the 2D magnetoexcitons and determine 

the selection rules of the quantum transitions from the 

ground state of the crystal to exciton states. 

The shake-up and shake-down recombination lines with 

the participation of the acceptor-bound trions AX


 were 

studied. 

II. LANDAU QUANTIZATION ENERGY 

LEVELS OF 2D HEAVY HOLES 

The full Landau-Rashba Hamiltonian for 2D heavy holes 

was discussed in Ref. [3] following the formulas (13)-(20). It 

can be expressed through the Bose-type creation and 

annihilation operators †a , a  acting on the Fock quantum 

states †(( ) / !) 0nn a n , where 0  is the vacuum state 

of harmonic oscillator. The Hamiltonian has the form 
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projections, but with nonparabolic dispersion law and third order chirality terms. The most Landau levels, 

except three with 0,1,2m  , are characterized by two quantum numbers 3m  and m  for 3m   for two spin 

projections correspondingly. The difference between them is determined by the third order chirality. Four 
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The parameter h  is not well known, what permits to 

consider different variants mentioned below. 

The exact solution of the Pauli-type Hamiltonian is 

described by the formulas (21)-(31) of the Ref. [3] and has 

the spinor form 

1 1
1

2 2 0

2 2
2

0 0 0

ˆ ; ;

; | | | | 1.

h h n

n

n n n

n n n

f f
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      (3) 

First three solutions depend only on one quantum number m  

with the values 0, 1, 2 as follows 
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All another solutions with 3m   depend on two quantum 

numbers ( 5 / 2)m  and ( 1/ 2)m  and have the general 

expression 
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The corresponding wave functions for 3m   and 4m   are 

          
3 4

0 1

3 4
( 3) and ( 4) .

0 1
h h

c c
m m

d d

             

(6) 

They depend on the coefficients mc  and 3md  , which obey 

to the equations 
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There are two different solutions ( )h m   at a given value of 

3m   and two different pairs of the coefficients 3( , )m mc d 
 . 

The dependences of the parameters ch ,   and   on the 

electric and magnetic fields strengths may be represented for 

the GaAs-type quantum wells as follows TH y ; 

kV/cmzE x ; 00.25hm m ; 0.4 meVch y  ; 

21.062·10 x y  ; 
410 Cxy   with unknown 

parameter C , which will be varied in more large interval of 

values. We cannot neglect the parameter C  putting it equal 

to zero, because in this case, as was argued in Ref. [3] 

formula (10), the lower spinor branch of the heavy hole 

dispersion law 
2 2

3||

|| ||( )
2 2

h z
h

h

k E
E k k

m

    

has an unlimited decreasing, deeply penetrating inside the 

semiconductor energy gap at great values of ||k . To avoid 

this unphysical situation the positive quartic term 4
||h zE k  

was added in the starting Hamiltonian. The new dependences 

will be compared with the drawings calculated in the fig. 2 of 

the Ref. [3] in the case 10 kV/cmzE   and 10C  . Four 

lowest Landau levels (LLLs) for heavy holes are selected as in 

Ref. [3] In addition to them we will study else three levels as 

follows 

1 2

1 7
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2 2
h h h hE R E E R E m    
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7 13
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Their dependences on the magnetic field strength are 

represented in the figures 1 and 2 at different parameters x  and 

C . 

 
Fig. 1. a) The lower branches of the heavy hole Landau 

quantization levels ( 5 / 2; 1/ 2)hE m m    for 3m   at the 

parameters 10 kV/cmzE   and 5.5C  ; b) The general 

view of the all heavy hole Landau quantization levels with 

m=0,1,…,10 at the same parameters zE  and C . 

 

The general view of the lower branches 

( 5 2, 1 2)hE m m    of the heavy hole Landau quantization 

levels with 3m   as a functions of the magnetic field strength 

are represented in fig. 1a following the formula (5). The upper 
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branches have more simple monotonous behavior and are 
drawn in fig. 1b together with some curves of the lower 
branches. All the lower branches in their initial parts have a 
linear increasing behavior up till they achieve the maximal 
values succeeded by the minimal values in the middle parts of 
their evolutions being transformed in the final quadratic 
increasing dependences. The values of the magnetic field 
strength corresponding to the minima and to the maxima 
decrease with the increasing of the number m . These 

peculiarities can be compared with the case of Landau 
quantization of the 2D electron in the biased bilayer graphene 
described in Ref. [4]. The last case is characterized by the 
initial dispersion law without parabolic part and by second 
order chirality terms. They both lead to dependences on the 
magnetic field strength for the lower dispersion branches with 
sharp initial decreasing parts and minimal values succeeded by 
the quadratic increasing behavior. The differences between the 
initial dispersion laws and chirality terms in two cases of 
bilayer graphene and heavy holes lead to different 
intersections and degeneracies of the Landau levels. The fig. 2 

shows that the change of the parameter C  at a given 

parameter zE  (or vice versa) shifts significantly on the energy 

scale the lower branches of the heavy hole Landau levels. It 
can be observed in all four sections of the fig. 2. But there is a 
special case in the section 2b, where the degeneracy of the 

levels 1R , 3R , 5R  and 7R  take place in the range of 

magnetic field strength (5 10) T . More so, the degeneracy 

of the levels 1R  and 3R  persists to exist even in a more large 

interval as (5 20) T . 

 
Fig. 2. Seven branches of the heavy hole Landau 

quantization levels with m=0,1,…,6 at the parameter 

10 kV/cmzE   and different values of the parameter C : 

3.8 (a), 5.8 (b), 7.05 (c) and 10 (d). 
 

The degeneracy of two lowest Landau levels (LLLs) in 
biased bilayer graphene was suggested to explain the 
experimental results related with the fractional quantum Hall 
effects [5, 6]. Meanwhile the degeneracy of two LLLs in 
biased bilayer graphene in Ref. [4] was revealed only near the 
intersection point at a given value of the magnetic field 
strength. To obtain a more complete and wide degeneracy in 
the calculations concerning the biased bilayer graphene one 
could employ a mixed model using the results reflected in fig. 
2. 

The obtained results will be used to consider the band-to-
band quantum transitions [7] and the Auger recombination 
lines [8-15]. 

III. AUGER-RECOMBINATION EMISSION LINE OF 

ACCEPTOR-BOUND TRIONS 

The magneto-photoluminescence spectra of the two-
dimensional hole gas (2DHG) in the presence of the photo-
generated electrons in GaAs quantum wells (QWs) revealed 
many emission lines [8–10]. They correspond to the radiative 
recombinations of the electron-hole (e-h) pairs in different e-

h complexes such as free excitons (X), positive trions (X


) 

and acceptor-bound trions (AX


). The impurity complexes 

AX


 revealed also the Auger-recombination lines. They 
appear when the e-h annihilation is accompanied by the 
excitation or by deexcitation of a leftover acceptor-bound 
hole to higher or to lower Landau levels correspondingly. In 
the first case the Auger-recombination is known as shake-up 
(SU) process [11-15], whereas in the second variant it is 
named as shake-down (SD) process. The SU processes were 
detected experimentally and described in the Ref. [11–15]. 
The evolution of the SU process into the SD process was 
described in Ref. [16]. The selection rules associated with 
translational symmetry of the QWs, as well as with the 
angular momentum conservation law in the photon emission 
preclude the Auger recombination of the free trions [14, 15]. 
But they do not forbid the similar processes with 

participation of AX


 complexes. In the case of spinless 
holes with parabolic dispersion law the distances between the 

adjacent levels equals to cyclotron energy ch . But the 

holes with nonparabolic dispersion law, with pseudo-spin 
components and with chirality terms in the presence of the 
strong external perpendicular electric field have completely 
another Landau-Rashba-type energy spectrum [3, 4]. The 
conditions of the first type were encountered in the 
symmetric GaAs QWs investigated in the Ref. [8, 9]. Here 
the Auger recombination line corresponding to SU process 

was detected. It was denoted as AX


SU and is represented 
in the figure 3 reproduced from the Ref. [8]. The 
experimental data [8] was obtained in the symmetric 
conditions in the absence of the one-sized doping and in the 
absence of the applied perpendicular electric field when the 
Rashba effect is not present. 

 
Fig. 3. The dotted lines (a, b, c) represent the experimental 

data reproduced from the Fig. 3 of the Ref. [8]. The solid 

lines 3, 2, 1 represent our approximations of the 

experimental data, being interpreted as AX


, AX


SU1  and 

AX


SU 2  correspondingly in the frame of the usual Landau 

quantization without Rashba SOC. 
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The situation of the second type was met [10] in the 

asymmetric GaAs QWs subjected to the action of a strong 

perpendicular electric field caused by the one-sided doping. 

In these conditions Rashba spin-orbit coupling plays an 

important role [3, 4]. In Ref. [10] an unusual Auger-

recombination line denoted as AX


CR was observed. It was 

named as cyclotron resonance line being similar by its 

spectral position to the exciton-cyclotron absorption line 

detected in Ref. [17] and discussed in Ref. [18]. The 

emission line AX


CR is represented in the figure 4 

reproduced from the Ref. [10]. At small values of the 

magnetic field strength H  the line AX


CR is similar with 

the usual SU line, but with the increasing of H  its spectral 

position shifts continuously towards the high energy side 

crossing consecutively all trion and exciton lines becoming 

the highest energy line in the PL spectrum [10]. We suppose 

that this line will change nonmonotonously at very high 

magnetic fields as it is represented in the figure 4 and as one 

can expect taking into account the evolution of some heavy 

hole energy levels represented in the fig. 5. We suppose that 

such intriguing behavior of the line AX


CR is related with 

the Landau-Rashba quantization of the heavy holes captured 

inside the AX


 complex. 

 
 

Fig. 4. The emission lines AX


CR and AX


 in 

dependence of the magnetic field strength reproduced from 

the Fig. 2 of the Ref. [10]. First of them is represented by the 

dashed line and the second one by the dot-dashed line. Our 

theoretical results are represented by solid line. It represents 

the SU process at small magnetic fields and SD process at 

greater magnetic fields. It reveals the tendency to approach 

the AX


 line and even to become SU line. 

 

As one can see in the figure 5 the energy levels have a 

nonmonotonous dependences on H . In the case of the given 

parameters C  and zE  in the range of small magnetic fields 

3 TH €  the lowest energy level has the spinor quantum 

number 3m  . The energy levels with spinor quantum 

numbers 4,5,6m   have greater energies. The excitation of 

the second hole with 3m   during the SU recombination 

process needs energy, which is subtracted from the emitted 

photon. In the next region of the magnetic fields stretching 

from 10 T  up till 90 T  the level 3m   is higher situated on 

the energy scale in comparison with the levels 4,5,6m  . 

The deexcitations of the holes with 3m   and their transitions 

on the levels with 4,5,6m   during the Auger recombination 

process will be accompanied by the supply of energy. 

It will increase the energy of the emitted photon and will 

generate the shake-down process. In the region of the 

magnetic fields 170 TH ‰  again the level 3m   becomes 

the lower energy level and the SU process takes place. The 

continuous evolution of the SU process into SD process and 

vice versa can be monitored by simple variation of H . The 

concrete realization of such scenario can be achieved if the 

holes captured inside the AX


 complex with the structure AX
  A

 e+3h do exist in the spinor state with 3m  . One 

can remember that the spinor wave functions of the Landau-

Rashba states with 3m   and 4  have the forms (6), where 

the state n  with 0,1,3,4n   describe the Landau 

quantization in Landau gauge description of the spinless 

particles. 

The state 0n   has the smallest radius of the cyclotron 

orbit. The holes with spinor wave function with 3m   have 

the smallest radii of the Landau quantizations and represent the 

slimmest spatial blocks in the construction of the complexes 

AX


. They can be packed in the more compact form being 

situated as more close possibly to the A


 charged acceptor 

with the more strong Coulomb attraction between the holes 

and A


 center. 

 

Fig. 5. The heavy hole energy levels ( )hE m
 with 

3,4,5,6m   in dependence of the magnetic field strength at 

another parameters of the theory 2.75C   and 

7.3 kV/cmzE  . Changing the parameter zE  we can 

influence essentially on the picture of the SU and SD 

processes. Insets: the difference (3) (4)h hE E   at a given 

parameters 2.75C   and 8.1 kV/cmzE  ; this difference 

determines the possibility to obtain the SU and SD processes 
in the frame of the same Landau levels changing only the 

magnetic field strength. 
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The intersections of the Landau levels with the spinor 

quantum numbers 3,4,5,6m   in the range of the magnetic 

fields (10 20) T  represent for us the most interest. We 

found out that in that region the level 3m   is situated 

above the Landau levels 4,5,6m  . As for the other Landau 

levels with greater numbers, beginning from 7m  , they 

are located higher on the energy scale in this region than the 

level 3m  . The hole quantum transitions between the 

Landau levels with very different numbers will have small 

overlap integrals and vanishing values of transition 

probability. 

The evolution of the AX


CR emission line revealed in 

the Ref. [10] is explained as the transformation of the SU 

process into SD process and vice versa caused by the 

nonmonotonous dependence on the magnetic field strength 

H  of the hole spinor state with 3m  . 

Side by side with the emission line AX


CR discussed 

above, the same group of investigators in the recent 

papers [19, 20] reported about another emission line CR-AX 

with the similar intriguing energy-field dependence. The 

both emission lines AX


CR and CR-AX do not appear in 

the symmetric doped samples, but only in the asymmetric 

doped GaAs QWs. They are present only in the samples 

subjected to the action of an external electric field applied 

perpendicularly to the layer surface in addition to the 

perpendicular magnetic field. It means that the Landau 

quantization of the charged carriers in the asymmetric 

samples takes place in the presence of the Rashba spin-orbit 

coupling, whereas in the case of a symmetric doping it 

occurs without it. As was argued in the Ref. [3] and was 

remembered above, the third order chirality terms introduced 

into the Landau-Rashba Hamiltonian must be supplemented 

by the positive quartic term introduced in the heavy hole 

dispersion law. The both terms are induced by the electric 

field. The positive term does not permit to the hole Landau 

levels to penetrate unlimitedly inside the semiconductor 

energy gap separating the valence and the conduction bands. 

The penetration is due to the chirality terms and it must be 

stopped by the positive quartic terms so as to conserve the 

picture of the semiconductor energy bands. The Landau 

quantization of the 2D electrons and holes with non-

parabolic dispersion laws, with iso-spin components and 

different chirality terms was proposed in Ref. [4] as a 

generalization of the Landau [1] and Rashba [2] procedures. 

Looking at the fig. 1, one may observe that at small magnetic 

fields the hole Landau level with 3m   is situated lower on 

the energy scale than the Landau levels with 4m  . In the 

range of intermediary magnetic fields (8 24 T)  their 

positions are interchanged. It means that the hole transitions 

from the level 3m   to the level 4m   in the range of 

small magnetic field is a shake-up process, whereas in the 

range of intermediary fields it is a shake-down process. In 

the first case it is necessary to take energy in of the emitted 

photon due to the electron-hole recombinations inside the 

acceptor complexes, whereas in the second case the supply 

of energy is added to the emitted photon. 

The existence of the excited holes 
*(h )  inside the 

acceptor complexes in the range of intermediary fields is a 

true conclusion which was suggested in Ref. [19] and can be 

formulated on the base of Ref. [4]. Its origin is not related 

with the thermal bath, but with the external electric field. 

The emission line AX


CR in its moving across the whole 

energy spectrum from its red side to blue side intersects 

without mixing all encountered emission lines. In difference 

on it the emission line CR-AX takes part in the mixing with 

the emission line X s


 giving rise to the cyclotron resonant 

exciton transfer between the nearly free and strongly 

localized radiative states following the reaction 
*h AX A X   .The energy needed to unbind the 

exciton from the acceptor was supplied by the excited hole 
*(h )  due its shake-down process. 

IV. CONCLUSION 

The intersections, overlappings and degeneracies of the 

lowest lying Landau levels of the 2D heavy holes in some 

regions of the magnetic field are possible taking into account 

their nonparabolic dispersion laws, their spin-orbit coupling 

and chirality terms. The band-to-band quantum transitions 

and the exciton energy levels in dependence on the magnetic 

field strength were determined. The shake-up and shake-

down recombination lines with the participation of the 

acceptor-bound trions AX


 were studied. 
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I. INTRODUCTION 

For the wide practical perspectives the intense theoretical 

studies of radiation characteristics of point emitters 

(dipoles) placed near small metal particles had been 

carried out in last decades. It had been shown that due to 

resonant excitation of plasma oscillations in such particles 

the characteristic times of both radiative and nonradiative 

losses of the emitters depend on the distance between the 

emitter and the metal particle, as well as on particle size. 

As a result, the efficiency of the emitter radiation depends 

non-monotonically on the distance [1-3]. Considering the 

emitter as a point dipole is completely justified in the case 

of isolated atom or molecule luminophore. However, by 

studying radiation of semiconductor QD in a vicinity of 

metal NP the QD a priori can not be considered as a point 

dipole (especially at comparable QD and NP sizes). 

Therefore, all previous theoretical approaches in fact can 

not be directly applied to this system. The goal of this 

work is just to develop a model allowing calculations for 

the case of semiconductor QDs in a vicinity of metal NPs.  

 

 

 

We have shown that despite semiconductor QD as a 

whole can not be considered as a point dipole, its  

 

emission actually can be described as emission of a set of 

point dipoles with unit cell size as “point” size. Therefore, 

to calculate the emission characteristics of semiconductor 

QD in a vicinity of the metal NP it is necessary to 

consider previously the contribution to the emission of 

arbitrary unit cell in QD, and then integrate the 

contributions from all QD unit cells with corresponding 

weight factors in the form of the product of the electron 

and hole size-quantized envelope wave functions. In this 

paper, we have considered the first part of this problem, 

which is reduced to the calculation of the electromagnetic 

fields of a point dipole radiating inside the semiconductor 

QD in the case when QD is located in an immediate 

vicinity of metal NP. The consideration is made in a 

single scattering approximation. Multiple scatterings of 

electromagnetic field in “QD + NP” structure could be 

accounted too using the obtained relations between 

coefficients of the field multipole expansions in two 

different spherical coordinate systems with the centers in 

QD and NP. 

 

II. GROUNDS FOR THE MODEL OF QD RADIATION 

AS RADIATION OF AN ENSEMBLE OF 

OSCILLATING POINT DIPOLES INSIDE QD 

 

Consider QD multi-electron system when one of the 

electrons is excited from a state associated with the 

valence band of bulk material, from which QD is formed, 

into the state associated with conduction band. In the 
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linear approximation, the solution of time-dependent 

Schrцdinger equation can be written in this case as 

follows: 

 0 0 1 0( ) exp( i ) exp i ( )Ψ t Ψ t Ψ t        , (1) 

where 
0Ψ
 is the wave-function of the ground state of 

multi-electron system with Hartree-Fock energy 
0 , 

1Ψ  

is the correction to the wave function 
0Ψ
 due to specified 

perturbation,   is the energy of the perturbation. Wave 

function 
0Ψ  can be written as antisymmetrized product of 

one-electron orthonormal Wannier lattice-site functions of 

the valence band [4]:  

   0 1 1, ,
, ,

ˆ( ,.. ) 1 ! ( 1) (..) ,.. ,pA V

NK NK

p

Ψ NK p b
   

 

   l
l

ξ ξ ξ ξ
, (2) 

where p̂  is the operator of a particular permutation from 

total  !NK  permutations, at which 
NK  space-spin 

electron variables  1 2, , ... , NK
ξ ξ ξ  are distributed over 

NK -fold product of valence-band lattice-site Wannier 

functions )()~()
~

( ,~,,~ sbb VV

 rξ nn   as their arguments ( r~  is 

the spatial and s the spin variable), Ар is multiplicity of 

the permutation p, N is the total number of lattice sites 

(nodes, unit cells) in the QD, l
~

 is one of these lattice 

sites ( l
~

 in (2) runs over all N sites of QD crystal lattice), 

  is a symbol of the electron spin state for a given 

degenerate state of the valence band,  is a symbol 

characterizing the degeneracy of the valence-band lattice-

site Wannier functions over crystallographic directions (in 

cubic crystals all three crystallographic directions are 

degenerated), К  is the multiplicity of degeneracy over 

electron spin and the crystallographic directions. Here and 

below, the tilde over the variables means that they are 

written in the coordinate system with the center in the 

semiconductor QD. 

The wave function 
1Ψ
 can be written as a superposition of 

antisymmetrized 



ts
~~ -states in which one of the 

electrons of the multi-electron system is transferred from 

the localized in the site s~   -Wannier state of the 

valence band Vb  ,,~s
 into the localized in the site t

~
   -

Wannier state of the conduction band Cb
 ,

~
t

: 

1 1 1

, ,

( ,... , ) ( ,... , )NK NKΨ C
 

    




  

 st st
s t

ξ ξ ξ ξ  .   (3) 

The 
 

ts
~~C  coefficients are the probability amplitudes of 

such  

ts
~~

-states, 

   1, , ,
, , , ,

ˆ1 ! ( 1) (..) (..) ,..,pA C V

NK

p

NK pb b


 

   
   

 





  st t l
l s

ξ ξ
. (4) 

In an analogy with [5,6] let us introduce the mean dipole 

moment ),
~

( tLP  of the lattice site L
~

, which arises due to 

above specified distortion of the QD multi-electron 

system,  

0
ˆ( , ) ( ) ( ) ( ) et t p t d   P L L  ,     (5) 

where the integration is taken in all 
NK  variables of  

 

 

 

multi-electron system, )
~

(ˆ
0 Lp  is the dipole moment 

operator for the site L
~

,  

 
i

ii Tep )
~~()

~~()
~

(ˆ
0 LrLrL  . (6) 

In this formula the sum is taken over all N spatial 

variables of the electron subsystem, function ( )iT r L  

equals zero if spatial variable 
ir~  turns out to be outside 

the unit cell at the node L
~

 and ( ) 1iT  r L  if 
ir~  is 

within the unit cell. 

Carrying out integration in (5) for a chosen particular case 

of spin states   and    (with an account for the electron-

hole exchange interaction the perturbation energy   

can depend on these spin states), the following expression 

could be obtained: 

0

,

, , ( )

( , ) ( ) ( ) ( ) exp( i )C V

V

t e C b b d t





    ss t t
s t L

P L r r L r r ,  (7) 

where integration is taken over the volume 
0V  of the unit 

cell at the node L
~

. Since Wannier functions are strongly 

localized within the respective unit cells at the nodes s  

and t  the only option when the integral in (7) is not zero 

corresponds to Lts
~~~   case. Thus, introducing the 

notation 
p  for the independent on a particular unit cell s  

transition dipole moment,  




)~(

,~~

0

~)~(~)~(

s

s rrrrp

V

VC

s dbbe 

 ,            (8) 

the following expression for the mean dipole moment 

),
~

( tLP  of the lattice site L
~

 can be obtained:  

( , ) exp( i )t C t




  LL
P L p  ,         (9) 

i.e. ),
~

( tLP  is formed by the “node” dipole moments p  

with weight coefficients 

LL
~~C . By passing from discrete (

L ) to continuous (
dr ) variable the discrete amplitude 



LL
~~C  of electron-hole transition in the node L

~
 transforms 

into the exciton envelope wave function )~,~( ddexΨ rr


. In 

the first approximation this function takes a form of the 

product of electron and hole wave functions of size-

quantized states in QD, ( , ) ( ) ( )ex d d e d h dΨ  r r r r  [7, 8]. 

Accordingly, under such passing to continuous variables 

the “node” dipole in the sum (9) transforms into the 

located at 
dr

~  “point” radiating dipole exp( i )t p , and 

by summing contributions of all QD unit cells into the 

total QD radiation the discrete sums of the type 

( )C f LL

L

L  should be replaced by the integrals 

3( , ) ( )ex d d d dΨ f d r

 r r r  . 

 

III. MODEL OF THE SYSTEM 

 

Consider a system consisting of three mediums (figure 1). 
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1) Spherical metal NP of the radius R1 characterized by a 

non-local permittivity ),(1 k . Using non-local 

permittivity instead of local one )(1  , as well as account 

for additional electron scattering on the NP walls allows 

calculations for NP of extremely small sizes (less than 10 

nm in diameter) by the methods of classical macroscopic 

electrodynamics [9]. In line with [9-11] in optical range of 

frequencies ),(1 k  can be expressed as: 

),()(1),( )()(

1 kk LT

plib

LT    ,  (10) 

where second term on the right-hand side is due to 

interband electronic transitions (the contribution of bound 

electrons), and the third term, 

  ( ) 2 2 2

1 ( )( , ) i /T L

pl p F T Lk Γ Av R k          
 

 ,  (11) 

is due to electronic transitions within the conduction band 

(the contribution of free electrons). Indices T and L are 

used to denote transverse (T) and longitudinal (L) 

components of the permittivity. Within the hydrodynamic 

model 
FL v5/3 , where 

Fv  is the Fermi velocity (

Fv  1.4∙10
8
 cm/s in the case of gold or silver), while 

T  

equals zero and therefore 
1 1( , ) ( ,0)T Tk    . The decay 

constant of the bulk material /F fΓ v l , where 
fl  is the 

mean free path of electrons, constant A takes values in the 

0.1  0.7 range [9] depending on the mechanism of 

electron scattering on the NP walls and other factors, 
 mnep /4 22   is the plasma frequency of the NP 

material. At a given frequency ω the wave number 
Tk  of 

the transverse electromagnetic waves in the NP could be 

determined from the condition 22

1

2 /)0,( ck T

T  , while 

the wave number 
Lk  of the longitudinal electric 

oscillations from the condition 0),(1 L

L k . 

2) Spherical semiconductor QD of the radius R2 with 

background permittivity 2. The distance between QD and 

NP centers is 
1 2D R R  .  

3) Barrier matrix with permittivity 
3 . 

The formulated electrodynamic problem for the 

oscillating point dipole p inside QD is considered below 

using Jackson formalism [12], where vector spherical 

harmonics ( )lm ΩX  are used in multipole expansions of 

transverse electric and magnetic fields. As for the 

calculation of electromagnetic fields in QD+NP system 

the boundary conditions on both semiconductor QD and 

metal NP spherical surfaces should be satisfied, the main 

problem becomes the establishing a connection between 

the multipole components of the fields in two different 

spherical coordinate system with the centers О1 in metal 

NP and О2 in semiconductor QD. 

 

IV. RELATIONSHIP BETWEEN MULTIPOLE 

EXPANSIONS OF ELECTROMAGNETIC FIELD IN 

TWO COORDINATE SYSTEMS 

 

By calculating electromagnetic fields in nonspherical 

QD+NP system the best solution would be to use 

separately spherical symmetry of QD and NP. According 

to [12] in the n-th material with permittivity n the electric 

and magnetic fields in spherically symmetric cases can be 

expressed as following multipole expansions :  

 n

1 0 n

n

i
( ) ( , ) curl ( ) ( )

( , ) ( ) ( )

l

E l lm

l m l

M l lm

a l m f k r Ω
k

a l m f k r Ω





 


 




 



E r X

X

 , (12) 

 

n

1

n

0

( ) ( , ) ( ) ( )

i
( , ) curl ( ) ( )

l

E l lm

l m l

M l lm

a l m f k r Ω

a l m f k r Ω
k



 


 




 



B r X

X

, (13) 

where ck /0  , 
n0n kk  , ),( mlaE

 and ),( mlaM
 are 

the multipole amplitudes (coefficients) of the electric and 

magnetic types, respectively, )(xf l
 is the spherical 

Bessel function )(xjl  or the first kind Hankel function 

)()1( xh l
 (hereafter denoted )(xh l

 as well) or their 

combination depending on the region of space and 

asymptotic or boundary conditions that should be 

provided. Normalized vector spherical harmonics )(ΩlmX  

(symbol   means angular variables {,}) are expressed 

as follows:  

 
i ( 1)

1 1

sini ( 1)

lm r lm

lm

r
Y

l l

Y
l l

 
  

  


  
   

   

X e

e e

, (14) 

   )iexp()(cos)!(4/)!()12()(
2/1

 mPmlmllΩY m

llm   are 

the normalized scalar spherical harmonics, )(xPm

l
 are the 

associated Legendre functions. Accordingly,  

 

 

n
n

n

( )
curl ( ) ( ) i ( 1) ( )

( )1
( )

( 1)

l
l lm lm r

l

lm

f k r
f k r Ω l l Y Ω

r

d rf k r
Y Ω

drl l


  




  

 

X e
. (15) 

In (14) and (15) er ,e and e are the orts of spherical 

coordinate system. The following orthogonality and 

normalization condition are used hereafter: 

( ) ( )l m lm l l m mΩ Ω dΩ  

    X X  , (16) 

 
Fig 1. Point dipole in a vicinity of metal NP; structure 
has spherical symmetry (a). Semiconductor QD in a 
vicinity of metal NP; structure isn’t spherically 
symmetric (b). 
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m
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l

f k rl l D
F D P x x P x

f k r l l s r
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1

3 3

1

( ) 1/ ( ) ( ) ( ) ( )m m m

ll l l l lG D f k r f k r P x P x dx  



 

,

1

3
,

3

( , ) ( ) ( , )

( )
( ) ( , )

( 1)

m m

M l l l l M d

l

m

l l E d

a l m R F D a l m

m k D
G D a l m

l l 




 








 




 

 



2

( 1) 1
curl [ ( )] curl[ ( )]l m lm l l m m

l l
Ω Ω dΩ

r
 

   

 
  X X  ,  (17) 

2( ) ( ) ( 1) /l m lm ll mmY Ω Y Ω dΩ l l r  

        , (18) 

( ) curl [ ( )] 0l m lmΩ Ω dΩ

   X X  , (19) 

( ) ( ) 0l m lmΩ Y Ω dΩ

   X  , (20) 

( ) ( )l m lm l l m mY Ω Y Ω dΩ  

     . (21) 

It could be found in line with [12], that for the located at 

point rd oscillating dipole )iexp( tp  n  (
n is a unit 

vector along the dipole direction) the multipole 

coefficients ),( mlaE
 and ),( mlaM

 in expansions (12) and 

(13) should take the following form:  

, n 0 n( , ) 4 curl [ ( ) ( )]
dE d l d lm da l m p k k g k r Ω   

r
n X  , (22) 

2

, n 0 n( , ) 4 i ( ) ( )M d l d lm da l m p k k g k r Ω   n X  , (23) 

and there is the following correlation between functions 

)( n rkfl
 in (12) and (13) and )( n dl rkg  in (22) and (23):  

n n n n( ) ( ) , ( ) ( ) if  l l l d l d df k r j k r g k r h k r r r   , (24) 

n n n n( ) ( ) , ( ) ( ) if  l l l d l d df k r h k r g k r j k r r r   . (25) 

For the convenience of further consideration following 

notations are introduced: 

, n 0 n( , ) 4 curl [ ( ) ( )]
dE d l d lm da l m p k k j k r Ω   

r
n X  , (26) 

, n 0 n( , ) 4 curl [ ( ) ( )]
dE d l d lm da l m p k k h k r Ω   

r
n X  , (27) 

2

, n 0 n( , ) 4 i ( ) ( )M d l d lm da l m p k k j k r Ω   n X  , (28) 

2

, n 0 n( , ) 4 i ( ) ( )M d l d lm da l m p k k h k r Ω   n X  . (29) 

 

IV.I. Homogeneous medium 

To find relations between the coefficients of 

electromagnetic field multipole expansions in two 

spherical coordinate systems with the centers in points О1 

and О2 (see figure 1) consider for the first the case of a 

homogeneous medium with 1=2=3. According to (12), 

in these two systems multipole expansions of point dipole 

electric field should have the following form:  

 3

1 0 3

3

i
( ) ( , ) curl ( ) ( )

( , ) ( ) ( )

l

E l lm

l m l

M l lm

a l m f k r Ω
k

a l m f k r Ω





 


 




 



E r X

X

 , (30) (23) 

, 3

1 0 3

, 3

i
( ) ( , ) curl ( ) ( )

( , ) ( ) ( )

l

E d l lm

l m l

M d l lm

a l m f k r Ω
k

a l m f k r Ω





 


    




 



 r
E r X

X

. (31) 

For the field is independent on a particular coordinate 

system used for its presentation ( ) ( )E r E r  in every 

point of the space. Multiplying this identity on ( )l m Ω

 X  

and integrating over solid angle Ω  with an account for 

(16) and (19) the following connection between multipole 

coefficient 
Ma  and multipole coefficients 

,M da   and 
,E da   

for the region 
drr ~~   can be established: 

 

 

 .  (32) 

 

 

Analogously, from the identity of magnetic fields 

( ) ( )B r B r  we have  

         

,

1

3 3

,

( , ) ( ) ( , )

( )
( ) ( , )

( 1)

m m

E l l l l E d

l

m

l l M d

a l m R F D a l m

m k D
G D a l m

l l






 








 




 

 

  . (33) 

In (32) and (33)  

(2 1) (2 1) ( 1) ( )! ( )!

2 ( 1) ( )! ( )!

m

l l

l l l l l m l m
R

l l l m l m


     


    
  , (34) 

 

 

 , (35) 

 

 ,  

       (36) 

 

where ( )f y  means ( ) /d f y dy , srDxx /)/(~  , r rs , 

2 1/2[1 ( / ) 2 / ]s D r xD r   . Formulae (32)-(36) have 

been obtained accounting for the following expressions 

for the orts 
re , 


e  and 

e : 

2[(1 / ) 1 ( / ) ] /r rxD r x D r s   e e e  , (37) 

2[ 1 ( / ) (1 / ) ] /rx D r xD r s
    e e e  , (38) 

 ee ~  . (39) 

In accordance with explicit expressions (35) and (36) the 

connection coefficients m

l lF 
 and m

llG 
 look like 

coordinate-dependent ones. However, their independence 

on the “connection sphere” radius r can be easily verified 

by making numerical integrations in (35) and (36). In the 

case of 
drr ~~   function 

3( )lf k r
 in the integrands (35) and 

(36) is the spherical Hankel function of the first kind 
(1)

3( )lh k r
. Function 

3( )lf k r  is the spherical Bessel 

function 
3( )lj k r  in the region 

drr   and spherical Hankel 

function (1)

3( )lh k r  in the region 
drr  . Consider the case 

when dipole is located near О2 center ( 0~ dr ). Then 

3 3( ) ( )l lf k r j k r  at r <D and (1)

3 3( ) ( )l lf k r h k r  at r> D. 

As an example, the results of numerical calculations of 
m

LlF  and m

LlG  are shown in figures 2 and 3 for the set of 

parameters {L,l,m} = {3,4,2}, 3 =3, 0 =500 nm, 

D = 5 nm. As seen from these figures, connection 

coefficients m

l lF 
 and m

llG 
 really do not depend on r, i.e. 

they are the constants. At arbitrary finite dr
~

 the parts of 

the dependencies in the region dd rDrrD ~~   should 

be deleted in these figures. 

IV.II. Semiconductor QD in barrier matrix  

Consider radiation of a point dipole located inside QD 

with dielectric constant 2, the QD being formed in barrier 

matrix with dielectric constant 3. The field, which is 

incident on the inner surface of the QD, reflected inside 

QD field and the field transmitted into barrier matrix 

could be written in the form of (12) and (13) with 

corresponding spherical Bessel or Hankel functions 

depending on the necessity to provide the field finiteness 
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E r X

X

at 0r   or right asymptotic behavior at r  . In a 

standard way [12], using (16)-(21) two systems of 

algebraic equations for the multipole coefficients could be 

obtained from the continuity conditions for the tangential 

components of the electric and magnetic fields at the QD 

surface. As follows from these equations the relationships 

between the multipole coefficients ( ) ( , )t

Ma l m  and 

( ) ( , )t

Ea l m  of electromagnetic field penetrated into the 

barrier matrix and corresponding coefficients 
, ( , )M da l m  

and 
, ( , )E da l m  of the point dipole electromagnetic field 

incident on the QD inner surface have the following form:  
( )

23 ,( , ) ( ) ( , )t M

M M da l m V l a l m  , (40) 

( )

23 ,( , ) ( ) ( , )t E

E E da l m V l a l m  , (41) 

 (42) 

 (43) 

 

 

The connection between multipole coefficients ( )i

Ma  and 

)(i

Ea  of electromagnetic field outside QD written in 

coordinate system О1 and multipole coefficients )(~ t

Ma  and 

( )t

Ea  of the same field written in coordinate system О2 is 

analogous to the homogeneous medium case: 

( ) ( )

1

( )3

3

( , ) ( ) ( , )

( )
( ) ( , )

( 1)

i m m t

M l l l l M
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( )3 3

( , ) ( ) ( , )
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( 1)

i m m t

E l l l l E

l

m t

l l M

a l m R F D a l m

m k D
G D a l m

l l





 






 




 

 


 . (45) 

 

V. INTERACTION OF RADIATION WITH METAL NP  

 

If spherical metal NP with the center at О1 (see figure 1,b) 

is additionally placed into the above considered system, 

then electromagnetic field radiated by QD point dipole 

scatters at the NP. In previous section the multipole 

coefficients )(i

Ea  and ( )i

Ma  of the field radiated by QD in 

the coordinate system with the center at О1 have already 

been determined. This field can be considered now as 

being incident on the NP:  

 

 ,  (46) 

 

 

 

 

 . (47) 

 

 

Scattered (reflected) field can be expressed by the 

following formulae: 

 

 

 ,  (48) 

 

 

 

 

 . (49) 

 

 

Electric field 
( )

1 ( )t
E r  induced (transmitted) in metal NP is 

the sum of the transverse and longitudinal fields, 

)()()( 11

)(

1 rErErE
LTt  , where the transverse electric 

field can be written as 

 

 (50) 

 

 

 

and longitudinal electric field that arises in metal NP due 

to spatial dispersion (see (10) and (11)), respectively as 




 


1

1 )]()([
1

),()(
l

l

lm

lmLl

L

L

L ΩYrkj
k

mlarE  . (51) 

The magnetic field inside the metal NP can be expressed 

as follows: 

 
Fig. 2. Connection coefficient  as function of r in 

the case of L=3, l=4, m=2, D = 5 nm. In the  

region fL(k3r)  jL(k3r), values  refer to the left 

axis of ordinates. In the  region  fL(k3r)  

hL(k3r), values  refer to the right axis of 

ordinates.   

 
Fig. 3. Connection coefficient  as function of r 

for the same parameters and conditions as in Fig. 2. 
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 . (52) 

From the continuity conditions for the tangential 

components of electric and magnetic fields on the NP 

surface and additional boundary condition in the form of 

turning to zero of the normal component of free carrier’s 

current density on the NP surface [10, 11], the following 

expressions for the coefficients of multipole expansions 

(48)-(51) could be found using (16)-(19):  
( ) ( )

33( , ) ( ) ( , )r M i

M Ma l m V l a l m  , (53) 

( ) ( )

33( , ) ( ) ( , )r E i

E Ea l m V l a l m  , (54) 

( ) ( )

31( , ) ( ) ( , )t M i

M Ma l m V l a l m  , (55) 

( ) ( )

31( , ) ( ) ( , )t E i

E Ea l m V l a l m  , (56) 

( )

31( , ) ( ) ( , )L i

L Ea l m V l a l m  , (57) 
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1
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T

T

E L l T l x k R

T

l l x k R

j k R xh x
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 , (64) 

1 1 3 1 1 1( 1) ( ) ( ) ( ) ( )l L l T l L l LA l l j k R j k R j k R k R j k R    
 , (65) 

1 1 3 1 1 1( 1) ( ) ( ) ( ) ( )l L l T l L l LB l l j k R j k R h k R k R j k R    
, (66) 

3 /[1 ( )]ibC      . (67) 

VI. CONCLUSION 

Thus, in this paper all electromagnetic fields in the 

nonspherical “semiconductor QD + metal NP” structure 

are consistently calculated in the single scattering 

approximation for the case of radiation of a point dipole 

located inside QD. It enables finding the power and the 

rate of radiation as well as the intensity of 

electromagnetic energy absorption and the rate of 

nonradiative losses in the system under consideration. 

Hence the efficiency of radiation depending on the 

distance D between QD and NP, radii  R1  and  R2  and  

other  parameters  as well as its 

change relatively to the case of isolated QD could be 

calculated. After summing the contributions from all QD 

unit cells in line with section II analogous characteristics 

including luminescence efficiency change could be found 

for semiconductor QD as a whole. Using found 

connections between multipole coefficients of the 

electromagnetic  field in two different spherical 

coordinate systems with the centers in QD and metal NP 

the developed theory could be generalized to account for 

multiple scatterings of electromagnetic field between QD 

and NP.  
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I. INTRODUCTION 
Carbazole-containing polymers and copolymers have 

been the subject of intensive investigation in the last 50 

years since the discovery of its photoconductivity by 

Hoegl [1]. In 1957, he established that polyvinylcarbazole 

sensitised with suitable electron acceptors showed high 

enough levels of photoconductivity to be useful in 

practical applications like electrophotography. Since then, 

numerous carbazole-containing polymers have been 

described in scientific literature [2-5]. Carbazole-based 

polymers exhibit photorefractive, optical and charge-

transporting properties [6–8]. In particular, carbazolic 

compounds have attracted wide interest due to their 

potential applications in areas such as optical data storage 

and information processing [9]. In the past decade, special 

attention was paid to the problem of holographic 

recording with the aim of protecting the documents from 

falsification or counterfeiting, and reliefographic methods 

appeared to be a convenient answer to the problem [10]. 

Security holograms offer a unique solution to product and 

document counterfeit providing unambiguous visual 

authentication that requires no external device or reader 

for verification. The use of small holograms in credit 

cards, which are made to prevent falsification, has made 

holograms a well known concept. Holograms show up 

more and more often on tickets and original covers. 

Important areas of application are bar-codereaders in 

shops, warehouses, libraries and so on, which is based on 

holographic components like optical gratings.  

Any material used to record a hologram must respond 

to exposure to light with a change in its optical properties. 

In the absorption or amplitude modulating materials the 

absorption constant changes as a result of exposure, while 

in phase modulating materials thickness or refractive 

index changes due to the exposure. In the phase 

modulating materials, there is no absorption of light and 

the entire incident light is available for image formation, 

while the incident light is significantly absorbed in an 

amplitude modulating material. Thus a phase material can 

produce a higher efficiency than an amplitude material. 

Also in phase modulating media, the amount of phase 

modulation can be made as large as desired. A practical 

recording media can be considered as a combination of 

these two. The material should be of high optical quality. 

The media performance is assessed in terms of parameters 

like diffraction efficiency (DE), sensitivity, resolution, 

signal to noise ratio (SNR), temporal stability etc.  

Hologram recording in carbazolic polymers can be 

achieved by several processes using its photorefractive, 

photoconductive, and/or photochemical properties. 

The aim of this work was first to synthesize new 

carbazole-containing copolymer appropriated to 

holographic recording. For this purpose the material must 

have a number of required characteristics. Compared with 

other holographic materials such  as  dichromated  gelatin 

and silver halide emulsions, polymers have the great 

advantage of recording and reading holograms and the 

spectral sensitivity could be easily shifted to the type of 
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recording laser used by changing the sensitizing dye. Also 

these materials possess characteristics such as good light 

sensitivity, large dynamic range, good optical properties, 

format flexibility, and low cost.  

In the present work, the studied material was 

copolymer of epithiopropylcarbazole (ETPC) containing 

4% of glycidyl butyrate (GB) and synthesized by free-

radical polymerization. The copolymer was synthesized as 

the host polymer matrix and iodoform CHI3 was used as 

the photosensitizing dye. The role of GB was mainly to 

ensure the film forming properties and surface stability 

without damaging the holographic response of the 

material. Additionally, it appeared that the presence of GB 

in the copolymer induced an effect of film thickness 

increasing. 

II. EXPERIMENTAL 

Synthesis of polymer. Copolymer of 

epithiopropylcarbazole with 4mass% of glycidyl butyrate 

(ETPC:GB) was selected to ensure the excellent film 

forming properties and photoinduced properties.   

Copolymer used in this investigation was synthesized 

by polymerization of epoxypropylcarbazole and 

epithiopropylcarbazole at the presence of 1-3% potassium 

methylate on the anionic mechanism at temperature 80-

120˚C within 2-6 hours. For the full drying they were 

stored in a vacuum drying chamber at 50˚С up to constant 

mass. From the characterization by polymer viscosity 

using calibrated standards results a molecular weight Mw 

2000-3000. In Fig. 1 the scheme of chemical synthesis of 

ETPC monomer is presented.  
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Fig. 1. Chemical synthesis of ETPC monomer: 1 – 

carbazole; 2 – epichlorhydrin; 3 – epoxypropilcarbazole; 4 

– thiourea; 5 – epithiopropylcarbazole. 

 

As the synthesized material is only sensitive in the UV the 

spectral sensitivity should be shifted to the type of 

recording laser region. To shift the spectral sensitivity to 

the blue region of spectrum the sensitizing dye such as 

iodoform CHI3 has been introduced into the samples. 

 
Fig. 2. Сhemical structure of copolymer ETPC:GB. 

 

 

The dependence of photosensitivity of the deposited 

films on the content of iodoform CHI3 was studied earlier 

[14]. It was established that the optimum concentration of 

the iodoform was 10 mass%. 

Formation of polymer films from solution.  
A widely used technique to fabricate thin layers is spin-

coating. In the first step, the material is poured or sprayed 

to the center of a glass disk. Next, the disk starts rotating 

in an axis normal to the surface of the disk. Thereby the 

material moves outward. In the stationary state, the 

viscous forces in the fluid dominate the thinning of the 

layer. Excess material may leave the disk at the edge as 

droplets. If the material contains a solvent, the solvent 

may evaporate. Spin-coating may be done at elevated 

temperatures. Various designs are in use. 

In our study the thin polymer films were prepared from 

homogeneous polymer solution by spin coating procedure 

using programmable spin-coater “SGS Spincoat G3P-8”. 

The thickness of the polymer film was varied by changing 

the concentration of polymer solution and the rotation 

speed of spin coating. In series oа samples, the ETPC:GB 

concentration was varied (from 2.5 to 12.5 wt% solutions 

in chloroform CHCl3) at fixed spin speed.  

Operation conditions for polymer solution deposited on 

5 cm diameter optical glass substrate (BK7) was as 

follows: 2 cm
2
 of liquid dispensed on the disk at rest, 

subsequently accelerated in about 10 s to 3000 rpm and 

spun for 20 s. The broad range of thicknesses can be 

covered by using polymer solution with increasing solids 

content or for a given solution by changing the final spin 

speed.  

 

Determination of film thickness.  
For the determination of film thickness in this work the 

modified interferometric PC based measurement based on 

MII-4 interference microscope was applied.  

A thickness characterization of the samples was 

achieved by a MII-4 interference microscope with CCD-

camera recorded the micrographs. The interference 

pattern of light reflected from a flat reference surface and 

the investigated sample was recorded in PC. A 

magnification of 490 times was used. The area from 

which a data analysis is performed was 0.3 mm diameter 

circle. This enables a height resolution better than 100 nm 

[12].  

Spectral characterization. 

With the purpose of firmly assessing the nature of the 

synthesized material, a detailed characterization by IR and 

UV-VIS spectroscope was applied. Before infrared 

analysis, samples were dried in exsiccator up to constant 

mass. Infrared spectra of the samples were recorded with 

a Perkin Elmer FTIR 100  spectrophotometer (4 cm
−1 

and 

32 scans). 

UV-VIS transmission spectra were recorded on thin 

polymer films with Specord M40.  

Holographic characterization. 

A 442 nm He-Cd laser was used for holographic 

characterization. Diffraction gratings were recorded on 

these films by keeping the beam ratio as 1:1 and spatial 

frequency as 1000 lines/mm. After recording wet  
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chemical treatment was applied for relief formation. 

Etching treatment was controlled by measuring of DE in 

transmission mode at the wavelength of 633 nm within 

the equal time interval.  

The special organic solution was chosen as etching 

agent.  It was studied the variation of DE with etching 

time.   

 

III. RESULTS AND DISCUSSION 

Good quality films with different thickness were 

obtained after a drying  period of 24 hrs. The thickness of 

spin-coated films determined from the fringe pattern in 

the interferogram was found to be increased with the 

increase of polymer concentration in solution. It was 

shown that by raising the polymer concentration from 3 to 

15.0 wt%, the final film thickness increase from 760 to 

2270 nm at a spin speed of 3000 rpm. Applied methods of 

thickness measurements have shown a quasi-linear 

thickness dependence on polymer concentration.  (Fig.4.). 

In case of PEPC deposition the obtained film thickness is 

changed essential. But linear dependence on polymer 

concentration remains. Therefore, a smooth polymer films 

with desired thickness can be fabricated just by 

controlling the polymer concentration in solution. 
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Fig. 4. Thickness as a function of ETPC:GB solution 

(1) and PEPC solution (2). 

 

The copolymers were also characterized by 

investigated by FT-IR spectroscopy. The spectra of the 

each intermediate material during synthesis have been 

compared to each other. Carbazole was used as reference 

for attributions of absorption bands of carbazole rings.  IR 

spectra of monomer ETPC, polymer ETPC and copolymer 

ETPC:GB are given in Figure 4.  
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Fig. 5. IR spectra of monomer epithiopropilcarbazole, polymer epithiopropilcarbazole, and copolymer 

epithiopropylcarbazole with glycidyl butyrate. 

 

Attributions of infrared absorption bands in comparison 

with pure carbazole are reported in Table 1. Each organic 

group has been identified on the basis of literature data 

[11]. The obtained data confirmed the chemical structure 

of copolymer. The absorbance of the carbazolic band at  

1122, 1484, 1596, 1624 cm
−1

 (ring stretch) has been 

measured for copolymer and pure carbazole. The results  

show a good agreement between the infrared 

measurements and the expected values.  

 

Table 1. Attribution of infrared absorption bands (cm
-1

).  

 

Photos of irradiated by laser exposure and optical 

absorption spectra of ETPC:GB film in comparison to 

polymers PEPC and ETPC are shown in Fig. 6. and Fig. 

7. correspondingly.  a – PEPC; b – ETPC; с – ETPC:GB.  

 a                                 b                      c 

Fig. 6. Photos of irradiated by laser exposure films of a 

– PEPC; b – ETPC; с – ETPC:GB. 

Fig. 7. Optical absorption spectra of ETPC:GB film on 

laser exposure in comparison to polymers PEPC and 

ETPC. 

 

It was established that the investigating polymer films 

demonstrate the etching selectivity of the recorded 

diffraction gratings. Etching treatment was controlled by 

measuring of η in transmission mode at the wavelength of 

633 nm within the equal time interval.  

After recording the diffraction efficiency (η) of all 

samples was less than 0.1%. Diffraction efficiency 

dependence on etching time is presented in Table 2 [3].  

Monomer 

ETPC 

Polymer 

ETPC 

Copolymer 

ETPC:GB 

Attribution 

3045 3047 3047 Aromatic C-H 

stretch 

 2924  CH2 antisymetric 

stretch 

 2856  CH2 symetric 

stretch 

  1704 C=O stretch 

1624 1625 1625 Ring stretch 

1596 1596 1596 Ring stretch 

1484 1483 1483 Ring stretch 

1452 1451 1451 “scissors” CH2 bend 

overlapped with 

“sideways” ring 

stretch 

1383 1378 1381 CH3“umbrella” 

symmetric bend 

1334 1334 1332 Caromatic-N stretch 

1324 1324 1324 CH bend 

  1246 C(O)-O-C stretch 

1230 1230  Ccarbazole-N stretch 

1152 1152 1152 C-C main chain or 

CH2 rocking 

1122 1120 1120 carbazole 

1020 1018 1026 Ortho-substituted 

aromatic cycle 

747 746 746 Out-of-plane 

bending of aromatic 

C-H 

721 720 720 Concerted rocking 

of the CH2 
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Table 2. Diffraction efficiency of etching polymer films. 

 Sample 

composition 

Etching time, s 

5 10 15 

PEPC 2% 2.7% 9.8% 

ETPC 11% 24% 26% 

ETPC:GB 20% 35% 41% 

 

Mechanism of Grating Formation  
The mechanism of grating formation can be explained 

as follows. On exposing to the interference pattern, the 
CHI3 molecules get excited and electron transfer takes 
place between carbazole ring and CHI3 [3].This reaction 
produce carbazole radical and this radical initiates the 
polymerization reaction.  

Polymerization takes place at the region of constructive 
interference and as a result this polymerization 
(crosslinking) contribute to the structurization of 
copolymer [3]. This structurization takes place without 
changing the refractive index and transmittance of film  
which leads to the hidden grating formation. The grating 
formation can be revealed only by wet selective etching.  

The measurements of surface profile by atomic force 
microscope AFM NANOStationII have proved the non-
sinusoidal form of gratings recorded on ETPC:GB film. 

The relief profile showed the same spatial periodicity (∼1 

μm) as the light pattern spacing. The depth of surface 
profile after etching in the organic solution varied from 50 
nm to 100 nm [3].  

This result can be explained by the fact that laser 
action does not change the visible transmittance of the 
film during the recording time. So no changes in 
absorption/transmission on visible spectra and no changes 
in refractive index were observed. It leads to formation of 
hidden gratings that can be revealed after etching.   

IV. CONCLUSION 

This paper presents a study of ETPC, from the 
material  synthesis to its use as holographic recording 
media for hidden recording. Firstly, syntheses and 
characterizations of carbazolic monomer, polymer and 
copolymer were carried out. Their chemical structure was 
examined implementing IR analytical technique. The 
syntheses yielding carbazole containing copolymers are 
rather complex from the first step, the monomer synthesis, 
to the final copolymer elaboration. By IR techniques, it 
was possible to firmly assess the structure and the 
composition of the various participants in the synthesis 
process. The implemented approach gives access to a 
precise characterization of copolymers; this is a crucial 
point when considering their wide use as photosensitive 
materials to record holograms. Secondly, hidden  
holographic recording in visible spectra was carried out 
with the synthesized materials. Hologram recording 
provides the possibility of hologram recording and 
reading after the selective etching. The comparison 
between PEPC, ETPC and ETPC:GB films showed that 
ETPC is advantageous, giving rise to better results in 
terms of diffraction efficiency. Experimentally, it is 
possible to record holograms with a diffraction efficiency 
up to 40%. 

The new feature which was observed on ETPC:GB 
films was the formation of hidden gratings: after 
recording  by laser exposure, no image of  gratings were 
visually observed. The image of gratings appeared only 

after the etching.  
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I. INTRODUCTION 

Nanostructure formation has been explored for 

many kinds of materials, and this becomes a promising 

topic also for glasses. At first in comparison with 

crystalline nanostructures the glassy nanostructure may 

yield a greater variety of compositions, since the bonding 

constraint arising from crystalline unit cells does not 

exist. The second reason is that the control of nanometer-

scale structures could be an ultimate research subject for 

glassy structures.  

Among the glasses, the chalcogenide glasses 

(ChG) are interesting materials for investigation of 

nanostructural properties possessing unique 

characteristics which are different from those in oxide and 

halide glasses, i.e. molecular (low-dimensional) 

structures, semiconductor properties, including a wide 

range of optical transparency, high refractive index n and 

specific electrical resistance. 

ChG are versatile functional materials for optics, 

optoelectronics, and information technologies due to 

mainly the number of different photo-induced effects like 

photo-darkening and bleaching, local expansion or 

contraction, changes of the reflectivity and of the 

refraction index which take place in thin films of ChG [1–

3].  

In spite of the rather long history of such 

investigations the mechanisms of light-induced processes, 

structural transformations are still not completely clear.  

Amorphous–amorphous or amorphous–crystalline 

structural transformations are the bases of optical 

recording, i.e. the formation of amplitude and phase 

optical reliefs [1, 3, 4]. The phase relief may be 

complemented by the change of the thickness, i.e. by 

geometrical surface relief formation directly during the 

optical recording or  

by selective chemical etching. Few approaches are known 

for extending investigations of ChG towards the  

nanostructures, especially in the nanolayered, 

superlattice-like multilayer structures [3], but the problem 

of photo- 

structural transformation (PST) dependence on the 

artificial nano-structuring is still not solved. The 

definition of nano-scale structures for ChG lies within 1–

100nm. It is plausible that some properties vary with scale 

because of several reasons:  

 the distinction among molecular, crystalline, and 

amorphous  becomes vague; 

 the fraction of atoms being located at surfaces or 

interfaces substantially rising respect to volume ones, 

which affect structure/optical properties; 

 the mean free path of excitations is comparable to the 

structural scale, and accordingly, quantum-size effects 

may appear.  

Inserting the photosensitive glass or just 

amorphous Se between the other ChG layers and 

changing the dimensions of this structure, new effects are 

expected further growth of the efficiency of volume 

expansion, stimulation of the solid-state chemical 

reactions, and crystallization.  

The establishment of inter connections between the 

compositional modulation at nanoscaled dimensions (10–

20nm) and the characteristics of optical recording were 

investigated. The aim of the work is to extend the 

Investigations of optical properties of 

 As2S3-Se  nanomultilayers. 
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research of nanostructuring properties of As2S3-Se 

nanomultilayers meaning the possibilities of direct, one-

step surface relief formation by laser beam. 

II. EXPERIMENTAL 

The bulk samples of As2S3 and Se were 

synthesized by melt-quenching technique from elemental 

components which were heating in evacuated quartz 

ampoules at T=900
o
C during 30 hours.  

ChG nanomultilayers were prepared by computer 

driven cyclic thermal vacuum deposition of two materials 

from two isolated boats on constantly rotated substrate at 

room temperature in one vacuum deposition cycle. The 

technology allows depositing thin films with thicknesses 

from 0.005 up to 3.0µm. The control of the thickness 

carried out during the thermal evaporation by interference 

thickness sensor at λ=0.95µm. Overlapping part of 

samples contains alternating nanolayers of Se and As2S3, 

i.e. two wide rings overlap in the central part of substrate 

forming nanostructure. Outside and internal rings of 

layers on the substrate contain pure compositions of Se 

and As2S3 consequently. Control layers of Se and As2S3 

were deposited at the same time onto the same substrate 

consequently through masks and used to check the 

composition, and calculate the ratio of the sub-layer 

thicknesses in one modulation period. On the fig. 1 we 

present the photograph (fig. 1a) and cross-section (fig. 1b) 

of the samples. 

 
a 

 
b 

Fig. 1 The photograph (a) and cross-section (b) of As2S3-

Se nanostructure. 

 

Resulting samples were As2S3-Se type structures 

with total thickness 2–3 µm, the modulation periods (the 

total thickness of one As2S3 and one Se nanolayers) 20–50 

nm range and the wide band-gap material As2S3 was the 

optically transparent barrier and the active material Se had 

a narrower band-gap. 

PST were induced by DPSS green laser radiation 

(λ=0.53µm) with output intensities 30mW. Optical 

parameters (optical transmission spectra and the change 

of them under illumination) were recorded on two-beam 

spectrophotometer SPECORDM40 in the range of wave 

lengths of 200–900nm. 

III. RESULTS AND DISCUSSION  

The examination of the transmission spectra of As2S3-

Se nanostructure showed that the samples have good 

thickness uniformity proved by the existence of many 

interference peaks as for separated As2S3 and Se layers as 

for total As2S3-Se nanostructure (fig. 2, 3). This fact 

allows us to calculate the thickness and refractive index of 

layers by Swanepoel method. There is broad transparency 

region at long wavelengths and significant drop of 

transparency in the region of 400-600 nm due to the 

increase of absorption. The transmission spectra for 

As2S3-Se nanostructure with modulation period 50nm 

presented on the fig. 2 are similar the spectra on the fig. 3 

for modulation period 25nm. The absorption edges for 

As2S3 and Se layers are in accordance with well known 

data for these materials [3]. Note that the edge of 

absorption spectra of As2S3-Se nanostructure coincides 

with edge of absorption spectra of Se layer, which is 

narrower band gap material. It is expected result, but the 

absence of shift of the absorption edge of nanostructure to 

wider band gap material (As2S3) indicates the inter-

diffusion between As2S3 and Se does not take place.  

 
Fig. 2 The transmission spectra of As2S3-Se 

nanostructure with modulation period 50nm. 

 
Fig. 3 The transmission spectra of As2S3-Se 

nanostructure with modulation period 50nm. 

 

 

In the analysis of optical transmission spectra the 

“effective optical medium” model [2] has been applied in 

which mainly the “well” layers, with small Egv energy, 

determine the optical absorption α = 10
2
-10

5
 cm

-1
 at the 

average absorption edge Eg, and the “barrier” layers with 

larger Egb are transparent. Since in this model the 

absorption is mainly determined by the “well” layers, the 

relation:  

αhν = const (hν – Eg)
2 

can be used for the determination of Eg in amorphous 

semiconductors, where hν is the energy of light quantum. 
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During laser irradiation photo-bleaching (blue shift 

of absorption edge) in As2S3-Se nanostructure has been 

observed, as it was usual for this type of nanostructures 

[1, 3]. One of the possible explanations of this blue shift 

given by authors [5] consists in interdiffusion, taking 

place between components of structure. The advantage of 

induced interdiffusion of more- and less-absorptive layers 

in such a layered, chalcogenide-based structure consists in 

the creation of solid solutions with a changed optical 

absorption edge. Irradiation by laser light with 

wavelength which corresponds to the optical band gap of 

the matrix material (λ=532nm in our case, where the light 

penetrates all sub-layers and the absorption is still rather 

efficient), induces interdiffusion. Here laser exposure 

leads to solid state synthesis of a two component 

materials As2S3 and Se from initially separated 

nanolayers. There action causes a blue shift (Fig.4) of the 

overall optical absorption edge of the nanostructured 

medium to the edge of the As2S3 component glass at the 

end of the process.  

Fig. 4 The transmission spectra of As2S3-Se nanostructure 

before and after irradiation. 

 
Fig. 5 The transmission spectra of As2S3 films before and 

after irradiation. 

 

The observed blue-shift is ∆ λ = 0.20nm. It is 

interesting that for As2S3 the shift of optical absorption 

edge moves towards longer wavelengths so called red 

shift (see fig. 5 for illustration).  

In this case (As2S3) photodarkening is about 10nm, 

which is typical for arsenic sulfide material under 

illumination [5].  

From the optical transmission spectra the optical 

band gap Eg was also determined. It can be obtained from 

Tauc law:  

(αћω)
1/2

 = f(E) 
In paper [3] it was stated that for the present type of 

materials one should prefer Tauc law in contrast with 

using dependence α = f(E). In fig. 6 energy dependence of 

(αE)½  

 

Fig.6 Determination of optical band gap Eg  

from Tauc plot. 

parameter is plotted. Linear range in the region of high 

photon energies corresponds to the Tauc law. Energy 

band gap is the point where this line intersects with 

abscissa (see fig. 6).  

Spectral dependence of refractive index calculated 

together with films thickness by Swanepoel method [4] is 

given in the fig. 7. According the Swanepoel method the 

spectral dependence of refractive index describes by the 

function: 

n(λ) = a/λ
2
 + c 

 Fig. 7 The spectral dependence of refractive index  

of As2S3 films before and after irradiation.  

 

 

From fig. 7 one can see that the refractive index of 

As2S3 films changes from 2.6 up to 2.35 in spectral range 

500-850 nm. The irradiation increases refractive index on 

0.25 in the same domain.  

The dispersion of refractive index of As2S3-Se 

nanostructure is less pronounced (Δn = 0.15) and 

practically has not change under irradiation (see fig. 8). 
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Fig. 8 The spectral dependence of refractive index of 

As2S3-Se nanostructure before and after irradiation.  

 

 

The following figures 9 and 10 present dispersion 

of refractive index for two types of As2S3-Se 

nanostructure: modulation period 25nm (fig. 9) and 50nm 

(fig. 10). 

Fig. 9 The spectral dependence of refractive index of 

As2S3, Se films and As2S3-Se nanostructure with 

modulation period 25nm. 

For modulation period 25nm the refractive index 

of As2S3-Se nanostructure is more than it of As2S3 (Δn = 

0.15÷0.25), and lies between refractive indexes of 

individual films of As2S3 and Se (Fig. 9). 

The As2S3-Se nanostructure with modulation 

period 50nm exhibits different behavior. This 

characteristic lies close to one belonging to As2S3 films, 

and within the experimental error refractive index of 

nanostructure does not change (see fig. 10). 

If we propose that interdiffusion between As2S3 

and Se mono-nano layers takes place that the decreasing 

of modulation period leads to increasing the probability of 

penetration one material, most likelihood is Se, into 

As2S3. 

 

 

 

 

 

Fig. 10 The spectral dependence of refractive index of 

As2S3, Se and As2S3-Se nanostructure with period 50nm. 

IV. CONCLUSION 

Optical properties of the As2S3-Se nanostructure 

were investigated. It was shown that as-deposited 

nanostructures did not form solid solution from 

component material, but after illumination the 

photodiffution takes place. 
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I INTRODUCTION 

 The unique properties of semiconductor quantum dots 

(QDs) are due, in particular, to their atomic-like density 

of states. The atomic-like state density behaviour leads to 

the relative ease of generating single exactions, single 

spins per dot, and the long lifetime and coherence time of 

these excitations [1-5]. Unlike “real” atoms or molecules, 

a unique feature of solid state QDs is the formation of 

Wannier-Mott exactions giving experimental access to 

both the Coulomb and the electron-hole exchange 

interaction in three-dimensionally confined solid state 

systems. Therefore, QDs have recently attracted much 

interest both experimentally and theoretically.  

        In contrast to quantum well, the colloidal QDs are 

frequently suspended in a solvent or matrix. Even rather 

large colloidal structures of up to 10 nm significant 

fraction of the atoms is located on the surface [6]. 

Charging effects resulting from dangling bonds or strain 

in the nanocrystals are therefore profoundly affecting the 

photophysics of such systems [7-9].  

        The excitons in QDs differs from excitons in bulk 

materials and represent a distinct class of excitons that 

differs from bulk-type excitons or molecular excitations. 

The new aspect of the exctions that is prevalent in 

nanoscience is that the physical size and the shape of the 

material strongly influence the nature and dynamics of the 

electronic excitation. Therefore, a deciding property of 

excitons in nanoscale systems is that the exciton size is 

dictated not by electron-hole Coulomb interaction, but by 

physical dimensions of the material or the arrangement of 

distinct building blocks. Interesting spectroscopic 

properties of excitons, which are often miniscule in the 

bulk materials, are greatly accentuated in nanometer-sized 

materials and molecules. For example, the electron-hole 

exchange interaction is of the order of millielecton volts 

in bulk semiconductor materials, but is increased 1,000 

fold in QDs [10-16]. Nanoscale excitons can be described 

starting from the point of view of either a delocalized or 

localized excitation. In a delocalized representation of the 

problem, nanoscale excitons are subject to quantum 

confinement and their spectroscopy become richer. 

         In this paper, the results concerning synthesis of 

CdSe colloidal QDs at relatively low temperatures (80-85 
o
C) are presented On the basis of the powder XRD data 

their structural parameters were determined. The optical 

absorption in the UV-VIS range was studied. The 

photoluminescence spectra at optical excitation by two 

low power (10 mW) light emitters with 392 nm 

wavelength were investigated too. The 

photoluminescence spectra were studied using a setup 

built on the basis of monochromator MДР-23.  

II. METHODS 

       Chemicals. Tri-n-octylphosphine (Aldrich, 90%), 

selenium shot (Aldrich, 99.999%), diphenyl ether (DPE) 

(Fluka, 98%), cadmium acetate dihydrate (Aldrich, 

99.99%), and oleic acid (cis-9-octadecenoic acid, Aldrich, 

90%) were used as purchased without further purification. 

       Anhydrous, hexane, chloroform, acetone, were 

purchased from different companies and used without 

further purification. Trioctylphosphineselenide,1M, 

(TOP-Se) was prepared by the complete dissolving of the 

necessary amount of selenium in 50 ml of TOP at 60–

70°C under moderate stirring. The TOP-Se solution 

Synthesis of CdSe Colloidal Quantum Dots 

and Quantum Transinions under Action of Low 

Power Optical Excitation  

I.I. GERU, A.V. MIRZAC, A.B. TARABUKIN 
 

Institute of Chemistry of the Academy of Sciences of Moldova 
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   Abstract — CdSe colloidal quantum dots were synthesized at low temperature (80-85 
0
C) on the basis of 

chemical reactions in colloiodal solutions using tryoctilphosphine (TOP), pure Se, oleic acid and cadmium 

acetate Cd(CH3COO)2. The average size of the synthesized nanocrystals is 2.04 nm, that is less then exciton 

Bohr radius in the bulk material, which is equal to 5.6 nm. Therefore in such QDs the electron with spin 1/2 

and the hole with total angular momentum 3/2 are in localized or slightly delocalized states. In absorption 

spectra in the UV-VIS range the lines corresponding to quantum transitions between hole state 1S3/2(h), 

2S3/2(h), 1P3/2(h) and electron state 1S1/2(e), 1P1/2  (1S3/2(h) →1S1/2(e), 2S3/2(h)→1S1/2(e) and 1P3/2(h)→1P1/2(e)) 

are detected. 

The location of photoluminescence maxima of QDs in hexane and in powder state coincide in the limits of 

experimental errors (570 and 568 nm, respectively). In photoluminescence spectra of powder QDs a broad 

long-wavelength band of low intensity with maximum at 570 nm was detected. 

 

Index Terms — CdSe nanoparticles, colloidal synthesis , photoluminescence, absorption, quantum dots. 
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described above was prepared and stored in a argon glove 

box. 

        Synthesis. As a basis for the synthesis was taken the 

method describing the procedure of preparing cadmium 

selenide nanoparticles. [17, 21, 22]. 

 A standard synthesis of CdSe nanoparticles was 

performed in a round-bottom three-neck flask equipped 

with a magnetic stirrer, a thermocouple, and a 

temperature control unit. Cadmium oleate was prepared 

by heating a mixture of 2 mmol cadmium acetate, 4 mmol 

of oleic acid, and 20 mmol 20 ml of diphenyl ether. Oleic 

acid was employed both for group II precursor formation 

and nanoparticle stabilization during the synthesis 

intended for nucleation and reaction rate control. The 

subsequent synthesis of cadmium selenide QDs was 

carried out by rapid injection of trioctylphosphine 

selenide (TOP-Se) solution maintained at room-

temperature into a vigorously stirred mixture containing 

cadmium oleate heated from 80 to 85C under Ar 

atmosphere. The reaction mixture was maintained at a 

fixed temperature for 6 hours and then promptly cooled to 

room temperature using an ice-water bath. The solution 

quickly turned dark citric during the synthesis due to the 

formation of CdSe colloidal solution.  

        A solvent containing two parts of hexane, one part of 

anhydrous ethanol, and five parts of acetone was prepared 

to purify the nanoparticles from unreacted precursor, 

excess surfactant, and high-boiling point solvents. A size-

selective precipitation was carried out by centrifugation, 

using a polar/nonpolar solvent combination, consisting of 

acetone and either hexane. After precipitation, the CdSe 

nanoparticles were isolated and re-suspended in 

chloroform and hexane, and followed by ultrasonic 

treatment to form stable colloidal solutions used for 

further preparation and characterization. The chemical 

analysis and atomic absorption spectroscopy confirmed 

the CdSe composition of the nanomaterial deposited after 

multiple purifying and re-suspension of the original 

solution.  

        Nanocrystalline sample characterization. The 

powder XRD data were recorded with Fe Kα radiation (  

= 1.93728 Å) using ДРОН-УМ 1 with Mn filter operating 

in the Bragg–Brentano geometry. Samples for the XRD 

measurements were prepared by the deposition of 

concentrated CdSe colloidal solutions in chloroform or 

trichloroethylene onto a glass substrate. The 2 range 

scanned from 20° to 80
0
, TOPSe/cadmium oleate molar 

ratio r = 2.0. Diphenyl ether was used as the high-boiling 

heat-transfer agent. As mentioned above, the samples 

were prepared for X-ray powder diffraction by depositing 

the colloidal solution onto a glass substrate drop wise.  

 

 

III. RESULTS AND DISCUSSION 

        The typical powder diffraction patterns of resulting 

CdSe nanocrystals are shown in Fig. 1. 

        XRD revealed three broad peaks positioned at 2θ = 

31
0
, 52.50

0
 and 64

0
 with corresponding interplanar 

spacings of 3.510, 2.149 and 1.833Å, respectively (Table 

1). These peaks are uniquely assigned to the (111), (220) 

and (112) planes of sphalerite structure of CdSe implies a 

reduction in particle size. 

        In Table.1 θ, d, β, D and a are the diffraction angles, 

the interplanar distance, the width of the XRD line at half 

maximum, which were determined at different diffraction 

angles, size of QDs and the crystalline cell parameter,   

 

 
             90
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        10
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Fig.1. The powder diffraction patterns of CdSe 

QDs         synthesized at the relatively low 

temperatures (80
0
-85

0
C). 

 

respectively. 
     An average size of 2.04 nm for the CdSe nanocrystals 

was estimated from X-ray powder diffraction data usind 

Debye-Scherrer equation  

 

                           ⁄ ,      (1) 

where k=0.9 (the QDs are considered spherical shape). In 

(1) λ means the wavelength of the centre of gravity of the 

X-Ray doublet (Kα1,Kα2) of K-01series: 

                          
 

          

 
 ,                  (2) 

where     
        Å and     

         Å. 

 

 

Table1. X-Ray diffraction data for CdSe QDs. 

 

 

        From small angles in the Fig.1 two intensive bands 

are shown corresponding to unsolved X-ray doublet Fe Kα 

and single emission line Fe Kβ, the intensity of which is 

far above CdSe QDs XRD lines intensites. 

        At 2θ = 57
0
 and 78.5

0
 on the Fig.1 are manifested 

two intense lines, one more line of low intensity in this 

series is observed at large diffraction angles 2θ = 104.5
0
. 

These three lines correspond to third, fourth and fifth 

order reflections from atomic planes (300), (400) and 

(500). Their occurrence is due to the fact that, during the 

measurements, the samples were not prepared using 

adhesives. The nanocrystalline samples were slightly 

pinched on the substrate, whereupon the resulting 

mechanical stress could lead to texturing samples – 

formation of a system of parallel planes (200), (300), 

(400). However, this effect requires a more detailed 

research. 

To study the photoluminiscence of colloidal CdSe 

QDs 

N
o 

θ d, Å β,rad Miller 
indexes 

D,Å a, Å 

1 15.50 3.510 0.1047 (111) 16.99 6.0794 

2 26.250 2.149 0.0872 (220) 21.86 6.0782 

3 320 1.833 0.0872 (311) 23.42 6.0793 
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two low power (10 mW) light emitters with 392 nm 

wavelength were used. 

 

 
 

 

 

 

 

Quantum transitions on the Fig.2 : 1 - 1S3/2(h)→1S1/2( e), 

                                                        2 - 2S3/2(h) →1S1/2 (e), 

                                                        3 - 1P3/2(h) →1P1/2(e). 

        In the Fig. 2 the absorbance spectrum of the CdSe 

QDs in hexane at low concentration of the solution is 

shown. The solution itself has an orange color. 

        In the Fig. 3 the photoluminescence spectrum is 

presented of the same solution, containing QDs, the 

optical absorption spectrum of which was shown in the 

Fig. 2.  

In the Fig. 4 the photoluminescence spectrum of the same 

CdSe QDs in solid state is shown. 

 

 
 

 

 

 

        The peculiarities of the optical absorbance of CdSe 

QDs are well corresponding to the theory. Let us to 

consider the case when the dimensions of QDs are less 

than the exciton  Bohr radius in bulk samples. Exactly this 

case is being observed for CdSe QDs with dimensions of 

several nanometers while the exciton Bohr radius in the 

bulk CdSe is    
            [18]. This case corresponds 

to almost full localization or slightly delocalization of the 

electron and hole and the energy spectum of QDs is a set 

of discrete slightly broadened levels of electrons and 

holes.  

The discrete structure of the energy spectra for CdSe QDs 

is being demonstrated, first of all, by optical absorbance 

spectra. Due to the narrow distribution by size of QDs, on 

these spectra are readily evident the particularities 

corresponding to interband optical transitions, related to 

different electron and hole quantum states. These 

properties  

 

Fig. 4 . The photoluminescence spectrum of powder 

CdSe QDs. 

 

may be described within the framework of effective mass 

model, if it is taken into account the splitting of valence 

band into three valence subbands due to quantum 

restrictions.  

        The probabilities of the optical transitions at band 

edges in QDs are governed by the matrix element of the 

operator    between the states at the valence band top 

and the bottom of the conduction band, where p is the 

momentum operator and e is the polarization vector of the 

emitted or absorbed photon. The electron wave function, 

   , at the bottom of the conduction band can be  written 

as [19] 

              ( )    (  
  )   (  )   ⟩                   (3) 

where   ⟩ is the Bloch  function of the conduction band, 

α is the projection of the electron spin,     is the spherical 

harmonics and   (  
  ) is the spherical Bessel function.  

         Optical transitions from the electron state (3) are 

possible only to the hole states in the valence bands which 

have the S-state as a component because 

                                 .                   

         The optical transition probability from the bottom of 

the conduction band to a hole state in the value band is 

given by [19] 

     |       (  
  )(   ( ))|

 
|⟨   |  |  ⟩|

 

,
 

where c is the component of the S-state   ( ) in the hole 

wave function, β is the spin projection of the removal 

electron in the hole state and    are Bloch wave functions 

of the hole states: u±=|1,±1>,        ⟩.     is zero if 

   .  

         Optical transitions from the bottom of the 

conduction band to the top of the valence band are not 

possible in the following cases:  

1) if the hole state does not have a component of 

the S-state (i.e. if c = 0); 

2) if the spin projections of the removal electron in 

the hole state and the electron in the conduction band are 

not equal,    . Since the spin projection of the hole 

state is obtained by flipping the spin projection of the 

electron removed, it follows that the optical transitions are 

wavelength. nm 

Fig.4 The photolumincence spectra of solid 

nanocrystalline CdSe QDs. 

A
b
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u
 

wavelength, nm 

Fig.2. The absoroption spectrum of CdSe QDs 

in hexane. 

1 

2 
3 

wavelength, nm 

Fig. 3. The photoluminescence spectrum of 

CdSe QDs in hexane. 

wavelength, nm 
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not possible if the spins of the electron and the hole are 

parallel. Thus, if the top of the valence band is a P-state, 

or the electron at bottom of the conduction band and the 

hole at the top of the valence bande are in a triplet state , a 

dark exciton is formed [20].  

The first two bands, from left to right, in the absorption 

spectrum plotted in the Fig.2 correspond to the 

wavelengths 544 nm and 456 nm and are related with 

transitions between the lowest level of the electron (1S) 

and two different hole energy states (      and      ). 

Electron and hole are the more localized if the inequality 

     
     is better satisfied (R is the quantum dot 

radius). The third absorption band located at 393 nm is 

due to quantum transitions between 1P3/2 hole state and 

1P1/2 electron state. 

              

IV. CONCLUSIONS 

1. At relatively low temperature synthesis, the high 

quality nanocrystals CdSe with average size 2.04 nm. 

were obtained. 

2. In the absorption spectrum of CdSe QDs in the UV-

VIS range the quantum transitions  

       1S3/2(h)→1S1/2(e), 2S3/2(h)→1S1/2(e) and     

1P3/2(h)→1P1/2(e) were identified. 

3. From CdSe QDs XRD data  the texturing of QDs 

along the direction perpendicular to the planes of the 

type (h00) due to the slight mechanical stress was 

found.  

4. The photoluminescence spectra at optical excitation of 

nanocrystals by means of two low power (10mW) 

light emitting diodes at wavelength λ = 396 nm were 

detected and investigated.  

5. It is shown that positions of photoluminescence 

maxima for powder QDs and dissolved in hexane QDs 

coincide to within the accuracy of measurement (  1 

nm). However their full width at half maximum are 

different (Δλ1 = 30 nm ,Δλ2 =30 nm, respectively). 
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I. INTRODUCTION 

Porous anodic aluminum oxide (AAO) membranes 

formed by anodization of aluminum in acidic electrolytes 

are one of the most versatile templates for 

nanofabrication. A simple, self-organization achieved by 

a two-step Al anodization in sulfuric acid, oxalic acid and 

phosphoric acid solutions does not require any 

sophisticated and expensive technology. . A high purity 

aluminum foil (min 99.99% of Al) is used mostly as 

starting material. There are only few reports dealing with 

the anodizing of aluminum alloys. The synthesis of AAO 

template on Al alloys is not a trivial issue and often 

requires specific conditions different from those typically 

applied in the case of anodization of pure aluminumn. 
The motivation for this work is to investigate the 

possibility to fabricate nanoporous AAO templates from 

aluminum alloys in a simple manner, and the use of these 

templates for manufacturing of Co nanowires arrays.  

 

II. ANODISATION of Al and its ALLOYS. 

The following types of aluminum were anodized: pure Al 

(99.99%), commercial AA1050 alloy, commercial 6082 

alloy and commercial 6060 alloy (Table 1) by two-step 

anodizing under identical operating conditions. 

The pore ordering at the surface of the anodic 

alumina is low because the holes develop randomly 

during the initial stage of anodization. To improve the 

ordering of the surface of anodic porous alumina, a two-

step anodization was introduced [1]. That process 

involves two successive anodization steps: the first one 

consists of a long-period anodization to form the highly 

ordered hole configuration at the oxide/Al interface, and 

the second one is performed after removal of the oxide 

formed in the first anodization step (Fig. 1). 

 

 

 

 

 

 

 

 

 

After the removal of the oxide, an array of highly 

ordered dimples are formed on the Al, and these dimples 

can act as initiation sites for the hole development in the 

second anodization step. 

 

 

TABLE 1. Composition (wt.%) of the aluminum alloys. 

Composition 

(wt.%) 
AA1050 AA6082 AA6060 

    

Si 0.25 0.7-1.3 0.30-0.6 

Fe 0.40 0.5 0.10-0.30 

Cu 0.05 0.10 0.10 

Mn 0.05 0.40-1.0 0.10 

Mg 0.05 0.60-1.2 0.35-0.6 

Cr - 0.25 0.05 

Zn 0.07 0.20 0.15 

Ti 0.05 0.10 0.10 

Others (total) 0.03 0.15 0.15 

Al Min. 

99.5 

Balance Balance 

 

This process generates an ordered hole array 

throughout the entire oxide layer. This process can also be 

applied for the preparation of a porous alumina mask used 

for several types of nanofabrication techniques in which 

the ordered straight through-holes are essential [1]. 

 

 

 

 

 

 

 

Cobalt Deposition Into a Nanotemplate Made of 

Anodized Aluminum Alloys 

Abstract — Well – ordered nanotemplates were obtained by anodisation of pure Al and Al-alloys in sulfuric 
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The optimal AC mode under Vp-p = 30 V was in the range of 150 – 200 Hz. The uniformity of pore filling can 

be achieved only for several micrometers of nanowires. 
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In our research, a first and second anodizing step 

have been performed in a 20 wt % sulphuric acid 

electrolyte using a two electrode electrochemical cell set 

up equipped with a magnetic stirrer rotating at 500 rpm. 

The temperature was kept at ~ 0 – 1
o
C; anodization 

potential 21 V. After each anodization step, subsequent 

electropolishing and oxide removal steps, SEM images 

were taken in order to evaluate the influence of the 

condition on the each anodising step. In Table 2 the 

differences between pure Al and AA1050 alloys are 

given. 

 

TABLE 2. Morphology of pure Al and AA1050 alloy 

after each step of AAO preparation 
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Due to differences in surface temperature at high 

voltages during the anodizing steps, some stresses can be 

built up in the material and lead to inappropriate 

conditions for well-ordered pore growth. This can be seen 

e.g. for AA1050 alloy (Table 2), where some non-

homogeneities and voids can be observed. Therefore a 

strict temperature control should be done to limit thermal 

stresses in materials. Characterization of the stress state of 

the materials (cold rolled, annealed, percentage of 

alloying elements, thickness of the sheets etc.) to be 

anodized is another parameter that should be taken into 

consideration.  

Nevertheless, under strict control of anodizing 

parameters and avoiding the thermal stress of the material 

acceptable anodizing from the point of view of well-

ordered pores can be achieved (Fig. 1). The thickness of 

the anodized layer was ~ 10 µm with a pore diameter of 

about ~ 20 – 25 nm. It seems that the pores density of 

AAO surface is not largely affected by the type of 

aluminium alloys used. On the contrary, the degree of 

hexagonal distribution of the pores depends on the type of 

aluminum alloy anodized (Fig. 1). Alloying elements (Si, 

Mg) cause precipitates that can be noticed on the surface 

by SEM, especially for the 6060 alloy. Nevertheless a 

nanoporous structure can be obtained on all investigated 

aluminum alloys after the second anodization step. 

Following the second anodization, the voltage was 

systematically reduced to promote a thinning of the 

barrier layer according to [2]. Barrier layer thinning was 

achieved in 2 steps: 

1. reducing the voltage by 2 Vmin
-1

 from 21 V to 15 V,  

2. by 1 Vmin
-1

 from 15 V to 10 V. 

The barrier layer thinning was then continued for 5 

min at this final voltage to stabilize the barrier layer 

thickness,. By thinning the barrier layer the deposition 

process can be carried out due to decrease of oxide 

resistance. 

 

III. ELECTRODEPOSITION of Co ARRAYS. 

The Co nanowires were electrodeposited from the 

electrolyte consisting of (g/l): 

CoSO4 – 100, boric acid – 30, at a pH value of 3.8. 

 To fill up the template with Co an alternative current 

(AC) electrodeposition was carried out using a 200 Hz 

sine wave form (reductive time = oxidative time = 2.5 ms) 

in which the deposition voltage was 30 Vp–p. [2]. Vp-p is 

the voltage between the reductive and oxidative voltages. 

These values were −15 V and 15 V, respectively.  

A typical diagram of AC sine waveform at 200 Hz 

is shown in Fig. 2a. The deposition time was varied from 

3 to 15 min. Also a pulse electrodeposition was carried 

out under deposition parameters:  

treductive = toxidative = 2.5 ms and toff = 30 and 70 ms 

(see Fig. 2b). 
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Figure 2. Schematic diagram of ac 200 Hz sine waveform 

(a) and pulse shape with off-time = 100 ms and reductive 

time = oxidative time=5 ms (b). 

Only using an AC electrodeposition at 200 Hz it 

was possible to obtain a total pore filling after 15 minutes 

(see, Fig. 3). 

 

 a 

 

 b 

Figure 3. SEM images of cross section of AAO filled 

with Co using AC electropdeposition (f = 200 Hz, t = 15 

min). a and b – are low and high magnifications of filled 

AAO correspondingly. 

 

Figure 1. SEM images of the top-surface of Al alloys samples after second step anodization  
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Although some voids or empty spaces can be 

observed on cross-section images (Fig. 3a). In order to 

investigate the membrane pores filling with Co, a FIB 

(focus ion beam) analysis was performed (Fig. 4) on 

sample obtained using for electrodeposition the the same 

conditions: Vp-p = 30 V, f = 200 Hz, t = 20 min. 

Thus, the images of pores filled as a function of 

depth beneath the initial electrode surface is presented in 

the Fig. 4, where in the a, b images are presented the 

depths of milled AAO from the top of the samples and in 

c,d images top surface in the groves formed are seen. The 

fraction of pores filled at 3.8 µm below the surface is ca. 

30% (Fig. 4a), while the fraction filled at 6.5 µm below 

the initial surface is ~ 85% (Fig. 4b). This fact denoted 

that uniform filling of Co is difficult to achieve on entire 

area of AAO and during electrodeposition evolving 

hydrogen blocks some pores. Thus, the uniformity of pore 

filling can be achieved only for several micrometers for 

Co nanowires growth. 

IV.  CONCLUSIONS 

Well – ordered AAO from sulfuric acid was 

obtained. Also, it was possible to obtain AAO using 

industrial aluminum alloys. Different electrochemical  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

regimes were applied for template synthesis of cobalt 

nanowire arrays in home – made AAO under AC 

electrodeposition mode. The optimal conditions of AC 

mode Vp-p = 30 V in the view of applied current 

frequencies (50 – 1000 Hz) are in the range of 150 – 200 

Hz.  
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Figure 4: SEM images of the surfaces of 12 µm ion-milled Co-filled AAO template as a function of the milling 

depth: 3.8 µm (a, c) and 6.5 µm (b, d), where c, d captions are the top-images of a, b cross-sections.  The inserts in 

the c, d captions are the high magnification images of the relevant surface. 
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I. INTRODUCTION 

Metal oxide thin films have been extensively studied 

and used in gas sensors due to conductance changes when 

it interacts with gas molecules [1]. Such sensor structures 

offers easy fabrication, low-cost and consistent 

performances with respect to different types of gasses 

investigated. Recently, an increased trend to use 

specifically engineered nanostructured materials for gas 

sensor applications is noted [2]. Hydrogen (H2) sensors 

are extensively used in certain types of combustion 

systems of cars to monitor pollution, as well as in the 

chemical, or semiconductor industries [3-4]. 

Nanostructures, such as nanobelts, nanorods, and 

nanowires offer higher surface-to-volume ratio and 

unique structural properties that are expected to enhance 

the gas sensor performances.  

In this context, molybdenum trioxide MoO3 – a metal 

oxide material with semiconductor properties and a wide 

band gap of about 2.4-2.9 eV is an excellent candidate for 

electrochromic and gas sensing applications [5]. Research 

works were performed to study the gas sensing 

characteristics of MoO3-based sensors to detect H2 [6], 

NH3 [7], liquid petroleum gas LPG [6], etc.  

Multiple techniques were reported for the deposition of 

MoO3, such as thermal evaporation [8], sputtering [9], 

spray pyrolysis [10], electrodeposition [11], hydrothermal 

[12], solution method [13], etc. We found that the 

synthesis of MoO3 via evaporative techniques or thermal 

oxidation are attractive for mass-production of highly 

crystalline and stratified structures. This is very important 

since higher crystallinity and layered formations allow a 

greater gas response. Although, previous publications on 

pure MoO3 nanostructure-based H2 sensors showed the 

promise of such devices in commercial sensing 

applications, their relative slow response and recovery 

times are major drawbacks for their implementation in an 

industrial setting. A rapid thermal oxidation technique is 

required to control morphologies of MoO3 and to growth 

higher crystal quality nanomaterial. In addition more 

research work is required to enhance gas sensitivity, 

selectivity, stability and faster gas responses by precise 

control of material morphology and properties. 

Improvements in the performance of MoO3 sensors can be 

achieved high surface-to-volume ratio and high quality 

material obtained by a cost effective technique. 

In this work we used a rapid thermal oxidation (RTO) 

method for the synthesis of MoO3 nanowires and 

microbelts. Samples of MoO3 nano-micro-structures were 

characterized using scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDX), X-ray 

powder diffraction (XRD), micro-Raman spectroscopy, 

and optical transmission techniques. 

II. EXPERIMENTAL 

The growth of MoO3 nanostructures were made by 

thermal oxidation RTO at 1000 C for 0.2 h. 

The as-grown samples were characterized by scanning 

electron microscopy. SEM images were acquired with an 

Ultra 55 Zeiss FEG at an acceleration voltage of 15 kV. 

The compositional analysis of ZnO nanorods was carried 

out using Energy dispersive X-ray spectroscopy, in 

combination with SEM. X-ray powder diffraction (Rigaku 

‘DB/MAX’ powder diffractometer) was used for 

structural analysis and identification of phases for Bragg 

angles (2) ranging from 10 to 95 using Cu K 

radiation (  = 1.54178 Å). Details of the experimental 

procedures can be found in our report [4]. Information on 

vibrational modes in pure MoO3 nanostructures was 

obtained from Raman backscattering experiments in a 

micro-Raman setup Horiba Jobin Yvon LabRam IR 

spectrometer with a charge-coupled detector (CCD). 

Raman spectra were excited with 1.96 eV photons from a 

Helium Neon laser (λ~632.8 nm) with less than 4 mW of 

power at the sample. The spectral resolution was 2 cm
-1

, 
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and the instrument was calibrated using silicon and a 

naphthalene standards. 

The optical properties of these materials were studied 

by using set-up described in [2] and references therein. 

The samples were mounted on the cold station of a LTS-

22-C-330 optical cryogenic system for optical studies at 

10K. 

III. RESULTS AND DISCUSSIONS 

Figure 1 show the X-ray diffraction XRD pattern 

recorded in the range of 10-95 with a scanning step of 

0.02 of MoO3 depositions. XRD studies of the crystal 
structure indicate only MoO3 peaks, which are intense and 
well-defined diffraction lines. For evaluation of lattice 
parameters the following relation is used: 

                                                (1) 
with a#b#c for orthorhombic lattice. Parameter dhkl is 
interreticular distance, (h, k, l) are Miller indices of 
reflector planes appearing on the diffraction spectrum. 
The obtained lattice parameters are a = 0.3962 nm, b = 
1.3858 nm, c = 0.3697 nm, which are in good agreement 
with reported data [14]. The pattern matches the lattice 
spacing of crystalline molybdenum oxide in the 

orthorhombic structure (-MoO3, lattice parameters of a 
= 0.3962 nm, b = 1.3858 nm, c = 0.3697 nm). The data 
are in agreement with the Joint Committee on Diffraction 
Standards (JCPDS, Card #005-0508). It can be seen that 
XRD pattern from this sample shows predominant (040) 
diffraction peaks [15] as preferred orientation. The strong 
diffractions peaks of MoO3 corresponds to (020), (040), 
(060) and (081) planes. Weaker XRD peaks are assigned 
to MoO3 (110), (021), (190) and (0100) planes. These 
XRD peaks were compared to literature and indicate the 

existence of orthorhombic MoO3 structure and -phase. 
The strong intensity of the XRD reflection peaks of (0k0) 
with k=2, 4, 6 proves the existence of the lamellar 
structure [16]. These results demonstrate a high degree of 
crystallinity. 

 

 
 

Fig. 1. X-ray diffraction XRD pattern of MoO3 structures. 

 

Figure 2(a) presents a low-magnification SEM image 

of the samples prepared at 1000 C on a Si substrate. It 

can be seen that these products have uniform lengths of 

about few hundred mm and diameters of 50–2000 nm. 

MoO3 nanowire on Si substrate is shown in Figure 1(b). 

Microbelts, large rectangular plates and nanowires are the 

main shapes of the as grown MoO3 structures via rapid 

thermal oxidation RTO in 0.2 h.  

 

 
 

Fig. 2. (a) SEM image of MoO3 structures transferred to Si substrate. 

(b) Transferred MoO3 nanowires from initial products. These nanowires 

and microbelts can be used as building nanoblocks for sensors 
structures. 

 

EDX indicates a stoichiometric MoO3 and its electrical 

characteristics (not shown) demonstrate a large electrical 

resistance, which confirms that it is an insulator. 

The Micro-Raman spectrum of the MoO3 

nanostructures at room temperature is shown in Figure 3. 

It can be concluded that all peaks are in good agreement 

with the previously reported orthorhombic MoO3 crystal 

material and assigned to vibrational modes of MoO3 

[7,17-18].  

 
 

Fig. 3. Raman spectrum of MoO3 nanostructures measured in air at 
room-temperature. 
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Peak at the 995 cm
-1

 (Ag, B1g) (not shown) is the 

asymmetric stretch of the terminal oxygen atoms [17-18]. 

Peaks at the 819 cm
-1

 (Ag, B1g) is a symmetric stretch of 

the terminal oxygen atoms, at the 668 cm
-1

 (B2g, B3g) to an 

asymmetric stretching Mo–O–Mo bridge along the c-axis, 

and at the 473 cm
-1

 to Mo-O stretching and bending mode 

of MoO6 octahedra. Peaks at the 378 cm
-1

 and 338 cm
-1

 

correspond to various bending modes of the orthorhombic 

MoO3 crystal. The 289 cm
-1

 (B2g, B3g) band is a doublet 

comprised of wagging modes of the terminal oxygen 

atoms [17-18]. 

 

 
 

Fig. 4. Transmission spectra of MoO3 crystals as a function of photon 
energy. 

 

Transmission spectra of the crystals MoO3 thick 547mk 

in near-band edge absorption 2.5 - 3.2 eV are shown in 

Figure 4. Transmission spectra for polarizations Ес and  

Ес at 300 K and 10 K intersect. The spectra indicate that 

the minimum interband period is formed by polarized 

transitions. According to theoretical calculations, the 

minimum interband gap formed indirect transitions [19]. 

From the results shown in Figure 4, it is concluded that 

the band gap in the polarization Ес is smaller than in 

case with polarization Ес. As the temperature decreases 

the absorption edge shifts to higher energy saving 

polarization dependence. Absorption edge shift β=ΔЕ/ΔТ 

for the polarization Ес (at 5 rel.un.T) is 3,610
-4

  eV/K 

and in the case of Ес is 4,710
-4

  eV/K. The splitting of 

the absorption edge at the level of 5 rel.un.T at 300 K and 

10 K are 0.123 eV and 0.156 eV, respectively. 

Consequently, the minimum inter-band gap in the 

polarization Ес formed from indirect transitions from 

the zone V1 of point R of the Brillouin zone in the zone 

C1 of point Г of the Brillouin zone. In the polarization 

Еǁс, the band gap width is also formed by indirect 

transitions from point R to point Г from zones V2 to C2. 

Figure 5 shows the first derivative of the energy of the 

transmission spectra of crystals MoO3 547mk thickness at 

300 K for the polarizations Ес and Ес. The derivative 

of the transmission energy intersects with the axis 

(ΔТ/ΔЕ)=0 at the energy 2.914 eV (Ес), with energy 

3.037 eV (Ес). These values correspond to the indirect 

band gap in the respective polarizations. Particularly weak 

α1, α2, α3 and β1 may due to absorption and emission of 

phonons in indirect transitions. Assuming that α1 (2,939 

eV) and α2 (3,032 eV) is due to indirect transitions with 

the absorption and emission of phonons, the phonon 

energy is approximately equal to 46.5 meV (376 cm
-1

). In 

crystals phonon MoO3 in the high-frequency region can 

be observed phonons with 365 cm
-1

, and 376 cm
-1

. 

  

 
 

Fig. 5. The derivative of the energy of the transmission spectra of 
crystals MoO3 thick 547 mk as a function of energy. 

 

From the grown nanocrystalline MoO3, we were able to 

measure the transmission spectra of crystals of thickness 

1.7 microns at room (300 K) and low temperatures (10 

K). The transmission spectrum reveals a characteristic 

interference Fabry Perot (see Figure 6).  

 

 
 
Fig. 6. Transmission spectra of MoO3 crystal thickness 1.7 microns as a 

function of photon energy. 

 

From these data refractive indices were calculated for 

polarizations Ес and Ес which vary from 2 to 2.8, and 

double-cross, Figure 7. These results are in good 

agreement with those of reported in [20]. 

IV. CONCLUSION 

In summary, we have investigated properties of MoO3 

micro-nano-structures and observed orthorhombic 

structure of -MoO3. The corresponding optical band gap 
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energies are in the typical range for crystalline MoO3 

(2.7–2.9 eV). The values of the optical band gap for 

different polarizations differ significantly. From the 

transmission spectra can be concluded that the band gap 

in the polarization Ес is smaller than in case with 

polarization Ес. With decreasing sample temperature was 

observed a shift of absorption edge to a higher energy 

saving polarization dependence. The transmission 

spectrum reveals a characteristic interference Fabry Perot. 

The observation of their performances suggests the 

promising application of MoO3 nanostructures in 

sensorial nanodevices and other applications. 

 
 

Fig. 7. The refractive index of MoO3 crystal thickness 1.7 microns. 
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I. INTRODUCTION 

          Highly stable colloidal ultrasmall (1–3 nm) semicon-

ductor nanoparticles or quantum dots (QDs), mostly of 

cadmium and lead chalcogenides, gained great research 

potential due to their unique properties which 

considerably differ from larger nanoparticles and can find 

promising applications in biolabeling and 

electroluminescent devices [1–5]. The nature of ultrasmall 

NP is still a subject of intense research and discussion. 

The most promising hypothesis appeals to existence of the 

so-called “magic clusters” possesing unique properties 

such as monodispersity, strong exciton confinement and 

broad photoluminescence bands in the visible region. At 

the same time studies of the ultrasmall QDs are hampered 

by very limited range of available synthetic methods of 

producing such nanoscale objects. Only a few papers have 

reported so far on the synthesis of ultrasmall QDs in mild 

conditions and in aqueous solutions, which are of great 

interest from the viewpoint of biosensoric applications. 

Recently we have reported on the synthesis and unusual 

properties of ultrasmall CdS QDs stabilized in water and 

ethyl alcohol by polyethyleneimine [4]. The unique 

properties of such QDs have been shown to originate 

from a dynamic character of coordination of amino-

groups of the stabilizer to surface Cd atoms. Further 

search of amine-containing compounds capable of 

stabilizing luminescent ultrasmall CdS QDs revealed that 

a series of guanidine dendrimers can be used for this 

purpose producing 2–3-nm CdS QDs with promising 

photo- and electroluminescent properties [5]. However, 

CdS QDs synthesized in the presence of polymers are 

tightly captured in a polymeric “coat” and, hence, their 

further functionalization is very difficult. 

      In the present communication we show that 

successful stabilization of luminescent ultrasmall CdS 

QDs in aqueous solutions can be achieved without any 

polymeric agents by using a combination of two low-

molecular-weight compounds – hydrazine and mercapto-

acids, specifically, mercaptoacetic acid (MAA) and 

mercaptopropionic-2 (MPA-2) acids. The benefit of such 

stabilization is in that the surface of CdS QDs remains 

opened for further possible modification and conjugation 

with biomolecules such as nucleic acids.  

II. EXPERIMENTAL SECTION 

Cadmium chloride, Na2S9H2O, MAA, MPA-2, 

N2H4H2O, anthracene were purchased from Sigma 

Aldrich and used without further purification. 

The colloidal cadmium sulfide QDs were synthesized 

in a reaction between Cd
2+

 and HS

 in the presence of 

hydrazine and MAA (MPA-2) in water mixtures. In a 

typical procedure, maximally diluted 0,1 mL 1 M Na2S 

solution was added to the solution of 0,2 mL 1 M MAA 

(MPA-2) and 0,5 mL N2H4. To the resulting solution 0,1 

mL 1 M CdCl2  solution was added at vigorous stirring.  

The absorbance spectra were registered with a 

Specord 220 spectrophotometer. The photoluminescence 

(PL) spectra were taken on a Perkin-Elmer LS55 

luminescence spectrometer at the excitation wavelength 

of 360 nm. The luminescence decay profiles were 

obtained using an Edinbourgh Instruments FLS920 

photon counting system equipped with a EPL-375 

picosecond diode laser emitting 60 ps pulses with   = 375 

nm. The XRD spectra were registered using a DRON-3M 

diffractometer with a copper Kα irradiation source. 

Dynamic light scattering spectra were obtained with a 

Zetasizer Nano, Malvern Instruments.  Transmission 

electron microscopy (TEM) studies were performed on a 

Selmi PEM-125K at an accelerating voltage of 100 kV. 

Spectral Properties of Ultrasmall CdS 

Nanoparticles Stabilized by Mercaptoacids and 

Hydrazine 
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III. RESULTS AND DISCUSSION 

       Figure 1 shows normalized absorbance and PL 

spectra of as-prepared CdS QDs stabilized by two 

different mercapto acids. Both colloids were synthesized 

in the presence of 80% excess of molar Cd(II). By 

comparing the absorbance spectrum of N2H4/MAA-

stabilized QDs NPs with that of N2H4/MPA-2-stabilized 

QDs, the formation of an ensemble with a narrower size 

distribution evident from a pronounced absorbance 

maximum at 360 nm (compare curves 1 and 2, Fig. 1). As 

the MPA-2-stabilized CdS QDs do not reveal distinct 

spectral features in this range the band gap of the QDs 

(determined as an energy corresponding to the cross point 

between a tangent to the absorption band edge and the 

abscissa axis, Eg) was used to determine the average size 

<d> of CdS QDs using a well-known empirical Eg(d) 

relations (see for example [4]). The band gaps of both 

MAA and MPA-2-stabilized CdS QDs were found to be 

the same and equal to Eg = 3,06 eV corresponding to <d> 

= 2,5 nm.  

 
Fig.1. Normalized absorbance (curves 1–3) and photo-

luminescence (curves 1
/
–3

/
) spectra of CdS NPs, stabi-

lized by mercaptoacetic (curves 1, 3, 1
/
, 3

/
) and mercapto-

propionic-2 acid (curves 2, 2
/
). CdS QDs were 

synthesized in the presence an 80% excess of Cd(II) 

(curves 1, 2, 1
/
, 2

/
) and without Cd(II) excess (curves 3, 

3
/
). 

 

       If only hydrazine or a mercaptoacid is used in the 

synthesis, CdS QDs form opalescent aggregates already in 

the first seconds after the reactant mixing the fact 

indicating a cooperative effect of N2H4 and a 

mercaptoacid in stabilizing the ultrasmall CdS QDs. The 

origin and mechanism of such cooperative effect are 

currently under investigation. Most probably, with both 

thiol and amine groups present in a combination of MAA 

and N2H4, the stabilization mechanism should resemble 

that for the recently reported CdSe QDs stabilized with 

cysteine [2] whose functional groups play a key role in 

surface passivation, due to their coordination with both 

surface cadmium and selenium atoms. 

       As CdS QDs possess very similar optical properties 

irrespectively of the type of the mercaptoacid used, the 

MAA-stabilized QDs was chosen for a further detailed 

investigation as having a more uniform size distribution 

and higher stability to aggregation.  

       A detailed investigation of the influence of various 

synthesis parameters (precursor concentration and ratio, 

temperature, post-synthesis heat treatment, pH, etc.) on 

the band gap and, therefore, the average size of 

N2H4/MAA-stabilized CdS QDs showed that the most 

crucial parameter potently affecting <d> is the presence 

of an excess Cd(II) in the moment of QD formation. The 

quantum dots synthesized with no Cd(II) excess present 

exhibit a considerable red shifts of both the absorption 

band edge (curve 3, Fig. 1) and the PL band maximum 

(curve 3
/
, Fig. 1). The average size of such CdS QDs 

estimated from the absorption spectrum is <d> = 3,5 nm. 

The band gap of CdS QDs was found to increase 

proportionally to an increase in the excess Cd(II) 

concentration – from 2,77 eV when Cd(II) and S(II) are 

introduced into solution in the stoichiometric ratio to 3,06 

eV at 80% Cd(II) excess (Fig. 2, curve 1). Along with the 

Eg increase and corresponding decrease of <d> a drastic 

increase in the PL intensity is observed – it grows by a 

factor of almost 8 at introduction of 80% Cd(II) excess 

(Fig. 2, curve 2). 

 

 
Fig.2. The band gap (curve 1) and PL intensity (curve 2) 

of N2H4/MAA-stabilized colloidal CdS QDs as functions 

of the content of excessive Cd(II) present at the synthesis. 

 

       In case of the N2H4/MAA-stabilized CdS QDs 

prepared with a 80% excess of Cd(II) over the stoichio-

metric amount, the <d> estimation based on the 

absorption band edge position is supported by results of 

the TEM (Fig. 3) and the dynamic light scattering (DLS) 

spectroscopy (Fig. 4). Figure 3a,b shows that the average 

size of CdS QDs prepared at Cd:S = 1,8:1 is around 3 nm 

which corroborates the estimations based on the optical 

data.  

      As Figure 4 shows, the average hydrodynamic size Lhd 

of N2H4/MAA-stabilized CdS QDs prepared with 80% 

Cd(II) excess is in the range of 2–3 nm agreeing perfectly 

with <d> values derived from absorption spectra and 

TEM data and indicating that the stabilizer layer on the 

QD surface is very thin. 

       A decrease in the average size of CdS QDs in the 

presence of growing amount of excessive Cd(II) may be 
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due to several factors. First, the presence of abundant 

Cd(II) species would create favorable conditions for more 

primary nuclei to be formed at precursors mixing and, in 

the end, in formation of smaller QDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Fig.3. TEM image (a) of N2H4/MAA-stabilized CdS 

QDs prepared in the presence of 80% Cd(II) excess. (b, c) 

TEM-based size distribution charts for CdS QDs prepared 

at Cd:S = 1,8:1 (b) and 1:1 (c) (the original TEM image 

for (c) is not shown here). The scale bar is 10 nm. 

 

       Second, adsorption of Cd(II) species or Cd(II)–MAA 

complexes on the surface of CdS QDs would terminate 

their growth and arrest post-synthesis QD coarsening. At 

the same time, there is a limit to the Cd(II) excess which 

is around 90%. If a higher amount of CdCl2 is introduced 

into the system before Na2S addition the formation of 

CdS QDs is not observed at all. 

 
Fig.4. Distribution of the hydrodynamic size of 

N2H4/MAA-stabilized CdS QDs synthesized at a Cd:S 

ratio of 1,8:1 (curve 1) and 1:1 (curve 2). 

 

In case of larger N2H4/MAA-stabilized CdS QDs 

prepared at the stoichiometric Cd:S ratio the value of <d> 

estimated from the absorption spectrum, 3,5 nm, is 

considerably lower than the average size determined by 

the TEM, 5–10 nm, and DLS, 6–7 nm. This discrepancy 

combined with the fact that TEM and DLS results agrees 

well with each other, may originate from the aggregation 

of CdS QDs which are not protected with excessive 

Cd(II) or their complexes with mercaptoacetate anions. 

Most probably, aggregates of several (two-four) CdS QDs 

are observed both in TEM and DLS experiments rather 

than separate larger QDs. 

This assumption is supported by XRD experiments. Fig. 

5 shows that the XRD pattern of N2H4/MAA-stabilized 

CdS QDs protected with 80% Cd(II) excess (curve 1) 

does not reveal any features of a crystalline materials and 

contains only a halo at 2Θ = 15–35° typical for 

amorphous matter. On the contrary, the XRD spectrum of 

the CdS QDs prepared at the stoichiometric Cd:S ratio 

(curve 2) exhibits perfectly developed set of reflexes 

typical for cubic cadmium sulfide.  

  

      

 
     Fig.4. XRD spectra of dry residues from the colloidal 

solutions of N2H4/MAA-stabilized CdS QDs prepared at a 

Cd:S ratio of 1,8:1 (curve 1) and 1:1 (curve 2). 

 

       The crystallite size (the coherent scattering domain 

size) in the sample prepared at Cd:S = 1:1 (Fig. 4, curve 

2) estimated using the well-known Scherer equation was 

found to be as large as 25–30 nm. This result indicates 

that solvent evaporation from such CdS colloids results 

not in mere agglomeration of QDs but rather in QD 

coarsening and coalescence of original 3–4-nm particles 

into much larger crystallites. The coalescence requires 

aggregation of the QDs as a first step and such aggregates 

may be observed both on TEM images and in DLS 

spectra instead of separate QDs. At the same time, in such 

a pre-coalescence state the QDs composing the aggregates 

do not lose their individuality and behave as separate 

light-absorbing entities manifesting quantum confinement 

and a blue shift of the absorption band edge which is not 

expected to be observed for 25–30-nm CdS crystals. 

       Figure 1 shows that both N2H4/MAA- and 

N2H4/MPA-2-stabilized CdS QDs possess very similar PL 

properties. In case of colloidal solutions synthesized in 

the presence of a Cd(II) excess the emission spectra (Fig. 

1, curves 1
/
–3

/
) reveal a broad PL band in the range of 

400–650 nm with a non-distinct maximum at 500–520 

a 

b c 
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nm, and a considerable (around 100 nm) Stokes shift 

separating the absorption band edge from the PL band 

maximum. As was mentioned before the integral PL 

intensity increases by an almost order of magnitude when 

the 80% excess of Cd(II) is introduced at the synthesis. At 

Cd:S = 1,8:1 the relative PL quantum yields estimated 

using the solid ultra-pure anthracene as a reference 

similarly to [4, 5] was found to be around 5%. The CdS 

QDs synthesized at Cd:S = 1:1 exhibit a red shift of the 

PL band relative to the sample synthesized at Cd:S = 1:1 

(compare curves 2
/
 and 3

/
 in Fig. 1) which is close in 

terms of energy to the corresponding difference between 

the band gaps (absorption band edges) of the two CdS QD 

samples (curves 1 and 3, Fig. 1).  

       A time-resolved PL study of N2H4/MAA-stabilized 

CdS QDs produced at different Cd:S ratio showed that the 

radiative electron-hole recombination occurs in a range of 

hundreds of nanoseconds (Fig. 5). The PL decay profiles 

are strongly non-exponential and can be satisfactorily 

fitted with linear combinations of at least four 

monoexponential functions.  

 
     Fig.5. PL decay profiles registered at λ = 500 nm for 

colloidal N2H4/MAA-stabilized CdS QDs synthesized at a 

Cd:S ratio of 1,8:1 (curve 1) and 1:1 (curve 2). 

 

       The CdS QDs synthesized at Cd:S = 1,8:1 are 

characterized by a considerably slower PL decay 

indicating lower contribution of competing radiationless 

recombination processes. The average radiative life-time 

<τ> calculated as described in [6] was found to increase 

from 85 ns for the CdS QDs prepared at Cd:S = 1:1 to 140 

ns for the QDs synthesized in the presence of the 80% 

Cd(II) excess. 

       As to possible nature of broad luminescence band, it 

was found that the PL spectra for our CdS NPs could be 

treated as a superposition (or combination) of 

components, which corresponded to band-edge emission 

and surface-trap-state emission. It is considered that 

magic clusters, i.e. ultrasmall NPs, posses 

photoluminescence corresponded to charge-transfer state 

[1–4]. This idea is confirmed by presence of large Stokes 

shifts and relatively large values of the characteristic 

radiative life time typical for the trap-state emission. 

IV. CONCLUSION 

Ultrasmall colloidal CdS quantum dots were 

synthesized in water at room temperature by using a 

combination of two low-molecular-weight stabilizers – 

hydrazine and a mercaptoacid, particularly, 

mercaptoacetic or mercaptopropionic-2 acids. The 

average size of  QDs was found to depend on the Cd-to-S 

ratio at the synthesis and be as small as 2,5 nm at 80% 

cadmium(II) excess.  The average size of CdS quantum 

dots synthesized at Cd:S = 1:1 was found to be 3,5 nm by 

UV-Vis absorption data and 6–8 by the TEM and 

dynamic light scattering data. The discrepancy was 

interpreted in terms of aggregation and gradual 

coalescence of CdS quantum dots unprotected by an 

excess of cadmium(II). The CdS quantum dots were 

found to emit broadband photoluminescence in the visible 

range with a characteristic radiative life-time increasing 

from 85 ns for unprotected CdS quantum dots to 140 ns 

for the quantum dots produced in the presence of 80% 

excess of Cd(II). The relative quantum yield of the 

photoluminescence was found to be around 5%, allowing 

further applications in biolabeleing and LED fabrication. 
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I. INTRODUCTION 

Arising interest to nanoparticles like CdSe is based 

on photophysical and spectroscopic properties that are 

determined by their size. Nanoparticles are widely used in 

spectroscopic and biological investigations, in particular, 

as fluorescence marking substances of biological 

structures [1-4]. Nanoparticles also investigated as laser 

material for multicolor generation.    

Spectroscopic properties of nanoparticles are 

depended on their size. This phenomenon gives the 

possibility for creation variety of compositions with new 

spectral-luminescence properties in combination of dye 

molecules. Such materials are interesting for a different 

application such as spectral coding, active laser medium 

etc.   

As it well-known dye molecules are widely used in 

printing industry and informational technologies [5, 6] 

due to their unique spectroscopic properties. Development 

of new type of inks and dye molecules increases the level 

of document protection.  

Technological progress in this direction significantly 

improves reliability and efficiency of this kind of 

document protection and verification method.      

 One of the perspective approaches in developing 

above mentioned direction is synthesis of compositions 

using achievements of modern nanotechnologies. In 

present the most interest is connected with the CdSe 

nanoparticles as the component of composition materials 

with dye molecules.  

Combination of spectral-luminescent properties in 

wide spectral range extends the choice of creation unique 

multicolor compositions with nanoparticles. Interesting 

compositions, systems and methods for tracing and/or 

identifying a library of elements using signals from one or 

more semiconductor nanoparticles combined to define 

spectral codes are proposed.  

Fluorescence quantum yield of nanoparticles can 

reach about 90% and narrow symmetrical emission 

spectral bands practically dose not overlap. Therefore it is 

possible to obtain clean and bright colors in wide spectral 

diapason. The size of nanoparticles should be taken into 

account using it as component of compositions with dye 

molecules. So combination of nanoparticles with defined 

size and different dye molecules allow create 

compositions of matter with predicted spectral properties. 

In this paper the results of spectral-luminescence 

investigations of new compositions of CdSe nanoparticles 

and the molecules of Rhodamine 6G with - 

Cyclodextrin. 

II. MATERIALS AND METHODS 

For investigations of spectral-luminescence 

characteristics of compositions nanoparticles of CdSe 

synthesized at the Institute of physics and chemical 

problems of Belorussian State University has been used. 

Initial concentration of CdSe nanoparticles in water 

solution was 2*10
-4

 M/l. For prevention of aggregation 

processes all solutions stored at reduced temperature 

about +5
0
С. This precaution guaranteed stability of 

solution during the measurements of spectroscopic 

characteristics of investigating compositions. The 

chemical structure of the molecule of Rhodamine 6G [7] 

is presented in fig. 1. 

Fig.1 – Chemical structure of Rhodamine 6G 
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Spectral-luminescent characteristic of Rhodamine 

6G molecules has been modified by formation of 

inclusion complexes with Cyclodextrin. In fig.2 the 

chemical structure of cyclodextrin molecule is presented 

[8].  

 

Fig.2 – Chemical structure of Cyclodextrin  

Cyclodextrins are cyclic, non-reducing 

oligosaccharides consisted from six, seven or eight 

glucopyranose units. The most important and readily 

accessible of this group is  Cyclodextrin. This 

molecule is able to include into inner cavity different dye 

molecules. An attractive properties of  Cyclodextrin is 

it high water solubility. Cyclodextrins are able to form 

“host-guest” complexes with hydrophobic molecules 

given the unique nature imparted by their structure. As a 

result, these molecules have found a number of 

applications in a wide range of fields. Other than the 

above mentioned pharmaceutical applications for drug 

release, cyclodextrins can be used in environmental 

protection: these molecules can effectively neutralize 

inside their rings variety of toxic compounds, like heavy 

metals and hazard chemicals – ecotoxicants. 

Cyclodextrins also   can form complexes with stable 

substances, like trichlorfon (an organophosphorus 

insecticide) or sewage sludge, enhancing their 

decomposition [9, 10]. 

Cyclodextrins are water-soluble due to all of 

hydroxyl groups are located on the outer surface of the 

ring and the internal cavity of the doughnut-shaped 

molecule is slightly apolar.  

 

Fig.3 – Spherical rode model of β - Cyclodextrin: (A) - 

view from side and top; (B) - from side and bottom 

Cyclodextrins attracts by their photo technological 

ability to modify photochemical and photophysical 

properties of big amount of different organic molecules.  

Cyclodextrins are transparent in visible spectral 

range and do not introduce additional absorption and/or 

fluorescence bands to the spectroscopic characteristics of 

dye molecule "host -guest" inclusion complexes [11, 12]. 

The formation of the inclusion compounds 

greatly modifies the physical and chemical properties of 

the guest molecule, mostly in terms of water solubility. 

This is the reason why cyclodextrins have attracted much 

interest in many fields, especially pharmaceutical 

applications: because inclusion compounds of 

cyclodextrins with hydrophobic molecules are able to 

penetrate body tissues, these can be used to release 

biologically active compounds under specific conditions.  

In most cases the mechanism of controlled 

degradation of such complexes is based on pH change of 

water solutions, leading to the cleavage of hydrogen or 

ionic bonds between the host and the guest molecules. 

Alternative means for the disruption of the complexes 

take advantage of heating or action of enzymes able to 

cleave α-1,4 linkages between glucose monomers [13, 

14]. 

Cyclodextrins are typical "host" molecules and may 

trap a great variety of molecules. They may include 

"guest" molecules totally, or in part, only by physical 

forces, i.e. without covalent bonding.   

 
 

Fig.4 – Direct and reverse inclusion of dye molecule 

into cavity of Cyclodextrin 

 

Investigations of spectroscopic characteristics of 

created new compositions were carried out in thin film by 

using Methyl Isobutyl Ketone {(CH3)2CHCH2OH)} that 

used as a solvent in inkjet printers. Fluorescence and 

excitation spectra of investigating composition were 

measured using spectrofluorimeter SFK1211A (“Solar”, 

Minsk).   

Concentration of CdSe nanoparticles and "inclusion 

complexes" of Rhodamine 6G molecules with 

cyclodextrin in thin film was 1·10
-5

 М. Spectral - 

luminescent characteristics of the component of 

composition of matter were measured also separately in 

order to compare with the characteristics of latter.  All 

measurements were carried out in thin film covered on 

quartz plate.  
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III. METHOD OF THERMAL ACTIVATION 

For obtaining inclusion complexes the method of 

thermal activation in distilled water is used. Organic 

molecule and cyclodextrin dissolves in water (a mixture 

of water and ethanol) in the ratio of 1:1 or 1:5. This 

solution is slowly heated to a temperature of 60
0 

C under 

continuous stirring until ingredients completely dissolves. 
Then solution is then slowly cools to room temperature. It 

is possible some of the sediment, which indicates the 

excess of cyclodextrin in the mixture. The resulting 

solution must be filtered. 

Obtained solution is slowly heated up to the 

temperature of 60
0 

C at continuous stirring until 

ingredients completely dissolves. Then solution is slowly 

cool down to room temperature. It is possible some 

deposition of excess of cyclodextrin in the mixture. 

Prepared by this methods solution must be filtered. 

The formation of the inclusion complexes with of 

organic molecules is controlled by a comparison of the 

maxima of fluorescence spectrum with the original 

components of organic compounds and their complexes. 

Maximum fluorescence spectrum of the complexes shifts 

to a long wavelength spectral range by few a nanometers.  

Another method of controlling the formation of the 

inclusion complexes is a comparison of the life time of 

fluorescence of original molecule with the original 

organic compounds. 

IV. METHOD OS MECHANICAL ACTIVATION 

The most effective way of obtaining an inclusion 

complexes is the method of mechanical activation in 

planetary - centrifugal mill with water-cooled (type AGO-

2) in centrifugal acceleration of 20 g and time of the 

mechanical processing of 20 minutes. The typical molar 

ratio of mixture components (organic molecule and   

cyclodextrin) vary in the range of 1:1 - 1:5, respectively. 

When using this process, to obtain complexes enable 

to monitor the impact of disaggregation on the change of 

physical and chemical properties of the investigated 

organic compounds.  

Mechanical processing of a mixture of organic 

compounds and   cyclodextrin lasted not less than 40 

minutes with selection of probe samples for analysis in 

every 5 minutes. Analysis of samples was carried out 

using the methods of IR and NMR spectroscopy for the 

controlling any structural changes (oxidation, 

polymerization, etc.) in the organic molecule. 

For the effective formation of inclusion complexes it 

is necessary penetration of molecule or its part that is 

complementary to   cyclodextrin plane (see Fig. 3). 

Included molecule is oriented in such a way as to achieve 

maximum contact between the hydrophobic part of the 

"guest" and low-polarity internal cavity of   

cyclodextrin. Hydrophilic part of the "guest" molecule is 

as far as possible remains outside of the cavity providing 

maximum contact with the solvent and hydroxyl groups 

of   cyclodextrin [15].  

 

V. RESULTS AND DISSCUTIONS 

Before the investigation of spectral-luminescence 

characteristics of multicolor compositions spectral 

properties of it component was measured. A fluorescence 

spectrum of CdSe nanoparticles in thin film under the 

excitation wavelength at   = 360 nm is presented in fig. 

5.  

 
Fig.5 – Fluorescence spectra of CdSe in thin film 

under excitation at  = 360 nm 

 

As it seen fluorescence spectrum of CdSe 

nanoparticles consist from two bands with maximum at 

 1
max

= 460 nm and  2
max

= 580 nm. The intensity of long 

wavelength band is approximately two times higher than 

shortwave one.    

An obtained result demonstrates domination of two 

sizes in synthesized CdSe nanoparticles. According the 

fluorescence spectrum of CdSe nanoparticles in thin film 

the maximum wavelength of shorter band correlates with 

size of particles few nanometers. 

Fluorescence band in long wavelength spectral range 

is due to particles with size of tens nanometers. At the 

same time in introduced into thin film CdSe nanoparticles 

consisted number of amount particles with different sizes 

but at very low concentrations. That why fluorescence 

spectrum of synthesized CdSe nanoparticles dominantly 

consists of two intensive bands.   

Fluorescence spectra of compositions of CdSe 

nanoparticles with inclusion complexes of Rhodamine 6G 

with cyclodextrin molecules are presented in fig. 4.  

 
Fig.6 – fluorescence spectra of compositions CdSe 

quantum dots with inclusion complexes of  

Rhodamine 6G and β – Cyclodextrin 

 

As it seen from fig. 6 under the excitation of 

investigating compositions at  = 350 nm dual 

fluorescence is observed. Moreover long wavelength band 

is twice intensive than short-wave band of fluorescence. 

At the same time under the excitation at  = 380 nm 
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intensity of long wave fluorescence decreases more than 

the short-wave one. The maximum of short-wave 

fluorescence is slightly shifts towards long wave spectral 

region.  

These results also demonstrate perceptivity 

developing unique multicolor compositions on the base of 

nanoparticles and different inclusion complexes of dye 

molecules with cyclodextrins for many practical 

applications.       

The obtained results of investigation of spectroscopic 

properties of CdSe nanoparticles in thin film is interesting 

in practical application due to dual spectrally separated 

fluorescence bands.  

Different spectral bands from one or more 

nanoparticles open possibility in creating new 

compositions for spectral coding and other different 

applications. Such compositions may be used as original 

markers that easily could be visually controlled by the 

color emission.    

 New compositions on the base of cadmium selenium 

nanoparticles and "inclusion complexes" of Rhodamine 

6G with cyclodextrin demonstrate potential 

possibility of their practical application in spectral coding.  

An obtained result demonstrates domination of two 

sizes in synthesized CdSe nanoparticles. According the 

fluorescence spectrum of CdSe nanoparticles in thin film 

the maximum wavelength of shorter band correlates with 

size of particles few nanometers. Fluorescence band in 

long wavelength spectral range is due to particles with 

size of tens nanometers. 

Cadmium selenium nanoparticles with two separated 

fluorescence bands in thin films on the base of Methyl 

Isobutyl Ketone may be considered as compound for 

tracking and verification of different materials including 

documents and books.    

Obtained results shows perceptivity of developing 

this approach in creating grate number of original 

multicolor heterogeneous compositions with different 

nanoparticles, dye molecules and cyclodextrins.  

Proposed approach may be applied in clinical 

practice as well as developing an effective laser active 

medium for multicolor generation. Cyclodextrin inclusion 

complexes are very promising substances for application 

in target drag delivery systems. 

VI. CONCLUSION 

Spectral-luminescence characteristics of new 

compositions of matter on the base of cadmium selenium 

nanoparticles and "inclusion complexes" of Rhodamine 

6G with cyclodextrin demonstrate potential 

possibility of their practical application in spectral coding.    

Cadmium selenium nanoparticles with two separated 

fluorescence bands in thin films on the base of Methyl 

Isobuthil Ketone may be considered as compound for 

tracking and verification of different materials including 

documents and books. 

Optical method of express analysis the size of 

nanoparticles at the process of synthesis and purification 

based on their fluorescence excitation spectra is proposed.    

Developing approaches are promising in creating great 

number of original multicolor compositions with different 

nanoparticles, dye molecules and cyclodextrins.  

Proposed approach may be applied in developing an 

effective laser active medium for multicolor generation. 

ACKNOWLEDGMENTS 

Authors thank Dr. M. Artemev for synthesis of 

nanoparticles and G.I. Kurilo for spectral measurements. 

REFERENCES 

[1] F.S. Lingler, C.A. Rowe. "Optical Biosensors: 
Present and Future," Eds. Elsevir: Amsterdam, 
Netherlands, 2002. 

[2] A.R. Clapp, I.L. Medintz, J.M. Mauro, B.R. Fisher, 
M.G. Baverndi, H. Mattoussi, “Fluorescence 
Resonance Energy Transfer Between Quantum dot 
Donors and Dye-Labeled Protein Acseptors,” J. of 
Amer. Chem. Soc., vol. 126, pp.301. 2004. 

[3] A. Javier, C.S. Yun, J. Sorena, G.F. Strouse, 
“Energy Transport in CdSe Nanocrystals Assembled 
with Molecular Wires,” J. Phys. Chem., vol. B. 107, 
pp. 435. 2003. 

[4] C.F. Landes, M. Braun, M.A. El-Sayed, “On the 
Nanoparticle to Molecular Size Transition: 
Fluorescence Quenching Studies,“ J. Phys. Chem., 
vol.105B. pp. 10554. 2001.  

[5] L.S. Korochkin, “Methods of protection and 
identification of documents,” NTUE "Kritotch", 
Minsk, (2003). 

[6] S.P. Pliska, L.S. Korochkin, А.Ya. Gorelenko, М.М. 
Аsimov, М.I. Artemev, “New composite materials 
on the base of heterogeneous nanostructures of 
cadmium selenium and organic dye molecules,” 
Nanotechnika, №2, pp. 25. 2006. 

[7] Eastman Organic Chemicals Catalog, Eastman 
Kodak Company. 1978. 

[8] P.P. Szejtil, “Cyclodextrins and their inclusion 
complex,” Akademiai Kiado. Budapest, 1982. 

[9] A. Orsahtan, J.B. Ross, “Investigation of the  
cyclodextrin - Indol Inclusion Complex by 
Absorption and Fluorescence Spectroscopes,” J. 
Phys. Chem. vol. 91, pp. 2739. 1987. 

[10] V. Ramamutry, D. Eaton, “Photochemistry and 
Photophysics within Cyclodextrin Cavities,” Acc. 
Chem. Res., vol. 21, pp.300. 1988. 

[11] S.N. Kovalenko, S.G. Stepanov, V.P. Chuev, M.M. 
Asimov, “Modeling of formation processes of 

inclusion complexes of coumarin laser dyes and  
cyclodextrin by MM2 force field method: 1.7-
amino-4-ethilcoumarins,” Molecular Engineering. 
№ 2, pp. 153. 1992. 

[12] V.P. Chuev, O.D. Kameneva, V.M. Nikitchenko, 
M.M. Asimov, “Modification of amino coumarin 

properties by inclusion complex formation with   
Cyclodextrin in solid phase,” J. of Appl. Spectr., vol. 
57, № 3-4, pp. 257. 1992. 

[13] S.A. Empedocles, J.A. Treadway, A.R. Watson. 
Patent USA. № 827013. 2001. 

[14] G. Becket, L.J. Schep, M.Y. Tan, "Improvement of 
the in vitro dissolution of praziquantel by 
complexation with alpha-, beta- and gamma – 
cyclodextrins,» Int. J. Pharm., vol. 179, № 1, pp. 65. 
March 1999. 

 

 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         278 

1
B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk 220072, Belarus 

2
Institute of Electronic Engineering and Nanotechnologies“D.Ghitu”, Academy of Sciences of Moldova,  

Chisinau MD-2028, Moldova 
3
National Centre for Materials Study and Testing, Technical University of Moldova,Chisinau MD-2004, 

Moldova 
* 
Corresponding author. Tel: (375 17) 284 04 48, e-mail: s.gaponenko@ifanbel.bas-net.by 

I. INTRODUCTION 

Scattering of the light in complex nanostructured media 

is the subject of extensive research. Non-trivial 

phenomena in this field include coherent backscattering 

[1,2], Anderson localization of light [3,4], the photonic 

glass concept [5], propagation of waves in quasiperiodic 

[6] and fractal [7] structures, anisotropic scattering in 

aligned nanoporous dielectrics [8], and Letokhov’s 

(random) lasers [9]. But all of the above phenomena 

necessarily imply nonabsorptive material forming 

desirable nanostructured media since multiple scattering 

and interference of scattered light waves are of principal 

importance.  

In this paper, we continue (see [10]) investigation of 

the reflection and scattering properties of fishnet 

nanoporous semiconductor InP not only in the spectral 

range of interband optical transitions where multiple 

scattering is inhibited by strong absorption, but in infrared 

spectral region where this material is transparent. 

II. SAMPLE PREPARATION 

Nanoporous InP samples were fabricated from (100)- 

and (111)-oriented n-type InP:Si wafers with variable free 

carrier concentration from 1.9×10
16

 cm
-3

 to 2×10
19

 cm
-3

. 

The etching was carried out in an electrochemical double 

cell (Fig. 1) using a configuration of four platinum 

electrodes: reference electrode in the electrolyte (REE), 

reference electrode on the sample (RES), counter 

electrode (CE), and working electrode (WE), all of them 

connected to a Keithley 236 source measure unit. A 5% 

aqueous solution of HCl at different galvanostatic 

conditions was used as the electrolyte. Its temperature 

was kept constant at T = 23°C by means of a Julabo F25 

thermostat on one side of the double cell (where pores 

were expected to grow). The electrolyte was continuously 

pumped through both cells with peristaltic pumps. The 

area of the sample exposed to the electrolyte was 0.12 

cm
2
. The experiments were performed in the dark, and the 

holes necessary for the dissolution of the material were 

created by the breakdown of the depletion layer.  

 

 
 

Fig. 1. Electrochemical etching set-up 

 

The morphology of the etched samples was examined 

using a VEGA TESCAN TS 5130MM scanning electron 

microscope (SEM) equipped with an Oxford Instruments 

INCA energy dispersive x-ray (EDX) system. Fig. 2 

shows the SEM micrographs for some of the fabricated 

samples.  

Scattering/reflectance indicatrices were measured in an 

experiment sketched in Fig. 3. The samples were 

illuminated by a beam from a cw Nd:LSB microchip solid 

state laser (LEMT, Belarus) with λ = 531 nm and from 

Nd:YAG solid state laser (Solar LS, Belarus) with λ = 

1064 nm. The beam was directed at incident angle α, and 

the spot size from the beam at the sample was 

approximately 2 mm. The scattered light was collected at 

varying angle β and guided to a spectrograph (Solar TII) 
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followed by a detector (LN/CCD-1152-E 16-bit CCD 

array, Princeton Instruments). 

 

 
 

Fig. 2. SEM images of four InP samples. 

 

 
 

Fig.3. Experimental set-up. 

 

At a wavelength of 531 nm a real n and imaginary κ  

parts of the complex refraction index of InP are n = 3.8 

and κ = 0.5 [11]. The latter corresponds to the absorption 

coefficient 1.3 × 10
5
 cm

−1
. At 1064 nm wavelength the 

refractive index is 3.3 whereas the absorption coefficient 

can be treated as negligible [11]. 

III. RESULTS 

      Pronounced retroreflection behavior was found for 

most of samples of nanoporous InP for laser wavelength 

where absorption coefficient is very high because of 

interband optical transitions (Fig. 4, data for 531 nm). 

Therefore we believe that the observed effect is inherent 

in a strongly absorbing nanoporous semiconductor 

material. Retroreflection appears along with diffusive 

specular reflection for all angles of incidence. 

Retroreflection is apparent by the naked eye with day 

light illumination and exhibits no selectivity with respect 

to wavelength and polarization of incident light featuring 

minor depolarization of retroreflected light.  

The observed phenomenon can be classified 

neither as coherent backscattering nor as Anderson 

localization of light. The primary model [10] includes 

light scattering from strongly absorptive and refractive 

super-wavelength clusters existing within the porous 

fishnet structure. The typical diffusive reflection inherent 

in low-absorptive porous structures becomes inhibited 

owing to low mean free path resulting from high 

dissipative losses. 

To verify this primary model, the additional 

experiments for laser wavelength corresponding to low 

intrinsic absorption by InP have been performed (Fig. 4, 

data for 1064 nm). One can see that retroreflection 

vanishes for wavelength where absorption becomes 

negligible. The diffuse reflection gains angular 

dependence close to that typically observed in low-

absorptive nanoporous materials. Notably, in a few cases 

(sample #1, sample #8) mirror-like reflection develops. 

The latter is believed to arise from the length scale 

properties, namely, for longer wavelengths not only 

absorption becomes lower but also scattering cross-

section goes down since a portion of scattering units 

becomes smaller than the wavelength.  

 

 

 
Fig. 4.  Scattering diagrams for the four InP  

nanoporous samples for the two laser wavelengths 

IV. CONCLUSION 

The retroreflection phenomenon for certain nanoporous 

semiconductor structures is reported and examined. The 

retroreflection is believed to arise from scattering of light 

under condition of the mean free path being defined 

mainly by dissipative losses. For spectral range 

corresponding to intense interband optical absorption the 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         280 

effect is pronounced  in day light illumination. The effect 

was found to vanish for laser wavelength where optical 

absorption of InP can be neglected. 
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V. INTRODUCTION 

The nanocrystalline indium oxide (In2O3) is being 

extensively studied for its application in sensors, light 

emitting diodes, liquid crystal displays and solar cells [1, 

2]. However, despite these numerous applications, some 

fundamental properties of nanocrystalline In2O3 remain 

unclear. In particular transient photoconductivity in 

nanocrystalline In2O3 is still not fully understood. In case 

of nanoscale In2O3 photoconductive properties differ 

drastically from those observed in bulk materials. The 

contribution from the surface, acting as a trapping and 

recombination region for excited charge carriers, becomes 

dominant. It is known that persistent photoconductivity 

(PPC) - a light-induced change in conductance persisting 

after irradiation has stopped - is observed in a variety of 

semiconductors including wide gap metal oxides [3, 4]. 

One common explanation for PPC is associated with 

the donor complex (DX) model, and the DX centers [3], 

the defects whose energy depends on whether they are 

neutral or negatively charged. The energy of the center is 

lowered by removing electrons from a donor, resulting in 

a metastable state that is separated by a potential barrier 

from a neutral donor, promoting the induced conductance. 

In another model the origin of PPC is explained by charge 

separation due to traps by random potential fluctuations, 

which may be related to the microstructure of the films 

[5]. An entirely different mechanism, oxygen 

photoreduction, has been proposed for amorphous In2O3 

films [6]. In this model, UV illumination in vacuum or 

inert gas reduces the film, creating oxygen vacancies and 

dramatically increases the conductivity, which restored by 

exposing the sample to ozone or oxygen plasma. 

In the present study, we investigate the structural and 

photoelectrical properties of indium oxide with different 

nanocrystals size on purpose to clarify mechanism of 

photorelaxation and to find out the correlations between 

the microstructure parameters and electrical response to 

UV illumination.  

VI. EXPERIMENTAL 

The nanocrystalline samples of In2O3 were prepared by 

sol-gel method and then annealed at various temperatures 

(T=300-700 
o
C) during 24 h [7]. The phase composition, 

dispersion degree, particle size, and specific surface area 

of nanocomposites were studied.  

The composition and the dispersion degree of the 

samples were determined by X-ray diffraction (XRD) 

using Cu K radiation (λ = 0.15418 nm). The XRD data 

were used also for estimation of In2O3 average grain size 

which was calculated from Scherrer equation. The 

specific surface area of the samples was estimated by the 

method of low-temperature nitrogen adsorption using 

Brunauer–Emmett–Teller model [8]. The experiments 

were carried out using Chemisorb 2750 (Micromeritics) 

unit. The morphology and nanoctystals size of the In2O3 

samples were determined by transmission electron 

microscopy (TEM) using FEI Tecnai G230 TEM/STEM 

microscope. 

In order to measure the photoelectrical characteristics, 

the obtained materials were deposited in the form of thin 

films with a thickness of ~ 1 μm over functional glass 

substrates. Gold contacts were vapor-deposited on the top 

of the films surface. Light irradiation of the 

nanocrystalline In2O3 samples were performed with UV  
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diode with a maximum intensity at 380 nm. The 

conductivity measurements were performed in an air and 

in a vacuum of 10
-4

 Torr in a dc mode at a constant 

voltage of 1 V using Keithley 6487 unit. The value of the 

photoconductivity (Δph) was defined as the difference 

between the conductivity of the sample during 

illumination (σill) and dark conductivity (σd): 

.ph ill d           (1)
 

III. RESULTS AND DISCUSSION 

The XRD patterns of the In2O3 samples (Fig. 1) show a 

single phase of cubic In2O3, and the peaks indicate its 

good crystallinity. The nanocrystals size increases while 

the annealing temperature rises. The calculated lattice 

parameter ( a  = 1.018 nm) for the sample is in a good 

agreement with the known lattice parameter for 

crystalline In2O3 ( a  = 1.0117 nm). The designations of 

the samples, annealing temperatures, nanocrystals sizes 

and specific surface areas are given in Table 1. 

 
Fig. 1. X-ray diffraction patterns of In2O3 samples. 

 

Table 1. The designations of samples, annealing 

temperatures, sizes of nanocrystals and specific surface 

areas. 

 

In order to obtain some more detailed information on 

the microstructure of the materials being studied, In2O3 

samples were investigated using a transmission electron 

microscope (Fig. 2). The TEM analysis shows that the 

In2O3 powders consist of nanoparticles, really 

corresponding to cubic modification. The most probable 

(more than 80%) sizes of In2O3 nanoparticles in the In2O3-

300 sample are within 5-10 nm which corresponds to 

XRD analysis (see Table 1).  

 
 

Fig. 2. TEM image of In2O3-300 sample. 

 

Typical photoconductivity behavior of the investigated 

samples under illumination is presented in Fig. 3.  

 
Fig. 3. Time evolution of conductivity of the 

nanocrystalline In2O3-300 sample.  

 

An increase in conductivity occurs rather quickly to reach 

a value more than three orders of magnitude larger than 

before. When the light is turned off, it recovers slightly 

but remains at values higher than before light irradiation. 

So we can see robust PPC at room temperature. At the 

same time the value of the photoconductivity increases 

and the persistent photoconductivity decreases with the 

nanocrystals size reduction (see Fig. 4). 

 
Fig. 4. The photoconductivity decay of In2O3 films in air. 

Solid lines are the best-fit lines with Eq. (2). 

 

The presented on Fig. 4 dependencies can be 

approximated by exponents “stretched” in time : 

 0 exp ,ph
t


  

 
  

     (2) 

Designation 

of sample 

Annealing 

temperature 

(ºC) 

Nanocrystal 

size (nm) 

Specific 

surface 

area 

(m
2
/g) 

In2O3-300 300 7-8 100 

In2O3-500 500 12-13 35 

In2O3-700 700 18-20 10 
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where τ is the “effective” relaxation time, β a parameter 

that characterizes the nonhomogeneous of the system. The 

equation (2) is often termed William-Watts [9] or 

Kohlrausch [10] relaxation.  

All spectra in the Fig. 4 could be well approximated by 

(2). The values of τ and β are given in Table 2. As we can 

see the values of the effective relaxation time are strongly 

depend on the nanocrystals size, at the same time the 

values of β do not practically depend on the nanocrystals 

size. 

 

Table 2. The values of the effective relaxation time 

and the exponent parameter for In2O3 samples. 

Sample τ, s β 

In2O3-300 3,6∙10
3
 0,63 

In2O3-500 1,9∙10
4
 0,57 

In2O3-700 2,1∙10
4
 0,55 

 

The effective relaxation time τ follows Arrhenius 

behavior with the activation energy of about 0.23 eV for 

all In2O3 samples (Fig. 5).  

 
Fig. 5. The temperature dependences of the effective 

relaxation time for the nanocrystalline In2O3. Solid lines 

are the best-fit lines with Arrhenius plot. 

 

The temperature dependences of dc conductivity of the 

In2O3-300 with nanocrystals different in size before and 

after light illumination are presented in Fig. 6 (for the 

other samples the similar dependences have been 

obtained).  

For the thermally activated band conduction, the 

conductivity ( dc ) can be expressed as:  

 0 exp A
dc

B

E

k T
         (3) 

where AE  denotes the thermal activation energy of 

electrical conduction, 
0  represents a parameter 

depending on the semiconductor nature and Bk  is the 

Boltzmann constant. 

 As we can see, before light illumination the 

conductivity of the In2O3 sample is lower and the 

activation energy is higher than those after light 

irradiation. The values of the activation energies for all 

samples are given in Table 1. In case of electrons transfer 

over the conduction band the thermal activation energy of 

electrical conductivity is defined as the energy difference 

between the bottom of the conduction band CE  and 

Fermi 

level FE  approximated to absolute zero temperature 

[11]: 

 
0

.A C FE E E          (4) 

 
Fig. 6. The temperature dependences of conductivity of 

the In2O3-300 sample. Solid lines are the best-fit lines 

with Eq. (3) 

Consequently, the increase of the activation energy AE  

during the light illumination can be explained by Fermi 

level shift closer to the bottom of the conduction band as 

a result of the increase of the free electron concentration.  

In order to obtain some more detailed information on 

the influence of the atmosphere to photorelaxation in 

nanocrystalline indium oxide the kinetics of the decay of 

the photoconductivity were measured in air and in 

vacuum at room temperature (Fig. 7). It is evident that 

conductivity decay in vacuum is much slower and 

persistent photoconductivity is much higher than those in 

air. It may indicate that the adsorbed oxygen species play 

a key role in the observed phenomena. 

 
Fig. 7. The photoconductivity decay in air and in vacuum 

for the In2O3-300 sample. Solid lines are the best-fit lines 

with Eq. (2). 

 

Now we discuss the origin of the observed 

photoinduced conductivity and stretched-exponential 

photorelaxation in the In2O3 films. As is always the case 

for n-type semiconductors, oxygen adsorbs on the surface 

and traps some of the carriers to become a negative ion on 

the surface or at the grain boundary.
 
During UV light

 

irradiation holes and electrons generate inside the grain. 
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These hole carriers migrate to the grain boundary and 

react with the adsorbed oxygen, so that oxygen can desorb 

according to the reaction 2 2h O O
 
  

, where h


is 

the photogenerated hole carrier. Besides, there are 

nonequilibrium electrons inside the grain after turning off 

the light, so that increases the free electrons concentration 

and consequently the conductivity of the In2O3 films.  

Since  desorbed oxygen can’t return on grain boundary in 

vacuum  after turning off the light, the high-conducting 

state remains.  

We propose that the stretched-exponential relaxation 

we observe may be related to correlated oxygen motion 

inside the film placed in the air atmosphere. For small 

departures of electron concentration from equilibrium, the 

decay should be given by the linear relation 

( ) ,
d n

t n
dt




     (5)
 

where ( )t is equilibration rate. 

The stretched-exponential relaxation commonly 

observed in disordered systems is explained by time-

dependent atomic diffusion. In particular, relaxation in 

amorphous hydrogenated silicon is attributed to the 

motion of bonded hydrogen which exhibit dispersive 

diffusion characterized by a power-law time decay [12-

15]. In our case we argue that the oxygen demonstrates a 

power-law dispersive diffusion. Namely oxygen diffuses 

inside the film, moving by hopping between a localized 

states.  

According to this model the rate constant ( )t
 will be 

proportional to the oxygen hopping rate 
2
,D a where a 

is a characteristic hopping distance that the oxygen moves 

in a single diffusion step and D is the diffusion 

coefficient.  

The results [13] show that  

0 0( ) ,D D t           (6) 

where ω0 is an attempt frequency, α is dispersive 

parameter.  

From the oxygen diffusion data we set the equilibrium 

rate as 

 0
.02

( ) t
a

D
t





        (7)

 
Inserting Eq. (5) and Eq. (7) and integrating 

immediately yields 

 0 ,exp tn n



 
  

            (8) 

where 1   . 

According to [16] 

,ph en m
 

where μ is electron mobility, we get 

 0 .expph
t




 

 
  

 
 

Thus the stretched-exponential decay follows directly 

from the dispersive diffusion mechanism. 

Following the analogy to the dispersive transport of 

charge carriers, we argue that the dispersive diffusion of 

oxygen arises from a broad distribution of release times. 

Differences in the local atomic configurations should 

yield a distribution of activation energies for the motion 

of oxygen. When the distribution is broad, the oxygen 

motion will become slower at longer times. Furthermore, 

if the dispersion in D arises from an exponential 

distribution of site energies
 

 
0

exp
B

E
k T

 ,
 
where 

0Bk T  

is the width of the trap distribution, then the theory [15] 

predicts that  

0
1 T

T   
 

Figure 8 shows the temperature dependence of the 

exponent β for the nanocrystalline In2O3-500 (for the 

other samples the similar dependences have been 

obtained). The solid line in β vs T shown in Fig. 8 is 

consistent with 0T  514 K.   

 
Fig. 8. The temperature dependence of the exponent β 

for the In2O3-500 sample. 

 

To summarize the model, we describe the diffusion of 

oxygen in terms of a distribution of bond energies, and 

then relate the time dependence of D to the electronic 

relaxation. In this way the stretched exponential derives 

from a physically plausible exponential distribution of 

bond energies, and a direct connection between the 

structure and the electronic relaxation is found.  

IV. CONCLUSION 

In conclusion, we observed a large enhancement in the 

conductivity by UV irradiation of the nanocrystalline 

indium oxide thin films with various nanocrystals size. 

After light was turned off we observed robust 

photoconductivity in the nanostructured In2O3 which 

persists for many hours at room temperature. The value of 

the photoconductivity increased and the persistent 

photoconductivity decreased with the nanocrystals size 

reduction. We showed that the slow photorelaxation in the 

nanocrystalline In2O3 was accurately characterized by a 

stretched-exponential function that could be explained by 

the correlated oxygen motion inside the film.  
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I. INTRODUCTION 

Demand for sensitive, reliable, efficient analytical 

systems suitable for fast analyte detection, environmental 

monitoring and diagnosis of diseases are increasing 

annually. It is the driving force in the engineering of 

sensors.  

Application of gold nanoparticles (Au-NPs) in the 

design of analytical systems is of considerable interest [1-

6].  

Citrate-capped Au-NPs modified by poly-L-lysine 

(PLL) were applied in gene delivery systems [3]. 

Stobiecka and co-workers noticed several important 

aspects of PLL-coated NPs: low toxicity and bactericidal 

and virucidal injections applications. Since direct binding 

of PLL to AuNP is not strong at neutral pH, Stobiecka’s 

group has focused on PLL interactions with carboxylated 

self-assembled monolayers (SAM) on Au-NPs, such as 

the citrate-capped Au-NPs. The double-shell 

nanoparticles Au-NPs@Cit/PLL do not contained any 

toxic thiols. Therefore the advantage of the proposed 

approach is that in contrast to thiol-functionalized Au-

NPs, no toxicity related to the thiol release is expected 

during gene delivery [3]. Byung-Wook group [4] reported 

a few important notations: if the concentration and the 

duration of Au-NPs deposition have increased, the surface 

became rougher, and the electron transfer resistance 

decreased; when SAM was formed on Au-NPs, the 

electron transfer resistance increased. Ling Li group [2] 

showed that gold nanoparticles could be grown on 

horizontally aligned single walled carbon nanotubes and 

such system exhibit excellent response, ultrahigh 

sensitivity, great selectivity and reusability. Yasumoto 

group [1] fabricated immunoassay based on a mixture of 

AuNPs with heavy metals – cadmium, hexavalent 

chromium and lead. They examined the microfluidic 

heavy metal immunoassay system based on absorbance 

measurements using gold nanoparticle-labelled 

antibodies. 

Recent advances in the synthesis of gold nanoparticles 

offered new opportunities to form multilayers. Layer-by-

Layer (LBL) self-assembly technique [7,8] is very 

attractive because of opportunity to control film thickness 

on the nanometre scale, monitoring the surface shape and 

roughness, which is very important during application. 

Fabrication of multilayers by consecutive adsorption of 

polyanions and polycations [7] is a method in which 

synergy between distinct materials might be achieved in a 

straightforward, low-cost manner [8]. Moreover, the 

electroactivity through polyelectrolyte multilayers [9-11] 

can be distributed over a number of layers containing 

electrochemically active units such as ions, redox groups, 

electrocatalytic centres, etc. Farhat group [9] investigated 

transport of redox-active probe ions through multilayers, 

made from highly charged polyelectrolytes, and 

concluded that there are no sites for the exchange of small 

ions within the bulk of multilayers because of the intrinsic 

charge balance between polyelectrolyte ion pairs. By 

exposing a substrate to polyelectrolyte solution, a films of 

controlled thickness may be obtained.  

Sensing properties of gold nanoparticles by evaluation 

of the surface plasmon resonance (SPR) related effects 

have been already well investigated in many researches 

[15-18]. Surface plasmon resonance phenomena at the 

metal-dielectric interface empowered biochemical sensing 

applications. Surface plasmon resonance sensors can be 

classified according to the way in which light interacts 

with the surface plasmons. These interaction ways could 

be: angular, intensity, wavelength, and phase or 

polarization modulation [13]. Some metals including gold 

exhibit SPR as a result of interaction between 

electromagnetic radiation and loosely bound electrons to 

the metal surface [15]. Kadam et al. showed that the SPR 

phenomenon by embedded gold NPs can exclusively be 

used to enhance the optical modulation in an 

electrochromic host matrix [15]. Some researchers also 

investigated the effect on SPR signal of different shape  
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and size gold nanoparticles and found the SPR signal 

varied due to different plasmon absorbance bands of NPs 

[16]. 

The aim of this work was the development of platform 

based on Layer-by-Layer deposited AuNPs.  

II. EXPERIMENTAL 

1. Materials 

All chemicals were of analytical grade and were used 

without further purification. All solutions were prepared 

in deionized water purified with a Millipore S.A. water 

purification system (Molsheim, France). 

 

 

 

 

 

Fig. 1. AFM images of gold nanoparticle layered structures. A – 6 layers of gold nanoparticles aggregates; B – 9 layers 

of gold nanoparticles aggregates; C – 12 layers of gold nanoparticles aggregates. 

 

 

 

 

Gold nanoparticles were prepared according to 

previously described procedure [14]. ‘Solution-A’ 

consisited of 80 ml of distilled water mixed with 1 ml of 

1% of hydrogentetrachloroaurate (III) trihydrate received 

from Alfa Aesar GmbH (Karlsruhe, Germany). ‘Solution-

B’ consisited of 4 ml 1 % of tri-sodium citrate received 

from UAB Avsista (Vilnius, Lithuania) mixed with 16 ml 

of distilled water and tannic acid received from Carl Roth 

GmbH&Co (Karlsruhe, Germany). Using a 1 ml or more 

of tannic acid to maintain a constant pH value was applied 

the same 0.025mol/l volume of potassium carbonate 

solution because an amount of tannic acid has an 

influence on the size and stability [19-21] of gold 

nanoparticles. Both solutions were covered with foil, then 

solutions were heated to 60°C and when they reached the 

desired temperature, the solution A was poured into the 

solution B, while stirring constantly with a magnetic 

stirrer. When acquired a red colour, the solution 

temperature was increased to95 °C, when constantly 

stirring, and after 15 minutes the solution was evenly 

cooled at room temperature (20 ± 2°C). Gold 

nanoparticles of 13 nm diameter were formed. 

Poly-L-lysine (PLL) is a small natural homopolymer of 

the essential amino acid L-Lysine. Poly-L-Lysine 0.01% 

was purchased from Sigma Aldrich Company, UK. The 

optimal concentration of PLL used attachment of Au-NPs 

was 0.002%. 

A 

B 

C 

http://en.wikipedia.org/wiki/Lysine
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Au-NPs layers were prepared on glass chip using poly-

L-lysine, which was used to attach gold nanoparticles on 

glass surface. The chemical growth of Au-NPs layers was 

performed. 

2. Methods 

Spectrophotometry 

Scanning double-beam spectrometer (Lambda 25 

UV/VIS spectrometer, from PerkinElmer Inc., USA) for 

the UV/VIS range, controlled by PC was used. 

Measurements were made in spectral range between 300 

nm to 900 nm. 

Atomic Force Microscopy 

Atomic Force Microscope, Catalyst from Veeco 

Instruments Inc., (Santa Barbara, USA) was used to 

evaluate size, shape, and height of prepared samples. 

Contact mode, was chosen for all measurements. RTESP 

(Phosphorus doped Si) and NP (non-conductive Silicon 

Nitride) tips were used. 

III. RESULTS 

The Atomic Force Microscope images presented in 

figure 1 illustrates formation of Au-NPs-based layers. The 

visible increase in diameter and the surface roughness is 

observed in the course of nanoparticle deposition. 

Thickness of formed layers was measured by AFM. 

In order to evaluate thickness of the layered structures a 

gentle scratch with metallic needle was made, it is seen in 

AFM pictures as dark area (Fig. 1.). A few white lines 

represented in AFM images shows areas, which were 

evaluated in order to calculate thickness of Au NPs-based 

layered structures, which was approximately 40 nm for 6 

layers, 75 nm for 9 layers and 95 nm for 12 layers. 

Zhang and Gu [22] found that enhanced 

electromagnetic field at the surface of the nanoparticles 

focus at the junction of aggregates. The surface chemistry 

affection to physical properties of the gold aggregates 

brings the importance of interaction. Gold nanoparticles 

interacts differently due to aggregation or agglomeration 

processes which, according to Zhang and Gu, depends on 

light, temperature, embedding environment, and the 

chemical nature of the surface. Heat, as another important 

factor, can be generated due to light absorption and effect 

further agglomeration of the gold nanoparticles [22]. The 

additional cause for agglomeration attributes to a thermal 

detachment of surface ions due to reversible changes of 

the illumination or direct heating [22]. 

 

Spectrophotometric evaluation of Au-NPs-based 

layered structures showed that Au-NPs-related peak of 

absorption band depends on the number of deposited Au-

NPs layers. 

IV. CONCLUSIONS 

It could be concluded that Au-NPs aggregation 

processes changes optical and morphological nanoparticle 

geometry therefore surface plasmon absorption occurs as 

an integrated transverse and longitudinal dipole 

polarization. 
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1. INTRODUCTION 

Stable suspensions of nanoparticles (NP) with magnetic 

properties represent soft magnetic materials known also as 

ferrofluids. First the magnetite fine particles suspended in 

hydrocarbons were used in technical applications related to 

loudspeakers for heat removing, to magnetic control of 

spacecraft's attitude, to friction reducing in magnet 

gliding or as liquid seals around the spinning drive shafts in 

computer hard disks [1]. Later, aqueous ferrofluids were 

considered for biomedical applications as contrast agents in 

magnetic resonance imaging, for experimental cancer 

treatment by magnetic hyperthermia and also for magnetic 

targeting in controlled drug delivery [2]. One of most 

common preparation method is the chemical co-

precipitation, still widely spread due to its availability and 

low cost; various changes in the physico-chemical 

parameters of the basic method developed by Massart [3] 

have resulted in derived preparation protocols that enable 

the producer to get low average size of magnetic particles 

and consequently high stability of the magnetic 

suspensions. Unlike the oily ferrofluids where ferrophase 

grains can be relatively successful stabilized in 

hydrocarbons using mainly the oleic acid, known for its 

strong interactions with iron ions [4, 5] the magnetic NP 

incorporation in water is more difficult, resulting usually in 

ferrofluids with lower NP volume fraction. Some results 

reported by us were focused on magnetite cores dispersed 

by coating with organic shells consisting in citric acid [6], 

tetramethyl ammonium hydroxide [7], tartaric acid [8], 

perchloric acid [9], beta-cclodextrin [10] and others.  In 

this paper we present comparatively the ferrofluids 

prepared in our laboratories as soft magnetic materials 

based on mixed metal oxides like Fe3O4, CoFe2O4, 

ZnFe2O4, Mn0.5Zn0.5Fe2O4 suspended as colloidal 

nanoparticles in deionized water. 

2. EXPERIMENTAL  

2.1. Ferrophase preparation. 

Pure crystallized metal salts, of Fe2Cl3∙6H2O, 

FeCl2∙6H2O, CoCl2∙6H2O, ZnCl2∙4H2O, MnCl2 ∙5H2O 

(purchased from Merk) were solved in deionized water in 

their respective stoichiometry (Me
2+

:Fe
3+

 =2:1). Then hot 

NH4OH (25%) was poured as precipitating agent of 

magnetite nanoparticles under constant non-magnetic 

stirring at 80 C for about for 1 h; this duration was 

considered sufficient for the transformation of hydroxides 

into spinel ferrite nanoparticles [11]. Magnetic NP were 

generated by conversion of metal salts into hydroxides 

and further transformation of hydroxides into mixed metal 

iron oxides: 

 

MeCl2 + 2H2O → 2 Cl
-
 + 2H

+
 + Me(OH)2 

Fe2Cl3 + 3H2O → 3Cl
-
 + 3H

+
 + Fe2(OH)3 

2FeCl3+MeCl2+8NH4OH→MeFe2O4+8NH4Cl+ 4H2O 

 

The metal oxide nanosized powders precipitated as shown 

above were washed several times with up to 1.5 l 

deionized water to remove secondary reaction products. 

Finally the powders were decanted and separated on paper 

filter. Colloidal metal oxide nanoparticles (NPs) were 

yielded by using sodium oleate (1.7 g of C18H33NaO2 in 

15 ml deionized water for about 4.5 g of metal oxide).  

 
 

Scheme 1. NP coating with sodium oleate shell 
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Sodium oleate was used for NP stabilization in water 

suspension (Scheme 1) as the best hydrosoluble substitute 

of oleic acid (soluble in hydrocarbons but insoluble in 

water) that is known as developing the strongest 

interactions with metal oxide NPs [4]; in the same time 

the biocompatibility of sodium oleate was also considered 

taking into account possible biomedical applications of 

coated nanosized metal oxides [12]. 

2.2.  Microstructural and magnetic characterization 

Dimensional and topological NP characterization was 

accomplished by Atomic Force Microscopy device 

(AFM) provided with commercial standard silicon nitride 

cantilevers (NSC21), having a force constant of 17.5 Nm
-

1
, 210 kHz resonance frequency and tip with radius of 

about 20 nm (intermittent contact, tapping mode 

cantilevers). The AFM images recorded in 2-dimensional 

(2-D) and phase modes, have dimensions of 1 × 1μm. The 

NP suspension samples (5 ml diluted in 195 ml of 

deionized water) were deposited on glass substrate 

(microscope slides) and dried before scanning. 

Crystallinity features were studied by means of X-ray 

diffractograms (XRD) recorded by using a Shimadzu 

XRD 6000 device with Cu–Kα radiation at 0.15418 nm 

between 20 and 80 degrees (I = 25 mA, U = 35 kV, 0.004 

deg/step, 1.2 sec step duration) in Bragg–Brentano 

arrangement. XRD patterns were analyzed and indexed 

using Powder X software, commercially available. The 

crystallite size of nanocrystalline samples was measured 

from the X-ray line broadening analyses using Debye–

Scherrer formula. Magnetometry investigations were 

carried out with a Quantum Design 600 vibrating sample 

magnetometer (VSM) at room temperature (22.0±0.1C). 

Magnetic core diameter was estimated from Langevin’s 

theory. 

3. RESULTS AND DISCUSSION 

AFM scanning provided images (Fig. 1 a, b) on the NPs 

topology revealing mostly cvasi-spherical structures with 

rare agglomerations in the form of short chains of NPs. 

The AFM investigation was repeated on different sites of 

the studied sample, keeping the same conditions of room 

temperature and ambient atmosphere. The dominancy of 

relatively low size nanoparticles (average values of about 

20 nm) was evidenced though little number of aggregates 

(no more than 90 nm diameter size) was also noticed. 

 
Figure 1 a. AFM 2-D image of cobalt ferrite NP  

 

 
Figure 1 b. AFM phase recording image of magnetite NP 

 

The limitation imposed by the radius of the AFM device 

scanning tip resulted in the missing of image capturing for 

NPs smaller than 20 nm. Largest NP size was noticed for 

cobalt ferrite probably because of lower efficacy of 

sodium oleate coating ability in the presence cobalt ions 

though there were not undoubtable proves for such 

hypothesis. Crystalline structure of the colloidal metal 

oxide NP was investigated by XRD technique the results 

being presented in Figure 2 a-d. The experimentally 

recorded XRD peaks were matched with the theoretically 

generated ones with no peak being left unindexed, 

evidencing the spinel structure within the various types of 

ferrite grains analyzed inhere. In the case of manganese-

zinc ferrite some higher recording noise can be observed 

(Fig. 2d) affecting the apparent baseline. Applying the 

Debye-Scherrer theory the crystallite average size is given 

by: 

0.94.

cos
hklD

B

 


     (1) 

where   is the X-ray wavelength   is the Bragg angle 

and B is effective full width at half maximum of the XRD 

diffraction line with hkl indexes. In Table 1 the crystallite 

size, the NP diameter estimated by AFM and the magnetic 

core diameter from the magnetization data are given. The 

values of crystallite size resulted from XRD measurement 

are given by DXRD which is ranging between 11.4 nm, for 

zinc ferrite and 13.6 nm for magnetite. Comparatively the 

AFM data provided larger values, i.e. DAFM between 20.5 

nm in the case of magnetite NP and 45.0 nm for cobalt 

ferrite grains. 

 
Figure 2 a. XRD diagram for colloidal magnetite NP 
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Figure 2 b. XRD diagram for colloidal cobalt ferrite NP 

 

 
Figure 2 c. XRD diagram for colloidal zinc ferrite NP  

 

 
Figure 2 d. XRD diagram for manganese-zinc ferrite NP  

 

 

Table 1. Dimensional data resulted from AFM, XRD and 

VSM investigations 

SAMPLE DAFM 

(NM) 

DXRD 

(NM) 

DVSM 

(NM) 

Fe3O4 20.5 13.6 9.3 

CoFe2O4 45.0 13.0 8.9 

ZnFe2O4 20.0 11.4 9.8 

Mn0.5Zn0.5Fe2O4 20.3 12.2 9.7 

 

The magnetization recordings (Fig. 3 a-d) shown mostly 

superparamagnetic behavior; coercitivity magnetic field 

was zero for magnetite and zinc ferrite (Fig. 3 a, c) and 

almost zeroed for manganese zinc ferrite (Fig. 3 d) while 

for cobalt ferrite the coercitivity field was significant (Fig. 

3 b) – which could be probably associated with the higher 

size of grain average diameter. This suggests that the NP 

larger size (possible lower interaction of oleate ions with 

metal cations) is reflected also in the magnetic features of 

the cobalt ferrite NP.  Magnetization curves saturated at 

the highest value of mass density magnetization for 

magnetite colloidal NP (about 6o emu/g) - while for zinc 

ferrite and cobalt ferrite colloidal NP the corresponding 

values were respectively of about 26 emu/g and 20 emu/g. 

As known, in the cubic system of ferromagnetic spinels, 

the magnetic order is mainly due to a superexchange 

interaction mechanism occurring between the metal ions 

in the A and B sublattices. The substitution of 

nonmagnetic ion, which has as preferential A site 

occupancy results in the reduction of the exchange 

interaction between A and B sites – this resulting in the 

magnetic properties variation. From the magnetization 

curves the slope in the graph origin was assessed 

((dM/dH)H→0) and the largest magnetic diameter DM was 

calculated following Langevin’s equation: 

 

0HSS0

B3
M

dH

dM

mM

Tk18
D
















m

 (2) 

with DM - magnetic diameter (DVSM), kB - Boltzmann’s 

constant, T - absolute temperature, μ0 - vacuum magnetic 

permeability, Ms - saturation magnetization of sample, ms 

- saturation magnetization of the bulk ferrite [4].  

 

 
Figure 3 a. Magnetization curve for magnetite NP  

 

 Nevertheless, the issue of the non-magnetic shell yielded 

following the organic shell combination with the metal 

oxide core could be derived from the above mentioned 

results.  

 

 
Figure 3 b. Magnetization curve for cobalt ferrite NP  
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Figure 3 c. Magnetization curve for zinc ferrite NP 

 

 
Figure 3 d. Magnetization curve for manganese-zinc 

ferrite NP 

 

4. CONCLUSIONS  

Small size of ferrite powder crystallite (11.4 nm – 13.6 

nm) was obtained in all prepared samples and also, 

relatively low values of the magnetic core diameter (8.9 

nm – 9.8 nm). Saturation magnetization was the highest in 

pure magnetite (60 emu/g); also relatively high value was 

noticed for manganese-zinc ferrite (55 emu/g) while 

lower saturation magnetization was obtained in the other 

ferrofluid samples, where the reduced magnetic properties 

of the second metal ion might be the cause. Cobalt ferrite 

sample exhibit peculiar behavior with larger size particles 

(40 nm) and significant non-zeroed coercitivity field 

which denoted exception from superparamagnetism. The 

manganese-zinc ferrite NP, well known for their thermal 

conduction properties recommend such combined ferrite 

suspension for heat transfer applications. Further studies 

are planned for the in vitro testing of such soft magnetic 

materials with biocompatibility properties from the 

viewpoint of their interaction with living cells in the 

presence of external magnetic fields.  
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I. INTRODUCTION 

Thin film technology based on hydrogenated 

amorphous silicon (a-Si:H) has been playing a significant 

role in the world production of photoelectric modules for 

several decades. However metastable structure of a-Si:H 

requires  improvement to increase charge carrier mobility 

and reduce light-induced degradation. Nanocrystalline 

silicon (nc-Si:H) in comparison with a-Si:H attributes 

larger carrier mobility and higher stability, all of which 

are key elements for the design of thin film transistors or 

tandem amorphous-nanocrystalline solar cells. One of 

technologically attractive methods for a-Si:H 

crystallization is laser processing, which allows achieving 

localized structural modifications fast enough to minimize 

the out-diffusion of hydrogen and the laser irradiation 

influence on a substrate. Femtosecond laser writing in 

transparent materials has also recently attracted 

considerable interest for fabrication of integrated optics 

components, optical memory and photonic crystals [1]. 

Unlike excimer laser annealing, interaction of ultrafast 

near infrared laser radiation with amorphous silicon thin 

films involves nonlinear light absorption and non-

equilibrium thermodynamics. Recently various 

experiments have been reported on femtosecond laser 

irradiation of a-Si:H films [2–5]. Most of the experiments 

were dedicated to the investigation of the effect of 

femtosecond laser processing on a-Si:H film 

crystallization, surface nano-structuring, optical 

absorption and electrical and photoelectrical properties. In 

particular, ultrafast laser irradiation was demonstrated to 

produce simultaneous surface nano-structuring and 

crystallization of amorphous silicon film. 

 

 

In this paper we report observation of visible 

photoluminescence (PL) from a-Si:H films modified with 

femtosecond laser irradiation in air. The effect of high 

repetition rate femtosecond laser annealing on the 

luminescence properties of a-Si:H films is correlated with 

the change of their structure. We observed that both the 

PL intensity and the amount of oxygen incorporated into 

the silicon matrix increase with the laser fluence. 

II. EXPERIMENTAL 

The a-Si:H films with a thickness of ~0.5 µm were 

deposited on silica glass substrates by plasma-enhanced 

chemical vapour deposition (PECVD) upon the 

decomposition of the mixture of silane (SiH4) and argon 

(Ar) at substrate temperature of 250 
o
C. The volume ratio 

between the gases in the reaction chamber corresponded 

to 25% SiH4 and 75% Ar. Ultrafast laser treatment of a-

Si:H films was carried out with Yb:KGW based 

femtosecond system (Pharos, Light Conversion Ltd.) that 

delivered pulses of 500 fs with repetition rate of 200 kHz 

and wavelength centered at 1030 nm. The laser beam was 

focused via the aspheric lens with a numerical aperture of 

0.16. The focal plane was placed 80 µm above the sample 

surface in order to increase the laser irradiation area and 

avoid ablation. The Gaussian beam spot was circular with 

the beam diameter of about 15 µm on the film surface. 

The samples were irradiated by scanning with the 

translation speed of 5 mm/s. The scanning step was 2 µm. 

The average laser beam power was varied from 20 to 300 

mW corresponding to the laser fluences from 30 to 480 

mJ/cm
2
. The laser processing was carried out in air. 

Micro-Raman spectrometer (Horiba Jobin Yvon 

HR800) was used to examine the structure of irradiated 
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samples. PL measurements were carried out at room 

temperature using Ar-laser as an excitation source (488 

nm wavelength, 200 mW power) and 500 mm 

spectrometer equipped with a CCD camera for detection. 

PL spectra were corrected for the system response. 

III. RESULTS AND DISCUSSION 

Figure 1 shows scanning electron microscope (SEM) 

images of the silicon film surfaces treated with different 

laser fluences. The SEM images of the samples revealed 

an abrupt change of the surface morphology after laser 

irradiation at the fluence of 250 mJ/cm
2
. The additional 

atomic force microscope (AFM) imaging of the samples 

revealed surface nanospikes with heights of 30 – 40 nm 

formed after irradiation with the fluence values in the 

range of 30 – 200 mJ/cm
2
 (Fig. 2 a)). Spikes with the 

heights of 300 – 400 nm were created for the laser fluence 

values above 250 mJ/cm
2
 (Fig. 2 b)) and were responsible 

for the observed “black reflection” from the samples (Fig. 

1). Moreover, in these samples we were surprised to 

observe visible photoluminescence with the maximum at 

675 nm, the intensity of which was increasing with the 

fluence (Fig. 3). The results indicate the existence of two 

different types of silicon film surface modification below 

and above threshold fluence of 250 mJ/cm
2
. 

 

 
Fig. 1. SEM images of pristine a-Si:H film (top left) and 

irradiated with two different fluences (bottom left and 

right). White light reflection from the surface of a-Si:H 

thin film (top right). The reflection from the part of the 

sample irradiated at fluences more than 250 mJ/cm
2
 is 

significantly reduced. 

 
To determine the origin of the observed 

photoluminescence we analyzed the chemical 

composition of the treated samples by X-Ray 

Photoelectron Spectroscopy (XPS) with PHI 5500 ESCA 

XPS spectrometer (Physical Electronics). The 

photoelectron emission was excited by Mg Kα radiation 

(hν = 1253.6 eV) with the power of 330 W. The diameter 

of the analyzed area ranged from 0.6 to 1.1 mm. The layer 

with a natural surface oxidation of about 4 nm thickness 

was removed from the top of the samples by Ar ion 

etching.  The XPS spectra reveal oxidation by a shift 

toward higher binding energies. The binding energy of 2p 

electrons in bulk crystalline silicon is reported to be 

around 99.5 eV, whereas Si 2p electrons in SiO2 have 

binding energies about 104 eV. Only silicon atoms were 

detected in the untreated samples, in contrast SiO2 content 

increased dramatically after treatment with the fluence 

above 250 mJ/cm
2
 (Fig. 4). The XPS spectra analysis of 

the treated samples revealed that about 90 % of Si atoms 

were oxidized after irradiation. This evidence of oxidation 

correlates with the observed abrupt change of the surface 

morphology of the samples. 

 

 
Fig. 2. AFM cross-sectional views of a-Si:H films 

irradiated with fluence of a) 200 mJ/cm
2
 and b) 

360 mJ/cm
2
. 

 

Additional ion etching experiment demonstrated that SiO2 

content remains constant at least within the surface layer 

of 50 nm thickness. The appearance and increase of both 

the PL intensity and XPS SiO2 signal with the increase of 

laser fluence indicate that the photoluminescence 

originates from the oxidized silicon in the irradiated 

samples. 

 
Fig. 3. PL spectra of a-Si:H films treated by femtosecond 

laser radiation with laser fluence values of 260, 360 and 

460 mJ/cm
2
. 

 

Surface oxidation of monocrystalline silicon wafer and 

visible photoluminescence upon femtosecond laser 

irradiation in air has been reported in [6, 7]. According to 

these results the laser irradiation melts the crystalline 

silicon surface, resulting in diffusion of oxygen into 

silicon and enhancing oxidation, due to six orders of 

magnitude increase of the oxygen diffusion coefficient in 
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the liquid phase of silicon [8]. The increased surface area 

of the films subjected to high fluence irradiation can also 

contribute to the measured increase of SiO2 content. Wu 

et al. [6] observed visible photoluminescence with the 

peak wavelength varying between 540 nm and 630 nm. 

After annealing the samples at 1300 K temperature they 

observed another photoluminescence band at lower 

energies. On the contrary, Chen et al. [7] observed two 

luminescence bands (near 600 nm and 680 nm) even 

without annealing. This discrepancy could be explained 

by the difference in repetition rates of the laser systems 

used in the experiments. Higher repetition rate could lead 

to heat accumulation, which would partially anneal the 

sample. In both cases, high (green/orange) and low (red) 

energy bands were respectively attributed to “defect 

luminescence” originating from the oxygen related 

defects at the interface between Si nanocrystals and SiO2 

matrix and “quantum confinement luminescence” 

attributed to the recombination of confined excitons in 

silicon nanoclusters. It is worth noting that the conclusion 

about the “quantum confinement luminescence” in [6] 

was based on the PL spectrum shift to lower energies 

upon thermal annealing of the laser treated crystalline 

silicon samples. According to [9, 10] to get such 

mechanism of luminescence with the peak wavelength 

around 700 nm silicon crystallites with the average sizes 

of 3 – 4 nm should be created after annealing of laser 

treated crystalline silicon samples. 

 
Fig. 4. The part of the measured XPS spectrum 

corresponding to the Si 2p orbitals of untreated a-Si:H 

film (dashed line) and film treated with laser fluence of 

260 mJ/cm
2
 (solid line). 

 

Unlike [6, 7] where crystalline silicon wafers were used 

we could get additional information about the structure of 

our films, which exhibited visible photoluminescence, by 

means of Raman spectroscopy. The results are shown on 

Fig. 5. The Raman spectra for the untreated samples 

demonstrated spectrum typical for a-Si:H with the 

maximum near 480 cm
-1

. While the Raman spectrum of 

high fluence treated a-Si:H film consisted of broad band 

at lower frequencies, that is apparently attributed to SiO2 

[11] and narrow silicon “crystalline” line with the peak 

position at 519.5 cm
-1

 shifted by 1 cm
-1

 with respect to 

that for monocrystalline silicon (520.5 cm
-1

).  

The Raman peak position shift (Δω) due to the 

confinement effect is described by a confinement model 

[11, 12]  



 









d

a
Ad)(0    (1) 

where ω(d) is the frequency of the Raman phonon in 

silicon nanocrystal with the size of d, ω0 is the frequency 

of the optical phonon at the zone center (520.5 cm
-1

), and 

a is the lattice constant of Si (0.543 nm). The parameters 

A and γ are used to describe the vibrational confinement 

due to the finite size of a nanocrystal. We used the 

parameters A = 47.41 cm
-1

 and γ = 1.44, obtained in [12] 

for Si spheres. 

 
Fig. 5. Raman spectra of untreated a-Si:H film (bottom 

line) and film treated with the laser fluence of 260 mJ/cm
2
 

(top line). 

 

According to the quantum confinement shift in Raman 

spectrum (Eq. (1)) we estimated the size of Si crystallites 

as follows 





1













A
ad   (2) 

Our estimates show that the size of Si nanocrystal is 

about 8 nm (Eq. (2)). According to data presented in [9] 

such crystallites should give luminescence at about 900 

nm and quantum yield of less than 0.01. In our 

experiments, for a-Si:H films treated with the high 

fluence above 250 mJ/cm
2
 the peak of PL spectra is near 

675 nm and does not change its position with the laser 

fluence (Fig. 3). Thus we exclude the possibility of 

“quantum confinement luminescence”, and nanocrystals 

detected by Raman spectroscopy could not be responsible 

for the observed photoluminescence (Fig. 3), which is 

most likely produced by the defect states at the interface 

between Si nanocrystals and SiO2 matrix [13]. 

Larger crystallites in the studied a-Si:H samples 

compared to those in treated crystalline silicon wafers [6, 

7] could be explained by higher temperatures induced by 

the laser irradiation in the thin films of amorphous silicon 

deposited on fused silica substrates. Low thermal 

conductivity of the silica substrate leads to slower 

temperature decrease in the film compared to the surface 

of a crystalline silicon wafer. 

IV. CONCLUSION 

In conclusion, we observed visible photoluminescence 

with the peak at 675 nm from the composite of Si 

nanocrystals and SiO2, created by femtosecond laser 
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irradiation of a-Si:H films in air. The luminescence 

intensity increases with the laser fluence used for film 

treatment. The photoluminescence is most likely 

associated with defects at the interface between Si 

nanocrystals and SiO2 matrix. Demonstrated ultrafast 

processing offers the possibility of precisely localized 

SiO2 formation in a-Si:H based solar cells. The observed 

red luminescence allows increasing the photosensitivity of 

solar cells to higher photon energies thanks to so called 

luminescence down shifter effect that will result in several 

percent relative enhancement of the energy conversion 

efficiency. 
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I. INTRODUCTION 

Plasmonic enhancement of fluorescence is being 

extensively investigated during last 20 years in the 

context of practical applications in analytical 

spectroscopy, display and light-emitting devices.  It has 

being realized for organic molecules, quantum dots, rare-

earth ions [1-4]. Experiments performed by a number of 

groups did show luminescence enhancement from 2…3 

то 30 times when the object is placed near Ag or Au 

nanoparticles [5-7]. The maximal enhancement occurs for 

spatially organized nanostructures developed by means of 

submicrometer nanolithography, vacuum deposition and 

etching [8, 9]. 

A huge number of experimental and theoretical 

investigations are devoted to luminescence of organic 

dyes. The reason is that organic fluorophores are 

nowadays the most convenient and popular labels used for 

marking of various biomolecules (i. e. albumins, 

antibodies, immunoglobulins). Plasmonic enhancement of 

its fluorescence has being reported elsewhere [10, 11]. 

However, many authors have considered weak 

luminescent dyes, such as Cy 5 and so on. 

Fluorescence enhancement factor F (i.e. the ratio of 

luminescence intensities near metal nanobody and without 

it) depends on the size of metal nanoparticles, their 

patterning, and also on distance between metal and a 

fluorophore. So, the theoretical calculations given in Ref. 

[12] for Ag nanoparticles and fluorescein isothiocyanate 

(FITC) show that the enhancement factor reaches its 

maximum (F~50) at the distance between FITC and Ag 

nanoparticles approximately 6 nm and the size of the 

latter ones ~ 50 nm. 

It is important to control the distance between metal 

and fluorophore because the fluorescence enhancement 

factor is a combination of the enhancing and quenching 

effects changing with change of the distance. A simple 

chemical approach has been proposed by our group [13] 

for fabrication metal-fluorophore spacer based on 

electrostatic deposition of counter-charged polyelectrolyte 

molecules. We reported 7-9 fold enhancement of 

fluorescence of bovine serum albumin labeled with FITC 

near Ag plasmonic film with the spacer thickness 3-6 nm 

[3].  In this paper, we present the results of fluorescence 

enhancement of FITC labeled human IgG near silver 

nanoparticles. The highlight of this work is the using of  

an organic label with high quantum yield. Both the 

plasmonic Ag film and polyelectrolyte spacer were 

formed without expensive processes of nanolithography, 

molecular beam epitaxy, vacuum deposition and can be 

used in mass measurements. 

II. EXPERIMENT 

Polydiallyldimethylammonium chloride 

(PDADMAC, M = 200000 g/M, Aldrich) and sodium 

polystyrene sulfonate (PSS, M = 70000 g/M, Aldrich) 

were used as positively and negatively charged 

polyelectrolytes (PE). Other chemicals were AgNO3, 

Na3C6H5O7·5,5Н2О (Aldrich), fluorescein isothiocyanate 

(isomer I, Sigma), purified human IgG in lyophilized 

form (Edobulin trademark, Immuno AG), Tris-EDTA 

buffer solution (pH 7.6, Fisher BioReagents). 

Silver sol was synthesized by AgNO3 citrate 

reduction technique [14]. The synthesis of IgG – FITC 

conjugates was made according to standard procedure 
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[15], the concentration of product is being 5.2 mg/ml with 

IgG:FITС molar ratio 1:7.  

Glass substrates of 1×2 cm
2
 size were cleaned in 

piranha (H2SO4 + H2O2), washed and kept in a mixture of 

H2O-H2O2-NH3 (1:1:1) at 70
о
С for 15 minutes. After 

washing in water substrates were covered with a 

polycation layer (PDADMAC, 1 g/L in 0.5 M  NaCl) 

during 20 minutes to develop positive charge on a glass 

surface. To deposit Ag nanoparticles on the substrates, the 

half of a substrate surface was immersed into a silver sol 

for 24 hrs. The silver-free remaining portion of the 

substrate served as a reference sample. 

To develop a dielectric spacer, we used a method 

described in [13]. Labeled IgG was diluted by Tris-EDTA 

buffer solution in a volume proportion 1:100 directly 

before using. Two aliquots of  IgG-FITC solution were 

put on Ag and glass parts of the substrate and remained 

for 1 hour at room temperature. At last, the samples were 

washed by buffer solution and dried on air.   

Scanning electron microscopy (SEM) has been 

performed with Hitachi S-806 (Japan) microscope. 

Luminescence spectra were measured using a home-made 

spectrometer based on S-3801 spectrograph (Solar TII, 

Belarus) with a 1200 lines/mm grating and a liquid 

nitrogen cooled silicon CCD camera 

LN-CCD-1152-E PROD FG (Princeton Instruments, 

USA). A light emitting diode (LED) ARPL-3W Blue 

(Arlight, Russia) was used as the excitation light source 

with maximum at 460 nm and spectral half-width ~25 nm. 

III. RESULTS  

EM image of Ag film formed on a PDADMAC-

modified substrate shows that silver nanoparticles cover 

the surface nearly continuously with some of them 

forming aggregates (Fig. 1). The particles size is 30 – 120 

nm, average diameter is near 55 nm.   

Compared to the reference sample, FITC 

fluorescence enhancement near Ag nanoparticles is 

observed even on a single PE layer. We consider that 

rather big size of immunoglobulin molecules allows 

spacing a label from a silver surface. On such distance, 

the increase of the probability of spontaneous photon 

emission becomes dominant and prevails over the 

processes of nonradiative energy transfer on metal. The 

biggest value of fluorescence enhancement factor F = 6.7 

is being reached when the distance from FITC to Ag 

becomes equal to 3 PE layers.   

 

 
Fig. 1. SEM image of silver nanoparticles in Ag film. 

 

Further measurements were performed in two standard 

geometries: p-polarization when incident light 

polarizations lies within the plane of incidence, and s-

polarization when incident light polarization is normal to 

the plane of incidence. In all experimental observations 

for excitation with linear polarized light the enhancement 

factor increases noticeably for p-polarization and 

decreases for s-polarization. For instance, the 

fluorescence enhancement factor for p-polarization rose 

up to 7.4 when a PE thickness equals 3 layers (Fig. 2, 3) 

and down to 6 for s-polarization. These results are in 

remarkable coincidence with the behavior of BSA-FITC 

molecules studied earlier [3].   

 

 

 
Fig. 2. Dependence of the fluorescence enhancement 

factor on the number of polyelectrolyte layers (p- and s-

polarization of incident light). 

 
Fig. 3. A part of IgG-FITC photoluminescence spectra 

around its maximum for silver and glass surfaces covered 

by 3 polyelectrolyte layers (p-polarization of incident 

light). 

IV. CONCLUSION 

In conclusion, plasmonic enhancement of 

fluorescence up to 7 times was demonstrated for IgG-

FITC conjugates near silver nanoparticles. Nanostructured 

Ag films were formed by chemical route; the technology 

can be easily reproducible and applied for any other 

biomolecules labeled with FITC. 

. 
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I. INTRODUCTION 

Nanostructuring is known to significantly modify 

various properties of materials. Particularly, porosity 

induces a sharp increase in intensity of the near-band-

edge photoluminescence in anodically etched GaP along 

with the emergence of blue and ultraviolet luminescence 

[1-3], strong enhancement of the non-linear optical 

properties [9,10], enhanced photoresponse in n-GaP 

electrodes [4,5], birefringence [6] and porosity-induced 

modification of the phonon spectrum [7,8], thus offering 

many potential advantages for device applications. 

Nanostructuring is also expected to be a tool for 

modeling the photo-electrical properties of materials such 

as the long duration photoconductivity decay (LDPD), 

persistent photoconductivity (PPC), switching and 

memory effects [11-13]. It is known, that spatial barriers 

are responsible for these phenomena. Spatial barriers can 

be formed both by inhomogeneities of electrical 

properties and by nanostructured pattern of porous 

materials. 

Metastable defects are another cause of PPC, which 

have been particularly speculated for wurtzite-type GaN 

epitaxial layers [14]. Different mechanisms were 

considered as origin of PPC in GaN, such as defects with 

bistable character [14,15], AX [16] or DX [17,18] centers. 

The identification of the origin of PPC in GaN epitaxial 

layers is especially important taking into account their 

great potential for applications in ultraviolet detectors 

[19,20] and field effect transistors (FET) [21,22]. The 

existence of metastable defects in GaN does not seem to 

have a negative impact on light emitters, while the PPC 

behavior associated with these defects can have a 

significant effect on the characteristics of FET and UV 

detectors based on AlGaN/GaN heterostructures, 

including sensitivity, noise properties, dark level, and 

response speed [21,23]. 

The goal of this study is to compare the 

photoelectrical properties of bulk single-crystalline and 

porous GaP from the one hand, and bulk GaN epitaxial 

layers and nanomembranes, on the other hand, in order to 

gain insight on the mechanism of PPC in these two 

materials. The influence of the porosity on the spatial 

distribution of the potential barriers in GaP, and the 

possible origin of metastable defects responsible for PPC 

in GaN are discussed. 

II. SAMPLE PREPARATION AND EXPERIMENTAL 

DETAILS 

(111)-oriented n-GaP substrates used in the present 

study were cut from Te-doped liquid encapsulation 

Czochralsky-grown ingots with the free electron 

concentrations n1 = 2 × 10
17

 cm
−3

 and n2 = 1×10
18

 cm
−3

 at 

300 K. Porosity was introduced by anodic etching of 

samples for 30 min in a 0.5M aqueous solution of 

sulphuric acid at the current density 5mAcm
−2

 using a 

conventional electrochemical cell with a Pt working 

electrode. According to images obtained by a scanning 

electron microscope, the porous layers possess a 

honeycomb-like morphology with quasi-uniformly 

distributed pores, the average pore and skeleton thickness 

being about 150 and 50 nm for samples with initial carrier 

concentrations n1 and n2 respectively (let us denote them 

as porous samples GaP-1 and GaP-2). 

Coplanar ohmic Ni-AuGe-Ni contacts were 

evaporated on samples subjected to subsequent rapid 
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thermal annealing. White light from a Narva halogen 

lamp passed through a MDR-2 monochromator as well as 

an Ar
+
 laser beam was used for the photoconductivity 

(PC) excitation. Neutral density filters were used to 

reduce the intensity of the light at the sample. The 

samples were included in a circuit with a DC source and a 

electrometer for PC measurements. Since the PC decay 

time is long enough, a mechanical shutter was used in the 

PC relaxation experiments. The signal from the 

electrometer was introduced in an IBM computer via 

IEEE-488 interface for father data processing. The 

experiments were performed in a temperature interval 10 

– 300 K, the samples being mounted in a LTS-22-C-330 

Workhorse-type optical cryogenic system. 

The wurtzite n-GaN layers were grown by 

lowpressure MOCVD on (0001) c-plane sapphire 

substrates. A buffer layer of 25 nm thick GaN was first 

grown at 510 °C. Subsequently a 3 μm thick n-GaN layer 

was grown at 1100 °C. The concentration of free 

electrons was of the order of 10
17

 cm
–3

, while the density 

of threading dislocations was in the range of 10
9
–10

10
 cm

–

2
. 

A narrow self-supporting GaN membrane in the form 

of nanosheet was prepared by means of Surface Charge 

Lithography [24,25] through the following technological 

route. A rectangular area of GaN was treated by 30 keV 

Ga
+
 ions at a dose as high as 10

15
 cm

–2
 to ensure the 

formation of a mesastructure under subsequent PEC 

etching. In addition to this, direct “writing” of the 

nanosheet was realized by FIB processing around the 

rectangular area, with the ion fluence being more than 

three orders of magnitude less than that used in the central 

area. 

The sample morphology was studied using a VEGA 

TESCAN scanning electron microscope (SEM). A JEOL 

7001F field emission SEM equipped with a Gatan 

XiCLone cathodoluminescence (CL) microanalysis 

system was used for comparative morphological and CL 

characterization. The monochromatic CL images were 

collected using a Peltier cooled Hamamatsu R943-02 

photomultiplier tube. CL spectra were also collected with 

a PIXIS ccd camera with a 300 l/mm grating blazed at 

500nm. 

The radiation from xenon or mercury lamps passed 

through a monochromator as well as the 514 nm line of an 

Ar
+
 laser were used for the excitation of 

photoconductivity in bulk GaN layers and nanomebranes. 

The samples were simultaneously or consequently 

irradiated by two beams of monochromatic radiation. One 

beam of radiation, called further “source A”, provides 

either intrinsic or extrinsic excitation with photon energy 

hA > 2.0 eV. The second excitation source, called 

“source B”, provides extrinsic excitation with photon 

energy hB < hA. 

III.  RESULTS AND DISCUTIONS 

Figs. 2 - 6 compare the photoconductivity decay in 

bulk and porous GaP samples measured at temperatures 

of 150 K and 125 K at different excitation light 

intensities.  

 

 
Fig. 1. PC transient in bulk GaP1 at different light 

intensities and T=150 K. a) light-on; b) light-off. 

 

 
Fig. 2. PC transient in bulk GaP2 at different light 

intensities and T=150 K. a) light-on; b) light-off. 
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Fig. 3. PC transient in porous GaP1 at different light 

intensities and T=150 K. a) light-on; b) light-off. Inset is 

the SEM image of the sample. 

 

 
Fig. 4. The same as Fig. 3 but for porous GaP2 sample. 

 
Fig. 5. PC transient in porous GaP1 at different light 

intensities and T=125 K. a) light-on; b) light-off. 

 

 
Fig. 6. The same as Fig. 5 but for porous GaP2 sample. 
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One can observe from figures 1 - 6 that in both bulk 

and porous samples the PC decay consists of two 

components: fast and slow, the last being more evident in 

porous sample. 

The slow component manifests the characteristics 

inherent to LDPD: (i) LDPD is excited both by the 

intrinsic and extrinsic light; (ii) the PC relaxation is 

asymmetric in light on – light off; (iii) the transient time 

after the light turned on depends on the light intensity, it 

being decreased by the intensity increase, while the 

transient time after the light turned off is independent on 

the light intensity; (iv) the instantaneous transient time is 

temperature activated   = 0exp(Eb/kT), (the parameters 

0 and Eb will be discussed further); (v) the value of Eb 

increases during the relaxation, therefore resulting in a 

transient slower than exponential. At low temperature  

can reach too high values, that the conductivity apparently 

doesn’t change, i.e. the phenomenon of PPC is observed; 

(vi) the dependence of the slow component of the PC 

decay on the light intensity is sublinear, or it is linear at 

low intensities up to some Ic intensity and reaches 

saturation at higher light intensities. The value of Ic 

increases with increasing the temperature. 

It is well known [11-13], that the LDPD and PPC 

phenomena are explained by the formation of spatial 

potential barriers due to the inhomogeneity of the 

samples. Actually in both bulk and porous GaP samples 

we observe the above mentioned phenomena, but they are 

more evident in porous samples and their nature is 

different in bulk and porous material. 

The formation of randomly distributed potential 

barriers in bulk GaP is due to the high Te doping level 

and partial compensation. The amplitude of the potential 

relief in doped semiconductors is proportional to (1-K)
-1/3

, 

where K is the compensation degree [11]. With lowering 

the temperature the compensation degree increases and 

the potential relief becomes more pronounced. One can 

see also from a comparison of Fig. 1 and Fig. 2 that the 

photoconductivity relaxation time is by a factor of three 

higher in the sample GaP2 as compared to GaP1. This 

difference is due to the increase of the compensation 

degree with increasing the free carrier concentration from 

2*10
17

 cm
-3

 in sample GaP1 to 1*10
18

 cm
-3

 in sample 

GaP2. 

In porous GaP the potential barriers are induced by 

porosity and they can be controlled by the morphology 

and porosity degree of the material. 

The formation of spatial barriers in porous GaP was 

previously confirmed by thermally stimulated current and 

Raman spectroscopy [26]. The value of the local electrical 

fields in the porous sample produced from the substrate 

with carrier concentration of 1*10
18

 cm
-3

 deduced from 

these experiments is of the order of E0 5x10
4
 V/cm [15]. 

Taking into account the 50 nm dimensions of the pores 

in this sample one can calculate the value of Eb  250 

meV. LDPD and PPC are caused by the separation of the 

photo-excited carriers by these electric fields. Since in 

that case the carrier recombination is determined by the 

necessity to overcome the potential barrier Eb, the life-

time of the excited carriers is described by the 

dependence  = 0exp(Eb/kT) and their stationary 

concentration is n = I0{Eb(n)/kT}, where  and  

are the absorption coefficient and quantum yeld, 

respectively; I stands for the light intensity, and 0 is the 

recombination time when the height of the potential 

barriers equals zero. 

The value Eb derived from the temperature 

dependence of the mean value of the instantaneous time 

varies in the diapason 50 – 500 meV depending on the 

porosity degree. For instance, for the porous sample GaP1 

it equals 110 meV (Fig. 7), while for the porous sample 

GaP2 in is around 210 meV (Fig. 8). The last value 

correlate well with the value of 250 meV estimated from 

Raman spectroscopy data. Raman spectroscopy also 

suggests a significantly lower value of the potential 

barrier for the GaP1 sample as compared to the GaP2 one. 

 

 
Fig. 7. Normalized PC decay in porous GaP1 at different 

temperatures. Inserted is the temperature dependence of 

the instantaneous time. 

 

 
Fig. 8. The same as Fig. 7 but for porous GaP2 sample. 

 

Evidently, the separation of the excited carriers creates 

electrical fields opposite to the existing potential barriers, 

therefore decreasing the amplitude of the potential relief. 

Then, the dependence n(I) is sublinear except for the 

linear region at very low light intensities, where the value 
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of n is too low to change significantly  the value of Eb. 

At high light intensities the n is saturated. 

As one can see from Fig. 3 and Fig. 5, the slow 

component of the relaxation is far from saturation in the 

porous GaP1 sample at 150 K under the excitation of 125 

mW (I0/40), while it is close to saturation under these 

conditions of excitation at 125 K. With increasing the 

excitation intensity from 125 mW to 500 mW, the 

photocurrent increases by a factor of 1.2 only at the 

temperature of 125 K. The effect of saturation is even 

more pronounced in the GaP2 sample, so that the 

photocurrent is practically totally saturated at 125 K at the 

excitation power of 125 mW (Fig. 6). 

Another is the mechanism of persistent 

photoconductivity in bulk GaN layers and 

nanomembranes, it being related to metastable defects, 

which were also suggested to be responsible for the 

yellow luminescence in GaN. 

Figure 9 presents the cathodoluminescence spectra of 

a bulk GaN layer and a nanomembrane. One can see that 

the yellow luminescence band with the maximum at 

around 2.2 eV is much more intensive in the 

nanomembrane as compared to the bulk layer. 

 

 
Fig. 9. CL spectra of a bulk GaN layer and a 

nanomembrane measured at 300 K. Inset is the SEM view 

of a  narrow self-supporting GaN membrane. 

 

The relationships between the yellow luminescence, the 

persistent photoconductivity (PPC), and the optical 

quenching (OQ) of photoconductivity have been 

previously investigated in GaN. Some authors suggested 

that PPC is related to yellow luminescence (YL) 

[14,27,28], while other found a relation between the 

yellow luminescence and OQ [29,30]. A detailed study of 

various GaN layers [31] by exciting the samples with two 

beams of monochromatic radiation of various 

wavelengths and intensities demonstrated that no 

correlation exists between PPC and yellow luminescence 

intensity, while  a relation between PPC and OQ of 

photoconductivity was evidenced. These relations were 

described by a model stating that the PPC effect is 

associated with electron traps located at Ec – 2.0 eV, 

while OQ of PC arises from hole traps with the energy 

level near Ev + 1.0 eV. It was suggested that the deep 

defect involved in PPC is related to the nitrogen antisite, 

while gallium vacancy is responsible for OQ. 

Figure 10 compares the effects of PPC and OQ in bulk 

GaN layers and nanomembranes. The persistent 

photoconductivity is induced by a radiation “source A” 

with wavelength of 365 nm, and the effect of the second 

excitation form the “source B” is investigated. 

 

 
Fig. 10. a) The PC kinetics in a bulk GaN layer (a) and a 

nanomembrane (b) excited by a radiation source with 

wavelength of 365 nm followed by a second excitation 

with various wavelengths. 

 

It is evident from Fig. 10 a, that the second excitation of 

bulk GaN layers with the radiation “B” induces PPC 

rather than OQ independently on the wavelength of 

radiation from the source B. 

It was previously shown [31] that in bulk GaN layers 

OQ of photoconductivity occurs providing that the photon 

energies of the light sources satisfy the relations: (i) hA > 

2.0 eV; (ii) 1.0 eV < hB < 2.6 eV; (iii) hB < hA. 

Additionally, it was demonstrated that OQ of 

photoconductivity occurs only at low intensities of the 

source B radiation, if its quantum energy is from the 

interval 2.0 eV < hB < 2.6 eV. On the other hand, the 

persistent photoconductivity is never quenched in bulk 

GaN layer.  

Another behavior is observed in the GaN nano-

membrane. As one can see from Fig. 10b, the radiation 

with the wavelength longer than 500 nm (the quantum 

energy hB < 2.5 eV) produces OQ of the PPC induced by 
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the first source of radiation with the wavelength of 365 

nm. 

Therefore, one can suggest that the density of defects 

responsible for OQ of photoconductivity, including PPC, 

is significantly higher in GaN nanomembranes as 

compared to GaN layers. The metastable defects 

responsible for OQ in GaN were identified as gallium 

vacancies [31]. On the other hand, a strong YL was 

revealed in a surface layer of GaN nanowires as compared 

to weak YL in the bulk by studying the spatial 

distribution of defect-related and band-edge luminescence 

from GaN nanowires [32]. It was found that the surface 

YL layer completely quenches the band-edge 

luminescence as the nanowire width approaches a critical 

dimension. The surface YL was attributed to the diffusion 

and piling up of mobile gallium vacancies at the surface 

during growth. Taking this into account, one can suggest 

that the enhancement of YL in ultrathin suspended GaN 

membranes produced by surface charge lithography and 

the OQ of PPC are related to each other, and both these 

phenomena can be attributed to the same point defects 

which are more likely gallium vacancies. 

IV. CONCLUSION 

The results of this study demonstrate that the 

mechanisms responsible for persistent photoconductivity 

in nanostructured GaP and GaN are different.  The 

persistent photoconductivity in bulk and nanoporous GaP 

is due to randomly distributed potential barriers which are 

related to the high Te doping level and partial 

compensation in bulk samples and to the nanostructured 

pattern in porous samples. The study of photoelectrical 

properties of bulk GaN layers and ultrathin membranes 

under excitation with two beams of monochromatic 

radiation of various wavelengths, where the first beam of 

radiation induces photoconductivity, while the second 

beam is used for the investigation of optical quenching 

effects, demonstrate the enhancement of optical 

quenching of photoconductivity in ultrathin GaN 

membranes as compared to bulk GaN layers. Taking into 

account the results of previous investigations and the 

results of this study, one can suggest that these two 

phenomena, i. e the enhancement of YL and the OQ of 

PPC in ultrathin membranes, are related to each other, and 

both these phenomena are due to the same point defects of 

gallium vacancies. 
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I. INTRODUCTION 

Nanoparticles (NPs) are a class of particles that, 

because of their unique optical properties, show great 

potential for incorporation into numerous consumer, 

industrial, and medical products. NPs are semiconductor 

fluorescent nanocrystals whose unique chemical, 

physical, and optical properties make them ideal for use in 

a variety of applications in electronics, computing, and 

biomedical research [1]. 

 Various polyoxometalates (POMs) exhibit an 

inhibitory effect on the cancer cell lines [2]. We have 

found an inhibitory effect in selenium-containing POMs 

with respect to SH-SY5Y cell line [3]. The conjugation of 

the active form of POMs with photoluminescent CdSe 

nanoparticles (nanomarkers) would make it possible to 

study the mechanism of the inhibitory effect of POMs. 

II. METHODS 

Chemicals. β-Ala (alanin) (Aldrich, 90%), 1-

thioglycerol(TG), tetramethylammonium hydroxide 

pentahydrate (TMAHP) (Aldrich, 99.999%), were used as 

purchased without further purification. Anhydrous, 

hexane,chloroform,acetone,1,4-dioxane,methanol 

(Aldrich, 90%), were purchased from different companies 

and used without further purification. CdSe nanoparticles 

were prepared according to the moderate stirring 

technique described in [3].Synthesis 

Na7[Cu3Na3(H2O)9(-SeW9O33)2]·11.5H2O(I)  was 

described in [4]. 

 

Synthesis  

Ala2Na5[Cu3Na3(H2O)9(-SeW9O33)2]·10 H2O(II) 

 

 

 

 

 

 

 

 

 

Complex Na7[Cu3Na3(H2O)9(-SeW9O33)2]·11.5H2O(I)  

(08 g , 0,2 mmol) was dissolved in H2O(II) (40ml, pH 

4.5). β-Ala (0.2 mmol) was added to the solution (1:4).  

The solution changed color from green to blue. Blue 

crystals approached in several hours.  

Yield, %: W 60,00; Сu 3,58; Sе 4,02; Н2O 7,45. 

Found,%: W 60,65; Сu3,51;Sе 4,68; Н2O 7,58 .N; C; 

 

Synthesis of Thiol-Coated Nanocrystals CdSe. Ligand 

exchange and water solubilization.  

   Cadmium selenide nanoparticles were prepared by 

the colloidal method [5]. 

CdSe QDs were water-solubilized by replacing the initial 

hydrophobic surfactants (OA) with 1-thioglycerol(TG) 
(9)

. 

A 10 mg amount of TG and 5.0 mg of QDs were 

dissolved in 30 mL of solvent. Two solvent systems were 

compared: methanol and a 1:1 mixture of 1,4-dioxane and 

methanol. The solution was adjusted to pH10 with 

TMAHP. 

       The flask was purged with N2, and the temperature 

was raised to 70 °C. Samples were removed from the 

reaction at specific times during the exchange. 

Hydrophilic QDs were purified from hydrophobic QDs 

and the exchanged OA and TG ligands by adding ethyl 

acetate to the solution. TG-capped QDs aggregated, and 

the solution was centrifuged at 3 000 rpm for 45 min. The 

supernatant was discarded, and the pellet was redissolved 

in water (adjusted to pH 6.87 with phosphate buffer). This 

procedure was repeated at least three times.  

       The flask was purged with N2, and the temperature 

was raised to 70°C. The samples were removed from the 

reaction zone at specific times during the exchange. 

Hydrophilic QDs were purified from hydrophobic QDs 

and the exchanged OA and TG ligands by adding ethyl  

 

 

 

 

 

A Study of the Conjugation of CdSe 

Nanoparticles with Functional Polyoxometalates 

Involving Aminoacids 
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acetate to the solution. TG-capped QDs aggregated, and 

the solution was centrifuged at 3 000 rpm for 45 min. The 

supernatant was discarded, and the pellet was redissolved 

in water (adjusted to pH 6.87 with a phosphate buffer). 

This procedure was repeated at least three times.  

          To conjugate POMs to NPs, we conducted a special 

reaction between an aqueous solution of thioglycerol-

modified cadmium selenide and a solution of the complex 

in a water medium. The absorption spectrum was 

measured. The solution maintained stability for 1 month. 

 

Nanocrystalline sample characterization.  

          High-resolution transmission electron microscopy 

(HRTEM), powder X-ray diffraction (XRD), and infrared 

absorption spectroscopy (IR) were used to characterize 

the size, shape, structure, and composition of the CdSe 

nanocrystals and polyoxometalates the powder XRD data 

were recorded with CuK α radiation (  = 1.5406 Å) using 

Scintag and PAN analytical X'Pert Pro diffractometers, 

both operating in the Bragg–Brentano geometry. Samples 

for the XRD measurements were prepared by the 

deposition of concentrated CdSe colloidal solutions in 

chloroform or trichloroethylene onto a glass substrate. 

The 2 range was scanned from 20° to 80. A Philips CM 

30 transmission electron microscope (TEM) equipped 

with a Super-Twin lens and LaB6 emitter was used for 

HRTEM measurements. TEM were prepared by the 

deposition of a drop of a dilute colloidal solution in 

chloroform, hexane, or trichloroethylene on a carbon-

coated copper grid (200 mesh), allowing slow evaporation 

at room temperature. X-ray powder diffraction by 

depositing the colloidal solution onto a glass substrate 

drop wise.  

III. RESULTS AND DISCUSSION 

The crystal structure of Na7[Cu3Na3(H2O)9(-SeW9O33)2] 

11.5H2O (I) has been synthesized and determined by 

single-crystal X-ray analysis. Compound I crystallizes in 

monoclinic space group P21/c with a=17.8386(7), 

b=19.6118(6), c=26.8254(13) Å, =117.905, 

V=8293.6(6) Å
3
. The structural analysis reveals that the 

anions {[Cu(H2O)]3[Na(H2O)2]3[X2W18O66]}
7-

, X = Se are 

the basic building units in both compounds. Each 

polyoxoanion consists of two [-XW9O33]
8-

, where (X = 

Se
IV

, , moieties linked by three (CuO5)
2+

 and three 

(NaO8)
1+

 units resulting in a sandwich-type structure 

 {[-XW9O33]
8-

-(Cu
II
O5)

2+
3(Na

I
O8)

1+
3-[-XW9O33]

8-
}

7-
. 

The sandwich-belt consists of three edgesharing 

tetrahedral pyramids of {CuO5} and three {NaO8} 

octahedrons which condensed together and liked through 

common edges the [-XW9O33] hemispheres. Three Cu 

atoms in I form the isosceles triangle with distances Cu1–

Cu2=Cu1-Cu3=4.84(1) Å and Cu2-Cu3=4.80(1) Å.  

 

 

 
      

 

 

Fig.1Polyoxoanion 

{[Cu(H2O)]3[Na(H2O)2]3[Se2W18O66]
7-

 

 

IR spectrometric study of complex (1) showed the 

presence of the following absorption bands: 3550 – 3200, 

1630, 960, 880 – 870, 830, 770, 720, 630, 550, 470, 370, 

325 cm
1

, which are characteristic of polyanion 

[Cu3Na3(H2O)9(-SeW9O33)2]
 7-

   

 

Complex (2) exhibit absorption bands characteristic of 

both polyanion [Cu3Na3(H2O)9(-SeW9O33)2]
 7
 
-
 and beta-

alanine molecules. The peaks at 1328 and 1131 cm
-1

 are 

attributed to ϒ  (C-H) and ϒ ( NH3
+
) pertaining to в-

Alanine molecules, respectively. 
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2
 

Fig.2. Typical powder diffraction pattern of CdSe 

QDs 

A typical powder diffraction pattern of the produced CdSe 

nanocrystals is shown in Fig. 2. XRD revealed three 

broad peaks positioned at 2θ = 25.37,  
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42.04, and 49.63° with corresponding interplanar spacing 

of 3.51, 2.15, and 1.83 Å, respectively. These peaks are 

assigned to the (002), (110), and (112) planes of the 

wurtzite structure of CdSe. The brodening of the 

diffraction pattern for CdSe implies a reduction in particle 

size. An average size of 3–3.5 nm for the CdSe 

nanoparticles was estimated from the X-ray powder 

diffraction data using the Scherrer equation 

.  

 

.  

 

. Fig. 3. High-resolution transmission electron microscopy 

image of low aspect ratio CdSe NPs. 

 

 
Fig .4. FTIR transmission spectra of (1) thioglycerol, (2) 

typical CdSe/TG dots sample. 

 

Figure 4 compares the IR spectra of 1-thioglycerol 

and theas-prepared CdSe QDs sample. 1-thioglycerol (1) 

has characteristic peaks at 2560 and 3400 cm
-1

, which are 

assigned to the SH and OH stretching vibrations, 

respectively. The IR spectrum of the as-prepared QDs in 

(2) shows the main bands due to 1-thioglycerol, except for 

the SH stretching band at 1360 cm
-1

. The disappearance 

of the -SH vibration of 1-thioglycerol clearly indicates 

that this reagent is chemisorbed onto the QDs, and that 

the OH functional groups remain intact on the particles. 

The QDs are thus hydrophilic and water soluble and the 

OH functionalities are available on the surface for further 

chemical modification. 
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Fig.5. The absorption spectra of hidrig solution colloidal 

solution CdSe/TGNPs with 3,5nm; 1- POM(1) and 2- β-

AlaPOM(2), 3- hydric colloidal solution CdSe/TGNPs 

with 3,5nm 4- CdSe/TG@β-AlaPOM 

 

Complex (2) exhibit absorption bands characteristic of 

both polyanion [Cu3Na3(H2O)9(-SeW9O33)2]
 7

 
-
 and beta-

alanine molecules. The peaks at 1328 and 1131 cm
-1

 are 

attributed to ϒ  (C-H) and ϒ ( NH3
+
) pertaining to в-

Alanine molecules, respectivelyAla molecules were 

coordinated to on isolated  Cu
2+

 cation and thus formed a 

[Cuβ-Ala)2(H2O)2]
2+

 two such complexes were covalently 

linked to the 

[Cu3Na3(H2O)9(-SeW9O33)]
7
 
-
 by two µ– oxygen atoms 

 [6]  

The UV  spectra 199nm -350nm are indicated in Fig4. 

Bond the UV-spectra hare two absorption bands 210 and 

230nm for (1), 350 and 360nm for (2). 

The strong band at ca.200-250 is attributed to the harde 

transfer of Ot       W,and the weak band at.a. 300-350nm 

is due to that of Ob/Oc   W ,typocal for  

polyoxometalates. UV  spectra CdSe/TG@β-AlaPOM is 

placed in in the absorption spectru of polyoxometalates 

and colloidal solution quantum dots CdSe  /TGNPs (3). 

Typical absorption of polyoxometalate, polyoxometalate 

with alanine, quantum dots CdSe  and conjugated system 

CdSe / TG @ β-AlaPOM  is situated in the visible fild of 

the spectrum. 

 Possibility to exist of the alanine group in acid media is 

protonated, and an electrostatic interaction with CdSe/TG 

NPs can occur, as evidenced by the formation of a stable 

color solution. 

IV. CONCLUSIONS 

 

CdSe NPs and polyoxometalates were synthesized  

surface modification with 1-thioglycerol and (β-Alan) 

was carried out. Polyoxometalates  were conjugated to the 

nanoparticles. 
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I. INTRODUCTION 

Quasy-one-dimensional (Q1-D) nanoarchitectures, 

such as nanowires, nanorods, and nanoneedles have been 

synthesized and attracted great attention in the materials 

research community [1]. This attention is motivated by 

the physical and chemical properties, which are highly 

dependent on the aspect ratio and shape and can enhance 

sensorial properties [1-3]. In this context, rutile tin oxide 

SnO2, an n-type semiconductor with a wide band gap 

(Eg=3.62 eV at 300 K), and excellent optical and 

electrical properties, is a strategic material for a range of 

technological applications [4]. Its uses include ultra-

sensitive gas sensors [5], optoelectronic devices [6], and 

anode material for lithium batteries [7].  

Tin oxide nanostructures have been grown by the 

vapor-liquid-solid (VLS) method [6], chemical vapor 

deposition [8], thermal evaporation [1, 9], etc. All these 

techniques require a high growth temperature (about 900 

C or higher), which makes them difficult for certain 

device applications [10]. Guo et.al [11] has reported a 

low-temperature hydrothermal synthesis of SnO2 

nanorods at 160 C, but the process requires at least 12 h. 

Vayssieres and Graetzel [12] reported SnO2 nanorods 

arrays grown on F-SnO2 glass substrates by aqueous 

thermohydrolysis at 95C for 2 days. 

In this work, a facile and rapid hydrothermal method 

was used to synthesize long SnO2 nanoneedles at low 

temperature (95C). The microstructures of the 

synthesized SnO2 nanoneedles/nanowires were 

investigated by SEM, X-ray diffraction and SAED 

techniques. 

II. EXPERIMENTAL 

Rutile-structured SnO2 nanoneedles/nanowires were 

synthesized at a low temperature via hydrothermal 

method without any other seeds, templates or surfactant. 

A solution containing tin chloride [SnCl45H2O, 0.01M-

0.03M] (purity 99.5%) and ammonia [NH4(OH), 29.5%] 

(Fisher Scientific) was employed for growth of tin oxide 

nanoneedles and nanowires. Both reagents were used in 

the received form without further purification. A 

hydrothermal reactor [2-3,13] with a cap was filled with 

aqueous solution. More technological details can be found 

in our previous work [2-3,13]. 

III. RESULTS AND DISCUSSIONS 

Figure 1 shows the XRD patterns from the tin oxide 

samples which demonstrates the SnO2 tetragonal rutile 

structure with lattice constants a=b=0.4743 nm and 

c=0.3186 nm, which match well with the standard XRD 

data file of SnO2 (JCPDS-041-1445)(ICSD data) [14]. 

The peaks were sharp indicating high crystallinity of 

SnO2 nanoneedles.   

 

 
 

Fig. 1. X-ray diffraction XRD pattern of SnO2 nanostructures. 

 

Figure 2 shows the SEM morphologies of the SnO2 

nanoneedles/nanowires prepared through the 

hydrothermal reaction. The nanoneedles have a uniform 

length of about 10-20 µm and diameters of about 0.1-0.2 

µm (Fig 2a). In the inset of Figure 2 the end planes of the 

SnO2 nanoneedles clearly reflect the tetragonal symmetry.  

The morphology of nanoneedles was found to be 

dependent on the synthesis conditions. The dimensions 

and aspect ratio are a function of growth time, 

temperature and Sn
+
/OH

-
 ratio in solution (not shown 

here).  

Facile Synthesis and Properties of Single-

Crystal SnO2 Nanostructures 

Abstract — Single-crystal tin oxide (SnO2) nanostructures with rutile structure have been synthesized 

through a facile hydrothermal process. The morphologies and structural properties of the 

nanorods/nanoneedles/nanowires were characterized by scanning electron microscopy (SEM), selected area 

electron diffraction (SAED), and X-ray diffraction (XRD). The SEM images reveal tetragonal nanoneedles in 

cross-sectional view. The XRD peaks indicate a typical rutile phase of the SnO2. The effects of the synthesis 

parameters on the growth mechanism are discussed. 

Index Terms — SnO2, nanostructures, rutile, SEM, nanoscale materials. 
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Fig. 2. SEM image of SnO2 nanostructures and inset is the end planes 
of the SnO2 individual nanowire. 

 

Thus, by this method, we also synthesized SnO2 

nanorods and thinner nanowires by decreasing the 

concentration of SnCl4 in solution. The products consisted 

of nanowires as well as nanoparticles. The diameters of 

tin oxide nanowires are in the range of 100-150 nm with 

lengths of the order of 20-100 µm.  

 

 
 

Fig. 3. SAED image of SnO2 nanostructures. 

 

A typical selected-area electron diffraction (SAED) 

pattern (Fig 3), indicates that the nanowires are high 

quality with rutile SnO2 structure. According to the SAED 

pattern taken, the growth direction of SnO2 nanoneedles is 

along [101] direction. This is in agreement with reports 

[15]. 

IV. CONCLUSION 

In summary, we investigated the synthesis of SnO2 

nanoneedles/nanowires by a low-temperature 

hydrothermal method at relative low temperature. The as-

grown SnO2 nanoneedles have diameters of 100 nm and 

lengths of 10-20 µm. The individual straight nanoneedles 

have a rectangular cross-section. The SAED and XRD 

pattern demonstrates that the nanoneedles/nanowires are 

single crystalline SnO2 with rutile structure. 
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I.  INTRODUCTION 

The phenomena of heat transfer process enhancement 

in liquids and gases by electrostatic fields are well known 

[1-4]. Initially, some authors considered the information 

on these phenomena and similar ones to be rather 

sensational as it was implied the field action on the 

medium molecular thermal conduction itself. But later it 

emerged that the reason for the observed significant 

enhancement of heat transfer in liquid dielectrics and 

gases under the action of external electric fields are the 

electrohydrodynamic (EHD) phenomena, and, more 

precisely, electric convection [3, 5, 6], which is similar to 

the gravity natural one, but is caused by the electric nature 

forces which are collectively known in literature as 

ponderomotive ones [7]. These forces appear to be rather 

complicated depending on many factors such as if the 

medium as an ideal dielectric or real one with low 

conductivity, if the field is homogeneous or not, etc.    

It is possible the field effect on the molecular thermal 

conductivity, however, it is not so far found 

experimentally. At the same time, the possibility of the 

electric field action on the process of mass transfer at the 

ion-molecular level has been proved experimentally [9] 

and analytically [10] through the investigations of the 

electrostatic field influence on the solubility of distilled 

water in sunflower oil. It has been considered the motion 

of molecules and ions due to diffusion, as well as owing 

to migration under the action of external electric forces of 

dipole nature acting on neutral molecules of water H2O, 

and purely coulomb ones, acting on the ions of hydroxyl 

OH
-
 and hydroxonium H3O

+
, the concentration of which 

in water is rather big and determines its pH-degree. The 

general conclusion is that purely coulomb mechanism of 

 

 

 

 charge transfer through the medium is responsible for the 

electric field effect on the solubility of water in oil. 

Consequently, one should keep this in view when 

searching for the possibilities to control mass transfer in 

general. It is not for nothing that when dielectric liquids 

[12] and gases [13] are cleaned from contaminants they 

are preliminary exposed to electric charging. In the case 

of gases this is usually achieved at the treatment of the 

dispersed medium within the corona charge field [13, 14]. 

It has been found that the corona discharge regularities 

also occur in dielectric (low conducting) liquids in the 

presence of highly nonhomogeneous fields. Therefore the 

methods of electric charging of particles in the corona 

discharge field are also used successfully in the case of 

electric cleaning (EC) of liquid dielectrics [15, 16].   

The investigations of EC showed that its efficiency 

decreases with the reduction of the disperse particle 

dimensions and at present such liquid media, the 

dispersion degree of which is more than deciles of a 

micron, are exposed to EC. However, the onrush of 

nanotechnologies makes one give thought to the problems 

to control the motion of nanoparticles by external actions 

including the effects of electric fields. The authors of this 

article, referring to the EC sphere, decided to analyze the 

main regularities of mass transfer at EC at viewing angle 

of the application of the proven methods to the submicron 

level, including nano level. The above mentioned facts 

concerning the influence of the degree of dispersion on 

the EC effect show that no one can expect a high 

efficiency of the field action on the processes of our 

interest. Nevertheless, we think that it is early to exclude 

the existence of new approaches which can favor some 

positive improvements. In particular, the case in hand is 

the problem hydrodynamic aspects.   

On Control of Submicron Particles  

by Electric Field 

Fedor GROSU, Mirca BOLOGA 

Abstract — The phenomena of the mass transfer of dispersed microparticles under the action of an external 

electrostatic field with the aim to control their motion, primarily, to separate them from the closed phase, are 

considered. The questions on the density of the particle mass flux and its physical parameters such as the 

forces moving the particles in the electric field, mass and partial concentration of dispersions, their 

dimensions and charges, as well as the influence of these parameters on the mass transfer regularities are 

discussed. It is presented a simple approach on the minimum of the potential energy of the “particle-

surrounding ions” system when the problem on the particle charging in the ion field, say, of corona discharge 

is being solved. Particle potential energy stationary distributions of the mass concentration, particularly, the 

Boltzmann distribution has been obtained through analyzing a general expression for the mass flow density. 

It is presented the main convective diffusion equation which is revised to the case of an electric wind at 

corona discharge, as well as the simplest nonstationary equation for the residual concentration within the 

emitter zone of an electric filter which can be designed on the basis of the equation solution.   

Index Terms — mass transfer, electric field, electric wind, charge and particle radius. 
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II. THE FORCES ACTING ON A PARTICLE IN THE 

EXTERNAL ELECTROSTATIC FIELD  

In practice the most frequent is the case of the action 

on a particle of the force with purely coulomb nature  
 

          
1 qF E ,                                 (1)   

 

where  q is the particle charge; E is the vector of the 

electric field strength in the particle location point.   The 

difficulties in the case of formula (1) application are 

mainly connected with determination of the particle 

electric charge q, which is known to increase with the 

growth of the particle dimensions. 

If the particle is electrically neutral, it is also subjected to 

the action of the external electric field due to its polarity, 

the applied force being initially potential one [17]:   
  

                 
2 ( ) F P E ,                        (2) 

 

where Р is the electric dipole moment of the particle. 

From expression (2) it follows that the force appears only 

in the nonhomogeneous electric field, as  Р ~Е=>Р∙Е~Е
2
. 

Finally, there exists a class of media, for example, 

colloids, the particles of which have a double electric 

layer and, so called “th potential”  [18],  consequently, 

some charge  с1. The force, which acts on the particle in 

such a case, is as following: 
 

                   1c  
3

F E ,                           (3) 

 

where с1  is the proportionality constant. 

 

The mass flows are determined by these three forces 

which can be also applied to the particle simultaneously. 

Assuming in (1) and (3) the coefficient at E constant, note 

that all the forces are potential ones with the meaning of 

the potential energy W, which all three cases are given by 

the following formulas:  

                1W q   ;                               (4) 

                2W   P E ;                            (5) 

                3W c   .                             (6) 

In formula (4) the particle charge does not depend on the 

coordinates. The same refers to the coefficient at   in 

(6). Here  means the electric potential through which the 

strength Е =  .  

Proceed to the discussion of mass flows beginning with 

their density.  

III. THE MASS FLOW DENSITY 

This physical quantity is a vector and it is given by a 

well-known formula [19]: 
 

                D c b c     i F ,                 (7) 

 

where c is the mass concentration of particles;   is the 

medium density; D is the diffusion coefficient; b is the 

particle mobility coefficient by the force F , in contrast to 

Ek  by the field strength (see below). The force F is 

given by one of expressions (1)-(3) or through the 

potential energy according to the general formula: 
 

W F     (8) 
 

by expressions (4) and (5). 

The mobility coefficient can be calculated by the Stokes 

formula [19]  

1

6
b

r
 ,    (9) 

where r  is the radius of the particles assumed spherical;

  is the medium dynamic viscosity coefficient. 

Please note that the mass flow given by formula (7) is 

through one with no allowance for the convective 

constituent which will appear below when the convective 

diffusion equation is generated.   

The first summand in (70 is a diffusion one. In this case 

the diffusion coefficient can be calculated by the Einstein 

relation [19] 
 

D bkT  , 
 

which in terms of (9) gives: 
 

6

kT
D

r
     (10) 

 

where k is the Boltzmann constant; Т is the absolute 

temperature of the medium. The second summand in (7) 

is the flow density of the particles, caused by their motion 

under the action of external electrostatic forces (1)-(3). As 

is seen from (7) and (9) the radius of the particles 

decreasing, the flow of them must grow, but on the hand, 

when the radius increases all the coefficients at E in the 

formulas for forces (1)-(3) also rise and possibly quicker 

than in the first degree, therefore, as a result the mass 

flow decreases with the growth of the particle dimensions, 

being practically observed.   

Please note that the flow on the right side of (2) may have 

opposite directions but may also coincide depending on 

the direction of the second flow called a migration one. 

The second case may happen in the course of injection of 

one substance into another, for example, medically.   

In the context of the mass transfer processes at the 

submicron level it is pertinent to note how the particle 

dimensions influence the transfer under the action of 

electric fields.  

It follows from equation (7), formulas (9) and (10) that 

the decrease of the particle radius r results, in inverse 

proportion, in the growth of the mass flow I, as  Db1/r, 

and it is real with respect to the mass concentration c. 

However, if we pass from this concentration c to partial 

one n, i.e. to the number of particles per volume unit, 

than, for the mass concentration determined by the 

following formula:  
 

3

0 0 01 4

3

V nm r
c n

  

  

 
     , 
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where 
1m is the mass of all the particles per volume unit ; 

0  is the particle substance density; 
0V  is the volume of 

the particles, we can make a conclusion that the density of 

the mass flow of the particles grows as the square of their 

radius. These notes equally refer to the both flows in right 

side of (7). However, there exist some specific features of 

the migration (“electric”) flow mainly imposed by the 

electric charge q in the formula for force (1) to which we 

now restrict ourselves.  

There are formulas to determine this charge, see, for 

example, [13]. All of them results in the growth of the 

particle charge when the radius increases. We suggest 

somehow another approach to derive a formula for the 

particle charge based on the principle of the system 

potential energy minimum, which is rather transparent 

and makes possible further generalizations.  

Let initially neutral spherical low conducting particle with 

radius R is surrounded by N0  ions with radius r0, charge q0 

and N ions pass to the particle. Then the total energy of 

the system is as follows:  
2 2 2

0 0
0

0 0 0

( )
8 8

q q N
U N N

r R   


     

 

Putting to zero the N-derivative of this function, we 

obtain the following formula for the particle charge: 
 

0 0( / )Q N q R d q    , 

 

where 02d r  is the ion diameter. The simplicity of this 

formula apparently shows that it may be used with the 

aim of estimations but not rigorous calculations. 

Assuming (for the nanoparticles)  R  10
-8

 м, r  10
-10

 м, 

we obtain  Q  10
2

0q  – a realistic value. 

Subsequently we consider the stationary states (

0t   ), among which the Boltzmann equilibrium 

one.  
3.1. Boltzmann distribution. This distribution is 

obtained at I = 0 which means the dynamic equilibrium 

between the diffusion flow (the first summand in (7) and 

migration one at the expense of electrostatic forces (the 

second summand in (7)). Besides, it is implied  = const, 

b =const, with the meaning of independence on the 

coordinates. Equating the right side of (7) to zero, we 

obtain the following homogeneous equation: 

 

0D c b c    F , 

 

the solution of which in terms of (8) is as follows: 

 

          0

/( )W Tkc c e 
  .                   (11) 

 

For the particular case of equilibrium in the field of 

gravity forces with the potential energy of the particles 

W = 0m g z  , where 0m  is a single particle mass we 

obtain a well-known distribution 

                         0
0

( ) /( )m g z k T
c c e

   
  . 

Similarly, substituting into (11) the expressions for 

potential energies (4)-(6), we receive the corresponding 

electric distributions for the cases of electric forces, 

respectively: 

              0

( ) /( )q k Tc c e   
  ,             (12) 

supposing 
0 = 0 corresponds to the concentration 

0c . 

Thus, positively charged particles will accumulate near 

the grounded electrode, where 
0  = 0, and negatively 

charged ones will gather far from it.   

For the case of ideal particles we have from (5) 
 

                
( ) / )(

0
k Tec c    P E

,                 (13) 

 

And, as the vector of the dipole moment P is nearly 

always parallel to the vector of the electric field strength 

E, it follows from distribution (13) that dielectric particles 

(at q =0) should gather into the region of high field 

strengths. The case of force (6) is similar to (4) and the 

distribution has the following form: 

1
0

( ) /( )c k T
c c e

   
  . 

3.2. Generalization of the Boltzmann distribution 

in the case i = const, F = const. Here there happens the 

preponderance of one of the flows in the right side of (7) 

over another. Namely, if the resulting flow i is directed 

against the particle concentration gradient, than the 

diffusion process predominates, and vice versa. 

The concentration distribution in this case is found 

from nonhomogeneous equation (7) as the sum of the 

general solution (11) of the homogeneous equation, 

discovered above, and a particular solution of the 

nonhomogeneous one which with an accuracy to the 

constant multiplier is i . Thus,   
 

exp[ /( )] /( )W k Tc c b     i F ,       (14) 

 

where the division of two vectors in (14) is admissible as 

they are supposed collinear. Besides,  c
 is a new 

arbitrary constant and is found from the following 

condition:  
 

00
/( )

W
c c b c


  i F . 

 

Hence 

0 (1 )

W W

T Tk ke e
b

c c


 

     
i

F
.       (15) 

At i = 0 from (15) there follows particular case (11) – 

the Boltzmann distribution. Within the region of small 

potential energies (W = 0) the distribution is close to the 

initial one– с0. At large ones (W → ∞)  

the distribution of concentrations becomes such without 

regard for diffusion and F = const. Usually this 

corresponds to the far regions of the processes. For 
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illustrative purposes we apply formula (15) to the field of 

gravitation: 

  
0

0 0

(1 )T T

m g z m g z

k ke e
b

c c


 

     
i

F
.   (16) 

This distribution corresponds to the continuous fall of 

particles from high altitudes under the gravity forces 

keeping below (at z=0) a constant concentration с0=сопst 

and constant flow of particles at the high altitudes z. 

Similar physical situations may be observed in electric 

fields. The constant multiplier at brackets (15) we denote 

с∞ (in the meaning of W → ∞). Then instead of formula 

(15) one can write: 
 

      
0 (1 )

W W

T Tk ke ec c c
 

 
     ,              (17) 

 

where с∞ is given by the following formula: 
 

                   ( ),bc   Fi                              (18) 

 

In this case it is implied that i  F. 

All the distributions obtained above are stationary ones, 

i.e. independent of time. Boltzmann distribution (11) is an 

equilibrium one from the viewpoint of the dynamic 

balance between the diffusion and migration processes. 

Generally, the mass transfer processes are covered by the 

convective diffusion equations, which, along with the 

diffusion equation itself, include the equations of 

hydrodynamics and in our case those of 

electrohydrodynamics.   

IV. EQUATIONS OF DIFFUSION 

The main equation of convective diffusion has the 

following form [19]: 
 

    
t

c
c

 
    

 
v i ,                    (19) 

 

where v is the hydrodynamic velocity, and the mass flow 

density is given by formula (7).  For incompressible 

medium (19) can be rewritten in the form:  
 

 [ )](
t

c
D c c b  


  


  F v .       (20) 

 

It is seen that the account for the liquid motion amounts to 

the addition to the through velocity 
 

u ≡ b∙F 

 

of the hydrodynamic velocity v.  

Denoting the total velocity 
 

 w u v  
 

and assuming velocity u constant from (20) we obtain: 

2

t
D

c
c c


 


 w . 

 

Under the conditions of electric convection, and in the 

case of corona discharge – of electric wind (EW) the 

hydrodynamic velocity v has a one-dimensional  jet 

character and its value is as follows [20]: 
 

             

1 0,5
3

2 2

E

jd
c

d k








 
   

 
            (21) 

 

where ν = η/γ is the kinematic viscosity; 
Ek is the 

mobility of the ions of the corona electrode sign ; d is the 

characteristic size of the corona electrode; 
2c  is the 

coefficient of proportionality, 
2c ~1. The exponent 

decreases from 1 to 0,5 as EW develops from laminar 

flow to turbulent one.    

If the case is of EC usually the working space of an 

electrofilter (EF) consists of two zones: emitter one where 

the particles are imposed to charging and the liquid is put 

into electroconvective mixing collecting zone with the 

arranged traps of dispersed particles. In the course of the 

EF operation the concentrations in both regions are nearly 

constant, when the process begins they are the same, 

nearly equal to the initial ne с0,  then in the first the 

concentration decreases, and in the collecting one it 

increases. The transition between the zone is in the form 

of a narrow boundary mass transfer layer with some 

thickness . On one side of the layer the concentration is 

assumed equal to the average value across the emitter 

zone volume – c , from where the cleaned liquid is 

filtered out. On the other side it is assumed equal to the 

average value in the collecting part. It is shown in works 

[20, 21] that integration over the emitter volume, i.e. 

averaging  it is possible to obtain approximately a linear 

equation in the following simplest form: 

 

                      
d c

A c B
dt

   .                         (22) 

 

The expression for the coefficients A and B contain all 

possible physical parameters of the process, and 

depending on the relation between them one can get a 

large number of particular cases of the solution of 

equation (22) [21]. 

Thus, it has reviewed the simplest analytical 

approaches to the solution of the problems of separation 

of heterogeneous media with the help of electric fields 

from the viewpoint of application of these approaches to 

the questions emerging in practice and theory of the 

transfer of submicron particles in heterogeneous media. 
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I. INTRODUCTION 

Bismuth material has unique electronic properties 

because of a small effective mass of carriers, high 

anisotropy of the Fermi surface, low concentration of 

carriers and large mean free path. Single-crystal samples 

of Bi exhibit strong magnetoresistance effect [1, 2] and 

clearly defined ShdH oscillations of magnetoresistance.          

Small effective mass of the carriers in Bi leads to a 

large Fermi wavelength λF = 50 – 60 nm [3]. The mean 

free path length le in Bi at 4.2 K is more than 1 mm, 

which is several orders of magnitude greater than in 

metals [4]. Owing to this, Bi is the most suitable material 

for the study of quantum and classical size effects. 

The low value of intrinsic carrier concentration in Bi 

makes it possible to change it over a wide range through 

weak doping; this, together with a low density of states in 

relevant areas, leads to significant changes in the Fermi 

energy. From a theoretical point of view, this provides an 

additional opportunity to study the band structure by 

scanning its Fermi level as well as to implement and 

investigate the different types of electronic topological 

transitions. From practical point of view, the doping 

allows optimizing the thermoelectric parameters of the 

material. 

The specificity of manufacturing of single-crystal wires 

in a glass envelope i.e. high pulling rates and sharp 

supercooling in the crystallization zone give the 

possibility slightly extend the solubility region of the 

acceptor (Sn, Pb) and donor (Te, Se) impurities in Bi. The 

introduction of the impurities reduces the relaxation time, 

which leads a decrease in the amplitude of the ShdH 

oscillations. Since the amplitude of ShdH oscillations 

increases with increasing magnetic field and achieves its 

maximum value near the field of the quantum limit, which 

is 20-22 T in the case of the T-zone in the wires of pure 

bismuth, the most promising method for studying the T-

zone of conductivity during doping is research in high 

magnetic fields.     

 

In this study the ShdH oscillations in single-crystal 

wires of Bi strong by doped with acceptor impurities (Sn) 

were investigated. 

II. SAMPLES AND EXPERIMENTAL METHODS 

The wires of pure Bi and bismuth doped with Sn in 

glass insulation were obtained by liquid phase casting 

using an improved Ulitovsky-Teylor method [5-7]. The 

row material used to obtain Sn-doped wires was single-

crystal ingots an appropriate composition previously 

synthesized and homogenized by the method of horizontal 

zone recrystallization. The uniform distribution of 

impurities in the wires was achieved due to the extremely 

high temperature of drops (1100°C) in the melt during 

stretching of the wires and its intensive mixing by a high-

frequency electromagnetic field of the inductor (880 

GHz) for a few minutes [5]. Monocrystallinity and 

crystallographic orientation of the samples were 

controlled by means of X-ray diffraction (Oxford 

Excalibur) and angle diagrams of transverse 

magnetoresistance (fig.1). 
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Abstract — Shubnikov de Haas (ShdH) oscillations in single-crystal wires of Bi doped with acceptor 

impurities of Sn up to 0.3at% with diameters of 100 nm to 5 μm were investigated. The wires obtained by the 

liquid phase casting were single-crystals of the cylindrical form in glass insulation with the standard (1011) 

orientation along the wire axis. All investigated samples exhibited ShdH oscillations of charge carriers in L 

and T points of the Brillouin zone in a temperature range 2.1 < Т < 4.2 К. The period of oscillations is 

independent of diameter. It is shown, that with an increase in the degree of doping Bi with an acceptor 

impurity, the Fermi surface of T - holes increases by more than an order of magnitude; L – holes, by 3 times. 

The cyclotron mass, Dingle temperature and the position of the Fermi level εF of T holes during doping were 

calculated. The results were compared with similar data obtained on bulk samples. 

Index Terms — wires in glass insulation, Bi-Sn, Shubnikov de Haas effect, Fermi surface     
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Fig. 1. Angle diagrams of transverse magnetoresistance 

R(Θ) of Sn doped wires of Bi in magnetic field В = 0.5 Т 

at Т = 4.2 К (а): 1. Bi-0.05аt%Sn, d = 0,6 μm; 2. Bi-

0.1аt%Sn, d = 0,5 μm and at Т = 300 К (b): 1. Bi-

0.2аt%Sn, d = 0.4 μm; 2. Bi-0.3аt%Sn, d = 0.6 μm. Inset 

(a): schematic of the Fermi surface of Bi showing the hole 

pocket along the trigonal axis and three electron pockets 

in a plane perpendicular to the trigonal axis. Direction 

1011 is indicated. 

 

As the wires of pure Bi, the Sn doped wires have the 

same crystallographic orientation (1011) along the wire 

axis. At this crystallographic orientation the wire axis is 

deflected by an angle of 19.5° in the bisector – trigonal 

plane (fig. 1, inset).         

Figure 1 shows angle diagrams of transverse 

magnetoresistance of the Bi wires with different doping 

level which indicate the identity of the crystallographic 

orientation of all compositions of the studied wires. At Θ 

= 90° the magnetic field is directed along the axis of the 

second order С2 (В || С2) (binary axis); at Θ = 0 the 

direction of the magnetic field coincides with the trigonal 

axis С3 (В || С3).       

The investigation of the angle diagrams of transverse 

magnetoresistance made it possible to study the ShdH 

oscillations in definite directions and get information on 

the maximum and minimum cross-section of the Fermi 

surface of the electrons and holes during doping. ShdH 

oscillations were studied in a temperature range of 2.1 – 

4.2 К in magnetic fields up to 14 T  both in the 

longitudinal and transverse magnetic field orientation (В 

|| I, B  I) at the International Laboratory of High 

Magnetic Field and Low Temperatures (Wroclaw, 

Poland). 

  

III. RESULTS AND DISCUSSION 

The ShdH effect in BiSn alloy wires with the 

concentration of the impurity holes up to 0.3at% was 

studied. In the longitudinal magnetic field (В || I) ShdH 

oscillations of charge carriers at L and T points of the 

Brillouin zone were recorded for all investigated samples. 

Longitudinal orientation (В || I) was quite convenient 

because the monotonic motion R(В) in this direction is 

weak. Figures 2 and 3 show ShdH oscillations of 

longitudinal magnetoresistance of the wires with different 

compositions on R(B) (fig. 2) and on dR/dВ(В) (fig. 3). 

It is noteworthy that the negative magnetoresistance 

effect is a absent in the wires containing more than 

0.1at%Sn, that is with increasing impurity of Sn, the 

galvanomagnetic size effect is suppressed as a result of a 

decrease in the mean free path of carriers due to impurity 

scattering. In longitudinal configuration the magnetic 

field (В || I) is oriented along the wire axis which 

corresponds to a direction close to the bisector axis. The 

deviation is 19.5° in the bisector – trigonal plane. 

 Fig. 2. Field dependences of longitudinal 

magnetoresistance ΔR/R(B) of the Bi-Sn wires with 

different concentration of Sn at Т = 4.2 К: 1. Bi-

0.05at%Sn, d = 0,55 μm; 2. Bi-0.07at%Sn, d = 0.3 μm; 3. 

Bi-0.1at%Sn, d = 0.8 μm; 4. Bi-0.15at%Sn, d = 0.4 μm; 5. 

Bi-0.2at%Sn, d = 0.2 μm; 6. Bi-0.3at%Sn, d = 1.7 μm. 

 

Fig. 3. Field dependences of derivative of longitudinal 

magnetoresistance dR/dB(B) of the Bi-Sn wires with 

different concentration of Sn at Т = 4.2 К: 1. Bi-

0.07at%Sn, d = 0.3 μm; 2. Bi-0.1at%Sn, d = 0.8 μm; 3. 

Bi-0.15at%Sn, d = 0.4 μm; 4. Bi-0.2at%Sn, d = 0.2 μm; 5. 

Bi-0.3at%Sn, d = 1.7 μm. 

 

The ShdH oscillations are periodic in indirect magnetic 

field B
-1

, with a period of , which is 

inversely proportional to the extremal cross-section S of 

the Fermi surface in the plane normal to . In the 

longitudinal geometry with B || I in Bi wires, there are 

three different extreme cross-sections: one hole ellipsoids 

STh, two equivalent electron ellipsoids with a larger size 

and one electron ellipsoid of a smaller size . In 
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the pure Bi wires, the period of the  SdH oscillations  

from the cross section of the Fermi surface T - holes 

perpendicular to magnetic field B = 0,57*10
-

5
Oe

-1
, = (3±0,2)*10

-5
Oe

-1
, = 

(7,5±0,5)*10
-5

Oe
-1

. We observed ShdH oscillations in all 

single-crystal Sn doped wires of Bi. 

  
Fig. 4. Dependences of the quantum number n of ShdH 

oscillations vs. indirect magnetic field B
-1

 of the Bi-Sn 

wires with different concentration of Sn at Т = 4.2 К: 1. 

Bi-0.07at%Sn, d = 0.3 μm; 2. Bi-0.1at%Sn, d = 0.8 μm; 3. 

Bi-0.15at%Sn, d =0.4 μm; 4. Bi-0.2at%Sn, d = 0.2 μm; 5. 

Bi-0.3at%Sn, d = 1.7 μm. 

 

The ellipsoid with the smallest extreme cross-section 

does not appreciably contribute to the ShdH 

oscillations because its lowest Landau level reaches the 

Fermy level in a very low magnetic field. The two 

electron ellipsoids with larger extreme cross-section 

indicate the occurrence of ShdH oscillations in the 

low field region and shift to higher fields with Sn 

concentrations (fig. 3). 

 

The T-hole ellipsoid in this direction has a smaller 

period from ShdH oscillations in a strong magnetic field. 

As shown in fig. 4 conditional quantum number of ShdH 

oscillations n, which is used to identify ShdH peaks 

linearly depends on inverse magnetic field B
-1

. All curves 

contain two periods from T-holes  and L2,3 - 

holes . 

Most pronounced ShdH oscillations on R(B) from the 

holes STh are observed in the wires with a concentration of 

Sn 0.1at% and 0.15at%, where the monotonic course in a 

strong magnetic field is absent (curves 3, 4 in fig. 2). The 

analysis of the periods of ShdH oscillations has shown 

that with increasing Sn both periods from T – hole 

ellipsoid and L2,3 – holes ellipsoids decrease, which is 

representative of an increase in the cross-section STh and 

 during doping Bi wires with acceptor impurities of 

Sn (fig. 4). However, in the case of doping 0.05-0.3at%Sn 

the cross-section of T – holes increases by no more than 

in 1.5 times, while the section of easy holes in L -  

increases in 6 times.        

The ShdH oscillations are due to Landau quantization 

of the cyclotron orbits of the carriers [8]. In an externe 

magnetic field B applied along the Z direction, the 

electron and hole orbits are quantized into Landau levels 

with energies of , where 

m
*
 is the carrier effective mass, is the 

cyclotron frequency, υ is an integer and is the 

component of the momentum parallel to B. With 

increasing magnetic field, the occupancy of each Landau 

level and the separation between adjacent Landau levels 

become larger. As a result, the Landau levels below 

the Fermi level are sequentially driven across the Fermi 

level. The crossing of the Landau levels is accompanied 

by abrupt changes in the density of states, which gives 

rise to oscillations in the resistivity. The ShdH oscillations 

are most prominent at low temperatures where the Landau 

levels are sharply defined. At higher temperatures, where 

the oscillations are masked by 

thermal oscillations between the Landau levels. The 

temperature dependence of the amplitude of ShdH 

oscillations is approximately . 

From the dependences of the amplitude of ShdH 

oscillations of the resistance R(В) (at 4.2 and 2.1 K) the 

effective masses of holes in T and electrons were 

calculated. It was found that  of holes increased in 2 

times in comparison with pure Bi, which indicates the 

nonparabolicity of spectrum in Т point of the Brillouin 

zone and is consistent with the data obtained for bulk 

samples of bismuth doped with acceptor impurities [9]. 

Dingle temperature , where 

is the carrier relaxation time, was 

calculated from the field dependences of the amplitude of 

ShdH oscillations and differed for L and T holes. In 

strongly doped wires, the Dingle temperature is 6 – 7 K, 

which is 6 - 7 times more than in the pure wires of Bi.              

However, ShdH oscillations are clearly visible against 

the background of a monotonic dependence R(B) in all 

crystallographic directions. 

This result attests to a high quality of Bi doped wires in 

glass capillary prepared by liquid phase casting with the 

length of several dozen meters and paves the way for 

further quantum transport studies in pure and doped 1-D 

wires. 
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I. INTRODUCTION 

Nanostructures continue to expand their application 

area and to attract a significant research effort, in 

particular in biomedical engineering [1]. To control their 

properties the technological development requires 

understanding of the inherent physical and chemical 

mechanisms. To this end a large variety of methods are 

being developed and used in an attempt to match the 

complexity of the "nano-world", as anticipated by R. 

Feynman in his famous 1959 talk at Caltech "There's 

plenty of room at the bottom". Aside from direct 

experiments, most of our knowledge of magnetic 

nanostructures comes from numerical simulations (so 

called "ab-intio" methods, exact cluster diagonalization 

etc.) and the phenomenological methods, which attempt 

to describe the observed behavior in terms of the well 

established "bulk" materials or a "macroscopic limit" [2]. 

Although the limitation to a fixed number of atoms 

accessible by numerical methods is ever less restrictive 

due to advances of computer science, one still needs a 

proper interpretation of the obtained data. This explains 

the need of analytical approaches, which have advanced 

much less however. The major stumbling block is namely 

the qualitatively higher complexity level separating the 

well studied "large system" limit from its "small" 

counterpart. We have addressed the issue of the 

temperature dependent magnetization of magnetic 

nanostructures by developing our earlier approach to 

exact solutions for the excitation spectra in finite crystals 

described, in this case, by the quantum Heisenberg spin 

lattice model, e.g. [3-5]. The thermodynamic quantities 

obtained in this way contain explicit dependences on all 

the parameters of the system and reveal their connection 

to the measured quantities. 

II. DESCRIPTION OF THE APPROACH 

The model describes a nanoparticle of rectangular 

shape consisting of V=N x N x L magnetic ions with spin  

S in the nodes of a simple crystal lattice and coupled via 

nearest neighbor ferromagnetic exchange interaction J . 

On the surface of the particle the spins may be free or 

pinned by the coupling to the  environment in which the 

particle is immersed or coated. These boundary conditions 

affect the spectrum of the main collective excitations, spin 
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waves, in the particle and have been discussed before [6]. 

One of these excitation modes plays a special role in a 

nanoparticle in contrast to bulk materials: the uniform 

rotation of the magnetization vector . For temperatures 

above certain value TB there is no a preferential 

orientation of this vector so that the effective polarization

is virtually zero, while at lower temperatures the 

rotation is blocked by relatively weak anisotropy field of 

the crystal. It is necessary to separate this super-

paramagnetic behavior from the excitations which reduce 

the magnitude of the intrinsic magnetization vector .  

The energy of these dispersive magnon excitations is 

essentially a cosine function of momentum q: 

 
where the lattice spacing is set to 1 ,   and  

  are either    or  . So, there is a minimal 

excitation gap when N and L are finite. Estimation of the 

thermal energy required to overcome this gap in the case 

of a cubic Fe nanoparticle gives the critical temperature  

which can reach 10-20 Kelvin. T*  is 

often thought to indicate the onset of the "quantum 

regime" when discreteness of the excitation spectrum 

becomes obvious indeed. However, from the low energy 

expression of the above dispersion it can be shown that 

this is precisely the temperature at which the de Broglie 

wavelength of the magnon becomes as large as the crystal 

size. The temperature dependence becomes trivial, 

excitations being virtually frozen out below T* . It is then 

easy to understand that in fact the nontrivial quantum 

effects are important at temperatures much larger than T* 

, when large number of atoms are still quantum 

correlated. Thus, detailed calculations which consider 

deviation from the classical Boltzmann distribution of 

magnons give an estimate for the onset temperature at 

about 0.5 Tc for nanoparticles of a few dozens of nm. 

   This temperature also marks the threshold of the low-

temperature expansion we have developed by examining 

the exact quantum Bose-Einstein distribution with the 

fully discrete spectrum above. Magnetization is calculated 

as a quantum statistical average 

 
Depending on the chosen boundary conditions this leads 

to (e.g. For the free sample): 

 
The discrete sums are then transformed into series of 

Bessel functions [7]. The generalized low temperature 

expansion is then constructed in terms of T/Tc << 1 and 

the new parameter  . We give below 

the few terms of the final result for the case of a free-

standing cubic nanoparticle 

 

Where  is the bulk value of 

the Bloch coefficient.  

   For an elongated shape of the sample, e.g. a rectangular 

nanorod,  and periodic 

boundary conditions the result is 

  

III. RESULTS AND  DISCUSSION 

Because of the explicit dependence on the parameters 

(size, shape, boundaries, temperature, coupling strength)  

in all the cases considered within our approach it is 

possible to establish their connection to the overall 

behavior of the system. In particular, it is clear from the 

above formulas that the bulk (Bloch) behavior is 

recovered when without any change in the 

coupling constant. This conclusion contradicts the 

common opinion based on the phenomenological theory. 

Indeed, the standard approach in the analysis of 

experimental data is to fit them by the "generalized 

Bloch" formula: 

 
It was first introduced in the analysis of cluster numerical 

simulations as a purely descriptive tool required to fit the 

obtained data. The main argument in its qualitative 

justification is that as the magnetic properties on the 

surface of a particle are obviously different from its 

interior, one should observe a kind of an averaged 

behavior between the two. Since the surface to volume 

ratio is increasing for a smaller size, so should increase 

the deviation of the phenomenological parameters.  

Relying on the physical content of its macroscopic limit 

with α = 3/2 and the Bloch constant γ determined by the 

characteristics of the magnon spectrum, this analysis 

nevertheless fails to give a  coherent explanation of the 

observed behavior. In particular, one could not find any 

regular pattern in the size dependence of α found to be 

both above and below the bulk value, while γ grows 

continuously for smaller particles. This would imply a 

large softening of the magnon excitations or a decrease of 

the coupling constant J in nanoparticles, e.g. [8]. Our 

approach, on the contrary, which takes explicit account of 

the surface states, leads to form of the "generalized Bloch 

law" rather different from Eq. (3). Moreover, we were 

able to reproduce the numerical cluster simulations 

equally well as the phenomenological formula. Therefore 

our results cast a serous doubt on the validity of the 

existing phenomenological description.  

 Another interesting observation is that the logarithmic 

terms demonstrate a rather slow convergence, meaning 

that deviations from bulk behavior may be observed in 

relatively large nanostructures. On the other hand, it is 

known from experimental works that one can observe 

values typica lfor the bulk material even in small 

nanoparticles. Our analysis shows that this may occur 

because of the shape anisotropy or of the effect of 

environment on the surface spins of the sample. The latter 

includes coating or formation of a special layer on the 

N l N L

    

(3) 

        (2) 

(1) 
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surface of the nanoparticle during the technological 

process. The first can be seen from Eq. (2), which shows 

that for a symmetric shape magnetization is always larger 

than in the bulk. Deformation of the symmetric (cubic) 

shape causes a decrease of magnetization which can reach 

the Bloch value (when L is about 4N  in this case). To 

illustrate the effect of environment we show the 

expression for the case of a cubic particle with all spins 

on its surface pinned: 

 
It can then be seen from  Eqs. (1) and (4) that 

magnetization for these two "extreme" boundary 

conditions deviates from the Bloch result in an opposite 

sense. It is therefore natural to expect that for an 

"intermediate" case of an incomplete pinning it can be 

close to the Bloch result.   

Figs.1 and 2 also demonstrate a qualitatively opposite 

size dependence of magnetization for the two boundary 

conditions mentioned above. If decreasing the size of a 

free particle diminishes the overall magnetization due to 

enhanced fluctuations, for a surface-pinned case 

magnetization starts to rapidly increase at about 10
4
 

atoms. 

 
Fig. 1. Size and temperature dependent magnetization 

of a cubic free-standing particle composed of N
3
 atoms 

with spin  1/2. 

 

Note that the Curie temperature at this point is almost 

twice that of a free standing particle and if the latter is 

placed in the respective environment its magnetization 

would jump to about 0.84 of the saturation value. The 

same abrupt increase of magnetization would take place if 

the sample is divided in two pieces, as can be inferred 

from these figures. Moreover, the effect is much stronger 

for anisotropic shapes, as can be seen from the Figs 3 and 

4, illustrating their sensitivity to boundary conditions.   

 
Fig. 2. Size and temperature dependent magnetization 

of a cubic nanoparticle embedded in a surface-pinning 

environment and composed of N
3
 atoms with spin  1/2. 

 

Taking as an example the elongated geometry of a 

rectangular nanorod or nanowire we find a remarkably 

large difference of  the Curie temperatures for the pinned 

and free boundary conditions, which can reach over an 

order of magnitude. Even for samples of up to several 

thousands of atoms (a number typical for magnetic Co 

nanograins in computer hard disks) the difference actually 

increases with the size of the nanoparticle. A similar 

result is obtained for other shape anisotropies relevant for 

applications. 

Fig. 3. Temperature dependent magnetization of the shape 

anisotropic structure (rectangular nanorod) embedded in a 

surface-pinning environment, free (the dotted curve) and 

periodic (dashed) boundary conditions. The number of  

S=1/2 spins is N x N x L=5 x 5 x 100. 

 

 This difference arises from the strong suppression with 

size of the magnetization in a free-standing anisotropic 

particle compared to the one placed in a pinning 

environment. The physical mechanism of such a contrast 

(4) 
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is the balance between the enhanced spin fluctuations in 

anisotropic quasi one- or two-dimensional structures and 

the inhibiting effect of the coupling to the environment on 

the fluctuations destroying the long range order.  Note 

that the Curie temperature in Fig. 4 is larger than the that 

of cubic sample of the same volume in Fig. 2. 

Another important result of our theory is that it explains 

the visibly quasilinear temperature dependence of magne-

tization observed in many experiments on nanostructures 

in terms of size, shape and boundary conditions. This kind 

of  

 

 

 
Fig. 4. The same as in Fig. 3, but for a shorter nanorod 

containing the same number of atoms as in the cubic 

sample of Fig. 2 (red line). 

 

deviation from the Bloch law is presently ascribed to the 

excitations of the uniform magnetic mode mentioned 

earlier  [9] and totally ignores the whole spectrum of 

excitations, as included in our approach. As can be seen 

both in experiment and in our results the quasilinear 

dependence is present at sufficiently large temperatures, 

where all the modes are actually excited and we therefore 

believe this is the only reliable mechanism of the 

quasilinear behavior.   

IV. CONCLUSION 

We have outlined the main elements of the new 

analytic approach to the description of magnetization in 

ferromagnetic nanostructures.  It is based on the quantum 

Heisenberg model with spin exchange type of coupling, 

which, as we argue, captures the main physical features of 

the nanostructures below 50 nm in size. In this case 

quantum effects and discreteness of the excitation 

spectrum are shown to be relevant even at large 

temperatures and not just at low T as is common to think.  

The approach has allowed to critically reconsider the 

basics of the existing phenomenological description, in 

particular the functional form of the assumed temperature 

dependence of the "generalized" Bloch law. It should be 

emphasized that shape, size and boundary dependences 

are totally absent in the standard phenomenological 

analysis. This explains the irregular variation of the 

values of fitting parameters extracted from different 

measurements. In contrast, these dependences are 

considered explicitly in our theory and have been 

calculated for a number of specific examples. The results 

agree well also with the numerical cluster simulations. 

Several properties revealed by the theory may be relevant 

for applications of magnetic nanoparticles. Thus, 

generally, at a given temperature and given number of 

atoms nanoparticles of a more isotropic shape have a 

larger polarization. However, coupling to environment 

can strongly modify the magnetization: for a free-standing 

particle it is progressively suppressed for smaller sizes 

while for a particle with surface spins pinned by the 

coupling this trend is reversed. Thus we have shown that 

in the latter case the magnetic nanorod has an 

unexpectedly higher magnetization than a symmetric 

nanoparticle of the same volume. In other words, 

anisotropic structures are much more sensitive to the  

environment than the isotropic ones. One of the 

implications is that placing a free-standing nanorod into 

an appropriate environment may lead to an abrupt 

increase in its magnetization, an effect which may be 

used, e.g. In applications in sensor devices. 
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I. INTRODUCTION 

 A two-dimensional electron system in a strong 

perpendicular magnetic field reveals fascinating 

phenomena such as the integer and fractional quantum 

Hall effects. The discovery of the fractional quantum Hall 

effect (FQHE) fundamentally changed the established 

concepts about charged single-particle elementary 

excitations in solids [1, 2]. 

 In this paper we study a coplanar electron-hole 

system with electrons in a conduction band and holes in a 

valence band, both of which have Landau levels in a 

strong perpendicular magnetic field. Earlier, this system 

was studied in a series of papers [3-9] mostly dedicated to 

the theory of 2D magnetoexcitons. This system bears 

some resemblance to the case of a bilayer electron system 

with half-filled lowest Landau levels in the conduction 

bands of each layer [10]. The coherent states of electrons 

in two layers happened to be equivalent to the BEC of the 

quantum Hall excitons [11] formed by electrons and holes 

in different layers. The system we are interested in has 

only one layer, with electrons in conduction band and 

holes in the valence band of the same layer created by 

optical excitation or by p-n doping injection (both of these 

methods can be called "pumping"). In the case of a single 

excited layer which we consider, the density of excitons 

can be quite low, so that the electron Landau level and the 

separate hole Landau level are each only slightly 

occupied, and Pauli exclusion and phase space filling do 

not come in to play. 

II. HAMILTONIAN OF THE BOSE–EINSTEIN 

CONDENSATION OF MAGNETOEXCITONS 

The effective Hamiltonian describing the interaction of 

electrons and holes lying on the LLLs is 

 (1) 

The coefficients ,  and  are the 

supplementary indirect interactions between electrons and 

holes that appear due to the simultaneous virtual quantum 

transitions of two particles from the LLLs to excited 

Landau levels (ELLs) and their return back during the 

Coulomb scattering processes and are proportional to the 

1 ˆ ˆ ˆ ˆˆ ˆ( ) ( )
2

1 1 1ˆ ˆ ˆˆ ˆ( ) ( ) ( ) ( ) ( ) ( ),
2 4 4

e h e e h hQ
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i i

Q Q
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small parameter , where  is the 

ionization potential of the magnetoexciton,  is 

the cyclotron energy, and B is the magnetic field strength 

[9]. The degeneracy of the Landau level N equals 

, where  is the magnetic length  

and S is the surface layer area. Here  are the density 

fluctuation operators expressed through the electron 

 and hole  density operators as follows 

  

   (2) 

  

  

  

  

The density operators are integral two-particle operators. 

They are expressed through the single-particle creation 

and annihilation operators  for electrons and  

for holes.  is the dielectric constant of the background; 

 and  are chemical potentials for electrons and 

holes. Coefficients ,  and  were deduced 

in [9, 12]. 

 As discussed in previous papers [5-9, 13], the 

breaking of the gauge symmetry of the Hamiltonian (1) 

can be achieved using the Keldysh-Kozlov-Kopaev [14] 

method using the unitary transformation  

  (3) 

where  and  are the creation and annihilation 

operators of the magnetoexcitons and  is the wave 

vector of the condensate. In the electron-hole 

representation they are [5-9]: 

  (4) 

  

BEC of magnetoexcitons leads to the formation of a 

coherent macroscopic state as a ground state of the system 

with wave function 

  (5) 

Here  is the vacuum state for electrons and holes. 

Though we kept arbitrary value of , nevertheless our 

main goal is the BEC with 0k   and we will consider 

the interval 0.5 0kl  . The function (5) will be used to 

calculate the averages values of the type ( ) ( )D Q D Q . 

The transformed Hamiltonian (1) looks like 

   †ˆ ˆ ˆ ˆ ,ex exT N HT NH    (6) 

and is succeeded, as usual, by the Bogoliubov u-v 

transformations of the single-particle Fermi operators 

   † †ˆ ˆ v( ) ,
2 x

x
p ex p ex p k p

k
T N a T N ua p b


     

( ) 0,p g k    

   † †ˆ ˆ +v( ) ,
2 x

x
p ex p ex p k p

k
T N b T N ub p a


  

 (7) 

( ) 0.p g k    

Here 
2

v( ) v yik tl
t e


 . The coefficients 

2cos( 2 )exu l n  and 2v sin( 2 )exl n  were 

determined in Ref.[8]. The equality v sin(v)  can be 

satisfied only at v 1 . 

 Along with this traditional way of transforming 

the expressions of the starting Hamiltonian (1) and of the 

integral two-particle operators (2) and (4), we will use the 

method proposed by Bogoliubov in his theory of 

quasiaverages [15], remaining in the framework of the 

original operators. The new variant is completely 

equivalent to the previous one, and both of them can be 

used in different stages of the calculations. For example, 

the average values of products of two integral two-particle 

operators can be calculated using the wave function (5) 

and u-v transformations (7), whereas the equations of 

motion for the integral two-particle operator can be 

simply written in the starting representation. 

 The Hamiltonian (1) with the broken gauge 

symmetry in the lowest approximation of the theory of 

quasiavereges [15]. Side by side with the last term in (7) 

there are another smaller terms breaking the gauge 

symmetry, which were neglected. This approach is named 

as quasiaverages theory approximation 

[11]. 

 †
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Here the parameter  , which determines the breaking of 

the gauge symmetry, depends on the chemical potential 

m  and on the square root of the density similar to the case 

of weakly non-ideal Bose-gas considered by Bogoliubov 

[13] . In our case the density is proportional to the filling 

factor 
2v  . We have: 
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( ) ~k r  determines the shift of the ionization 

potential lI  [9]. 

III. ENERGY SPECTRUM OF COLLECTIVE 

ELEMENTARY EXCITATIONS AT WAVE VECTOR 

K=0 

The equations of motion for the integral two-particle 

operators with wave vectors 0P   in the special case of 

BEC of magnetoexcitons with 0k   are 

2
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where ( ) ( ) ( ) / 2W Q W Q V Q N  . 

Following the equations of motion (10) we have 

introduces four interconnected Green's functions 

1 ( , )jG P t  as well as their Fourier transformations 

1 ( , )jG p   at 0T   [16, 17] of the type 

1 ( , ) ( , ); ( ,0)j jG P t A P t B P , where 1( , ) ( , ),A P t d P t

†
2 ( , ) ( , ),A P t d P t  3( , ) ( , ) / ,A P t P t N

4 ( , ) ( , ) /A P t D P t N  and an arbitrary operator 

( ,0)B P  because its choice does not influence on the 

energy spectrum of the system. These Green's function 

can be named as one-operator Green's functions. At the 

right hand sides of the corresponding equations of motion 

there is a second generation of the two-operator Green's 

functions. A second generation of equations of motion 

derived for them containing in their right hand sides the 

three-operator Green's functions. Following the procedure 

proposed by Zubarev [17] the truncation of the chains of 

equations of motion was made and the three-operator 

Green's functions were presented as a products of one-

operator Green's functions , ( , )i jG P   multiplied by the 

averages of the type ( ) ( )D P D P . The average values 

were calculated using the ground state wave function (5) 

and the u-v transformations (7). For example, it was 

obtained 
2 2( ) ( ) 4 v ; ( ) ( ) 0.D P D P u N P P       (11) 

The Zubarev procedure is equivalent to a perturbation 

theory with a small parameter of the type 
2 2v (1 v ) . The 

closed system of Dyson equations has the form 
4

1 1

1

( , ) ( , ) ;  1,2,3,4.i ij j

j

G P P C j 


     (12) 

There are 16 different components of the self-energy parts 

( , )jk P   forming a 4 4  matrix. Four diagonal self-

energy parts are: 
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They contain real and imaginary parts as follows 

( , ) ( , ) ( , ).ij ijP P i P        The cumbersome 

dispersion equation for electron-hole collective 

excitations is expressed in general form by the 

determinant equation 

 det ( , ) 0.ij P      (14) 

Due to the structure of the self-energy parts, it separates 

into two independent equations. One of them concerns 

only the optical plasmon branch, corresponding to 

oscillations of the difference of electron and hole densities 

and has a simple form: 

  33( , ) 0.P      (15) 

It does not include at all the chemical potential m  and the 

quasiaverage constant  . But the average values depends 

also on the condensate wave function (5). 

 The solution of the equation (15) is 
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 (16)  

The right hand side of this expression at small values of P 

has a dependence 
4

P  and tends to saturate at large 

values of P. The optical plasmon branch ( )OP P  has a 

quadratic dispersion law in the long wavelength limit and 

saturation dependence in the range of short wavelengths. 

Its concentration dependence is of the type 2 2v (1 v )  

what coincides with the concentration dependencies for 

3D and 2D plasmons. The obtained dispersion law is 

represented in the Fig.1. 

 The second equation contains the self-energy 

parts 11 , 22 , 44 , 14 , 41 , 24  and 42 , which 

include the both parameters m  and   and has the form 

 

11 22 44

41 22 14

42 11 24

( ; ) ( ; ) ( ; )

( ; ) ( ; ) ( ; )

( ; ) ( ; ) ( ; ) 0.

P P P

P P P

P P P

  

  

  

   

   

   

 

 (17) 

The solutions of the equation (17) describe the exciton 

energy and quasienergy branches arising due to the 

normal and abnormal Green's functions as well as the 

acoustical plasmon branch. The ideal magnetoexciton gas 

can exist only in the case 2v 0 , with an infinitesimal 

number of excitons, but without plasma at all. In this case 

the plasmon frequency is zero whereas the exciton of one 

exciton is possibly. 

 The acoustical plasmon branch corresponding to 

oscillations of the total particle density has a dispersion 

law completely different from the optical plasmon 

oscillations. It has an absolute instability beginning with 

small values of wave vector going on up to the 

considerable value 2Pl  . In this range of wave vectors, 

the optical plasmons have energies which do not exceed 

the activation energy (0)U . The supplementary 

Hamiltonian gives rise to general attraction in Hartree 

approximation, characterized by the coefficients (0)U . It 

plays the role of activation energy if one should like to 

overpass this attraction. The ground state of the system is 

unstable as regards the generation of the acoustical 

plasmons. It means that the system becomes a localized 

generator of the growing acoustical waves without their 

traveling through the system as in the case of convective 

instability. 

 In the case of 2D magnetoexcitons in the BEC 

state with small wave vector 0.5kl   described by the 

Hamiltonian (10), the both initial continuous symmetries 

are lost. It happened due to the presence of the term 
†( ( ) ( ))d k d k   in the frame of the Bogoliubov theory 

of the quasiaverages. Nevertheless the energy of the 

ground state as well as the self-energy parts ( , )ij P   

were calculated only in the simplest case of the 

condensate wave vector 0k  . These expressions can be 

relevant also for infinitesimal values of the modulus | |k  

but with a well defined direction. In this case the 

symmetry of the ground state will be higher than that of 

the Hamiltonian (8), what coincides with the situation 

described by Georgi and Pais [18]. It is one possible 

explanation of the quasi-NG modes appearance in the 

case of exciton branches of the spectrum. 

 Another possible mechanism of the gapped 

modes appearance is the existence of the local gauge 

symmetry, the breaking of which leads to the Higgs effect 

[19]. The interaction of the electrons with the attached 

vortices gives rise to a gapped energy spectrum of the 

collective elementary excitations as was established in 

Ref.[20, 21]. The number of the NG modes in the system 

with many broken continuous symmetries was determined 

by the Nielsen and Chadha [22] theorem. It states that the 

number of the first-type NG modes IN  being accounted 

once and the number of the second type NG modes IIN  

being accounted twice equals or prevails the number of 

broken generators BGN . It looks as follows 

2I II BGN N N ± . In our case the optical plasmon branch 

has the properties of the second-type NG modes. We have 

0;IN   1IIN   and 2BGN  . It leads to the equality 

2 II BGN N . The three branches of the energy spectrum 

are represented together in the Fig.1. One of them is a 

second-type Nambu-Goldstone(NG) mode describing the 

optical plasmon-type excitations, the second branch is the 

first-type NG mode with absolute instability describing 

the acoustical-type excitations and the third branch is the 

quasi-NG mode describing the exciton-type collective 

elementary excitations of the system. It is a gapless true 

NG mode in zero order approximation on the small 

parameter 
2 2v (1 v )  and become gapped in the first order 

approximation due to the fact that the symmetry of the 

ground state with small condensate wave vector k  is 

greater than the symmetry of the Hamiltonian. 

 

 
Fig.1 Three branches of the collective elementary 

excitations: the exciton-type quasi-NG mode with a gap in 

the point 0pl   (dash-dotted line); the second-type NG 

mode describing the optical plasmons(solid line) and the 

first-type NG mode with absolute instability (dotted line) 

describing the acoustical plasmons(dashed line). 
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IV. ENERGY SPECTRUM OF COLLECTIVE 

ELEMENTARY EXCITATIONS AT WAVE VECTOR 

K=3.6 

Now we obtain solutions of the dispersion equation 

(17) in the case of finite magnitude of wave vectors 

3 4kl  , when the Bose-Einstein condensed 2D 

magnetoexcitons can exist in a form of metastable 

dielectric liquid phase or of dielectric droplets if the 

correlation energy is taken into account. The correlation 

energy will not be included in the calculations below. 

Therefore, the average value ˆ ˆ( ) ( )Q Q    are 

determined in HFBA by the formula  

 
2

2 2 2 [ ]
ˆ ˆ( ) ( ) 4 v sin .

2

zK Q l
Q Q u N 

 
   

 
 (18) 

They are characterized by a coherence factor 
2 2([ ] / 2)zsin k Q l , which vanishes in the point 0k  . 

The collective elementary excitations are calculated 

for the conditions 3 4kl   and 
2 2

mv v  when the 

ground state of the magnetoexcitons is similar to the 

metastable dielectric liquid phase if the correlation energy 

is taken into account. However, in the present 

consideration the collective elementary excitations, the 

self-energy parts and the chemical potential are 

determined only in the HFBA without correlation 

corrections. 

Even in collinear geometry the diagonal self-energy 

parts ( , )ii K q    with 1,2,3,4i   and 3 4kl    can not 

be calculated analytically for arbitrary values of the 

relative wave vector q . By this reason we will consider 

the analytical expressions for 3 4kl    and 1ql kl   

using series expansions of the small values 1ql   

compared with 3 4kl   .  

The self-energy parts 11( , )k q    and 22 ( , )k q    

in collinear geometry are  
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We take their series expansion on the parameter 

1ql  , which is small compared with 3 4kl   . At the 

same time we will expand the denominator 

( )E K q Q      in Eq. (24) taking into account 

that the most probable value of Ql  is unity ( 1)Ql   and 

 is less than the elementary excitation wave vector 

. 

In this approximation, with ;  and , we 

can write 

 
1 1

...
( ) ( )E k q Q E k q   

 
      

 (20) 

Consider the remaining two diagonal self-energy parts  

and . Their imaginary components are equal to zero. The 

initial expression is 

(21) 

The last diagonal self-energy part in  has 

the initial form 

(22) 

The self-energy parts in the case of Bose-Einstein 

condensed magnetoexcitons depend on the average value 

 (18). The expression  on 

the other hand essentially depends on the condensate 

wave vector  and vanishes at the point . 

The obtained results are shown in the Fig.2. There are 

three energy branches. One of them is a gapless branch. It 

describes the dispersion law of the acoustical plasmons 

arising in the e-h system in condition of BEC of 2D 

magnetoexcitons with wave vectors . This 

dispersion law depends on the relative wave vector  

counted from the condensate wave vector . The energy 

spectrum describes the acoustical plasmons in the 

reference frame moving together with the condensate. By 

this reason it is not affected by the group velocity of the 

condensate as it happened with the exciton energy 

spectrum described in the laboratory reference frame. 

The appearance of the second gapped energy branch in 

addition to the zero order exciton energy branch is due to 

the presence of the Bose-Einstein condensate generating 

many-particle complexes composed of the condensed 

excitons and noncondensed excitons or plasmons. 
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Fig.2 The energy spectrum of the mixed exciton-

plasmon (solid line) and acoustical plasmon (dashed 

lines) collective elementary excitations of the Bose-

Einstein condensed 2D magnetoexcitons with 

dimensionless wave vector  and filling factor 

. 

V. CONCLUSIONS 

The energy spectrum of the collective elementary 

excitations of a 2D electron-hole system in a strong 

perpendicular magnetic field in the state of Bose-Einstein 

condensation with wave vector   was investigated in the 

framework of the Bogoliubov theory of quasiaverages. 

The starting Hamiltonian describing the e-h system 

contains not only the Coulomb interaction between the 

particles lying on the lowest Landau levels, but also a 

supplementary interaction due to their virtual quantum 

transitions from the LLLs to the excited Landau levels 

and back. This supplementary interaction generates, after 

the averaging on the ground state BCS-type wave 

function, direct Hartree-type terms with an attractive 

character, exchange Fock-type terms giving rise to 

repulsion, and similar terms arising after the Bogoliubov 

u-v transformation. The interplay of these three 

parameters gives rise to the resulting nonzero interaction 

between the magnetoexcitons with wave vector   

and to stability of their BEC as regards the collops.  

 The separated electrons and holes remaining on 

their Landau orbits can take part in the formation of 

magnetoexcitons as well as in collective plasma 

oscillations. Such possibilities were not taken into 

consideration in the theory of structureless bosons or in 

the case of Wannier-Mott excitons with a rigid relative 

electron-hole motion structure without the possibility of 

the intra-series excitations. 

 The energy spectrum of the collective elementary 

excitations consists of four branches. Two of them are 

excitonic-type branches(energy and quasienergy 

branches). The other two branches are the optical and 

acoustical plasmon branches. 

We can say that results obtained in our system are similar 

to what was obtained in system of BEC of the quantum 

Hall excitons[11]. 

 In these both models there is only one gapless 

Nambu-Goldstone mode between four branches of the 

energy spectrum. In both models the exciton branches of 

the spectrum are not gapless and differ from the NG 

modes. In our case the exciton energy and quasienergy 

branches corresponding to normal and abnormal Green's 

functions have a gaps in the point , a roton-type segments 

in the region of intermediary wave vectors  and 

saturation-type behaviors at great values of  . 
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I. INTRODUCTION 

In chalcogenide glass semiconductors (ChGS) various 

type of nanostructures can be created by optical and 

electron beam lithography [1]. In optical lithography, 

namely in  deep ultraviolet, the most promising 

application is ChGS films [2]. The processes of  optical 

information registration in thin film structures based on 

ChGS were quite intensively studied, for example, in [3-

7]. In [8-10] is shown the use of corona discharge can 

increase the sensitivity of Ni-As2S3 thin film structure and 

diffraction efficiency of holographic gratings formed as a 

direct result of photostructural transformations in the 

ChGS film and relief phase gratings obtained after 

chemical etching. However, the effect of corona discharge 

with repeated exposure by different interference patterns 

(it is one of the methods for the obtaining of periodic 

surface relief diffractive optical elements [11]) on the 

relief obtaining in the Ni-As2S3 structure wasn’t 

investigated. 

To the best of our knowledge there is no article devoted 

to the influence of corona discharge to formation of 

holographic diffraction gratings based on photoinduced 

interaction in a metal-ChGS structures. 

The aim of this study was to investigate the influence 

of the corona discharge field on the formation of  

holographic diffraction gratings during recording in Ni-

As2S3 and Cu-As2Se3 thin-film structures and after 

selective etching. 

II. EXPERIMENTAL 

Structure for the registration of holographic diffraction 

gratings (HDGs) were prepared by sequential thermal 

evaporation in a vacuum of Ni and As2S3, as well as Cu  

 

and As2Se3 on a glass substrate. The thickness of the 

metal layer was about 40-50 nm, and the thickness of the 

semiconductor layers is equal to 1 mm for As2S3 and 0.27 

mm for As2Se3. The process of holographic recording in 

thin metal-semiconductor structures was carried out with 

simultaneous charging in the corona discharge. HDGs 

recording were performed by the standard procedure on 

the holographic table. In case of Ni-As2S3 structure the 

coherent source as Ar
+
 ion laser with a wavelength of λ = 

488 nm and the light intensity at the structure surface E = 

8 mW/cm
2
. In case of  Cu-As2Se3 structure the He-Ne 

laser  was applied with a wavelength of λ = 632.8 mm and 

light intensity E = 2 mW/cm
2
. HDGs etching were 

performed in an aqueous solution of inorganic alkali KOH 

(5%) for Ni-As2S3 and NaOH (1%) for Cu-As2Se3. The 

procedure of diffraction efficiency measurement is given 

in [9]. Study of the surface of the formed relief-phase 

diffraction gratings was carried out by atomic force 

microscope Nano-Station II. 

 

III. RESULTS AND DISCUSSION 

Figure 1 shows the topography of the etched 

surface of the crossed diffraction gratings and shape of 

the profile of the grating, which were recorded by two-

times exposure (H= 2 J/cm
2
) on the Ni-As2S3 structure 

without (a) and using the corona discharge (b). HDGs 

period was 0.5 mm. From the figures it is clear that the use 

of corona discharge leads to an increasing of order and 

relief depth by 30-40%. These results can be explained 

similarly just as was done in [9], where one HDG was 

recorded in the Ni-As2S3 structure by photoinduced 

transformation in ChGS.  
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Figure 2 shows the diffraction efficiency (η) 

dependence on  the recording time of three HDGs (spatial 

frequency 500 1ines/mm) recorded in the Cu-As2Se3 

structure by laser radiation (He-Ne laser, λ = 632.8 nm) in 

normal conditions (curve 1) and in the electric field of 

corona discharge of different polarity (lines 2 and 3). 

Using positive corona discharge (the discharge electrode 

is positive) results in a decreasing of the holographic 

sensitivity S and diffraction efficiency η (curve 2). 

And on the contrary using negative potential at the 

discharge electrode results in the increasing of S and η 

(curve 3). 

 

 

 

 

 

 

Fig. 1. Topography and profile of etched surface of crossed holographic gratings formed in  Ni-As2S3 structure by 

holographic recording: a) - without a corona discharge;  b) – using of corona discharge (U = 7.5 kV). 
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Fig. 2. The HDGs diffraction efficiency dependence on 

the recording time of the Cu-As2Se3 structure. Curves 1, 

2, 3 with the application of the corona discharge at U = 0, 

7 and -7 kV, respectively. 
 

 

 

 

 

 

Maximum diffraction efficiency η of HDG during 

the exposure process reaches up to 0.8% in the negative 

corona discharge (curve 3),  up to 0.2% without the 

application of the corona discharge (curve 1) and 0.07% 

with a positive corona discharge (curve 2). So values of η 

are caused by a relatively thin layer of  ChGS (0.27 m) 

and may not be optimal thickness ratio of ChGS and 

metal. 

 

It should be noted that the test etching (without the 

optimization of the etchant and the pH of solution) of 

HDG formed in Cu-As2Se3 (record time is 4 minutes) in 

1% aqueous solution of inorganic alkali NaOH leads to 

the next diffraction efficiency values: 4% for the grating 

recorded without corona electric field, 10% for the grating 

recorded in the negative corona discharge, and 2.5% for 

the grating recorded in the positive corona discharge. 

Thus the optical recording process of HDGs on the 

structure of Cu-As2Se3 ensures obtaining of relief-phase 

grating in the negative corona discharge with a diffraction 

efficiency of more than 2 times higher than that of normal 

recording (without corona discharge).  
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The effect of laser exposure on Cu-As2Se3 structure 

with thickness of 1 mm on its solubility in 1% aqueous  

solution of NaOH is shown in Fig. 3. The control of the 

etching process was carried out by an optical method [11] 

at a wavelength of λ = 0.94 mm in the transmission mode 

during the etching process.  

0 50 100 150 200

55

60

65

70

75

80

85

90

95

100

d
, 
%

t, s

1

2

3

 
Fig. 3. The thickness change dependence on etching time 

in Cu-As2Se3 structure. Curve 1 – using exposure in the 

negative corona discharge, 2 – without exposure and 

corona discharge, 3 – using exposure without the corona 

discharge. 

 

The etching process was studied at 3 samples: 1 - 

irradiated by uniform laser illumination (λ = 0.63 mm, E = 

4 mW/cm
2
 during 10 minutes) in the negative corona 

discharge U = 7 kV; 2 - non-irradiated, 3 - irradiated by 

laser (λ = 0.63 mm, E = 4 mW/cm
2
 during 10 minutes) 

without any corona discharge field. 

It is seen that the laser irradiation of Cu-As2Se3 

structure leads to increasing of the etching rate of about 

20% compared to non-irradiated structure (curve 3 and 2), 

and a similar exposure in the negative corona discharge 

reduces the etching rate of more than by 5 times (curve 1 

and 2). From these results it is clear that exposure using 

corona discharge field leads to a much greater etching 

selectivity in alkaline solution than without application of 

corona field and to the change of the type of solubility. 

The dominant mechanism of the HDG formation, 

in this case, is photoinduced interaction in the Cu-As2Se3 

structure. The influence of photostructural 

transformations in HDG formation can be neglected, 

since: 

1. the refractive index change of As2Se3 under 

photostructural transformations is about 0.13 [12], but the 

refractive index change of  the Cu-As2Se3 is about  0.3 

under  photoinduced interaction [11]; 

2. the intensity of photostructural transformations is 

strongly dependent on the thickness of ChGS film (in our 

experiment the thickness is 0.27 mm) [13]; 

3. the photoinduced interaction in metal-ChGS 

structure weakens the photostructural transformation [14]. 

Apparently, for the qualitative explanation of the 

observed phenomena in the Cu-As2Se3 structure the 

following facts should be considered: 

1. The rate of photodiffusion process is limited by 

the rate of metal penetration from doped region of ChGS to 

undoped [14]. 

 

 

 

 

2. The doped-undoped interface of ChGS is 

considered as  heterojunction [14], which is formed during 

photodoping and moves during the exposure of metal-

semiconductor [15]. 

3. The light exposure on this heterojunction leads to 

separation of electrons and holes in such a way that they 

create a pulling electric field to the metal ions [15]. 

4. It is obviously that during the application of corona 

discharge field to this heterostructure, the  created  pulling 

electric field, which causes positive ions moving  from 

photodoped layer to undoped layer [15], will either increase 

or decrease depending on the polarity of the discharge 

electrode. 

IV. CONCLUSION 

 

1. It was shown that selective etching of two crossed 

HDGs recorded by photostructural transformations in 

corona discharge field in Ni-As2S3 structure led to an 

increasing of order and relief depth by 30-40%, compared 

with HDGs recorded without corona discharge field. 

2. Using the negative corona discharge during 

holographic recording of HDGs based on photoinduced 

interaction in Сu-As2Se3 structure resulted in a increasing 

of the holographic sensitivity S and diffraction efficiency 

η by more than 2 times. 

3. It was shown that uniform laser exposure of Сu-

As2Se3 structure in negative corona discharge led to much 

greater etching selectivity in alkaline solution and to the 

change of the solubility type compared to exposure 

without application of corona discharge. This make it 

possible to obtain of relief-phase HDGs with diffraction 

efficiency of more than 2 times higher and to carry out the 

optical lithography process of high quality.  

4. The carried out experiments and obtained results 

on application of corona discharge field during 

holographic recording in metal-ChGS structures [16,17] 

make it possible to considerable improvement the 

parameters of recorded and etched relief images. It will 

ensure obtaining of more qualitative diffractive optical 

elements and nanostructures based on ChGS, as well as 

the whole process of optical lithography.  
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I. INTRODUCTION 

The drought of the last year has shown that the 

techniques for inducing artificial rainfall are of high 

priority for Moldova. Works in this field have been 

purposefully carried out in the world, including former 

Soviet republics, since the 1960s [1]. At present, in the 

world there are a few tens of research and operational 

projects on artificial increase in the amount of 

precipitation, which are implemented in different 

countries around the world, i.e., in the United States, 

Australia, South Africa, China, Morocco, Syria, Saudi 

Arabia, Mexico, Iran, Cuba, and other countries. 

It was found that, in some cases, the amount of extra 

precipitation induced by seeding the so-called warm 

clouds is 50% and more. Analysis of the effects of active 

influences on meteorological processes (weather 

modification) in the Stavropol Region (Russia) in the past 

five years has shown that the physical efficiency such 

operation on the increasing of an artificial precipitation in 

average is 70%. Economic efficiency of the artificial 

increasing in precipitation is calculated from the 

additional croppage of agricultural products produced by 

artificially precipitated water. Profitability of such 

operations, depending on the season and the crops is 

7+30RUB, that is, for every RUB spent average profit 

varies from 7 to 30 RUB [2]. 

In Moldova, these works were conducted in the 1980s. 

It was shown that an active influence on precipitation 

forming processes can increase the amount of 

precipitation by 20-25% compared to the actual norm 

depending on season [1]. Reagents of two types are used 

for this purpose: crystallizing materials (solid carbon 

dioxide, liquid nitrogen, or silver iodide) or hygroscopic 

particles that intensively absorb water vapor of the 

respective cloud environment. The results of the recent 

studies show that, under certain conditions, seeding of 

cloud environments leads to a change in the 

microstructure of seeded clouds and, consequently, to an 

intensification and increase in the amount of precipitation 

falling from them. 

 The method of seeding convective clouds with small 

hygroscopic particles to induce artificial rainfall, which 

are induced by the combustion of hygroscopic 

pyrotechnic compositions, was developed and tested at 

the end of the last century. Despite the encouraging 

results of application of this method, the question of their 

physical justification remains open; this in turn requires 

additional laboratory tests. 

II. TECHNIQUE FOR DETERMINING THE 

EFFICIENCY OF HYGROSCOPIC AEROSOL 

GENERATORS AND EXPERIMENTAL DATA 

At the Gitsu Institute of Electronic Engineering and 

Nanotechnologies, a setup based on a small aerodynamic 

stand has been designed and constructed, and a 

technology for testing the pyrotechnic compositions used 

in the practice of active impacts for preventing hail has 

been developed [3, 4]. This setup has been adapted for 

studying the hygroscopic pyrotechnic compounds (LOZA, 

Bulgaria) used to induce artificial rainfall. 

This aerodynamic stand allows testing any type of 

pyrotechnic generators of ice-forming aerosols, which are 

used at present both in operations on protection of 

agricultural crops from hail damage and in operations 

(experiments) on modification of precipitation.  

It should be noted that the simulation of conditions of 

the flight of a rocket using an aerodynamic stand is also 

caused by the fact that the ice-forming activity of aerosols 

is affected, to different extents, by many factors. One of 

them is the ratio of the velocity of the generator to the 

velocity of discharge of a gas-vapor stream from the 

nozzle of the generator. In addition, the yield of active 

ice-forming particles heavily and monotonically depends 

on this parameter.  

The aim of this study is to develop a technology for 

determining the efficiency of hygroscopic generators in 

A Study of Properties of Hygroscopic 

Pyrotechnic Compositions for Inducing 

Artificial Rainfall 
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pyrotechnic compositions used to prevent hail. The results of studying the hygroscopic pyrotechnic 
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an actual temperature interval in operations on 

modification of precipitation. 

Some technical parameters of the used stand areas 

follows. The diameter of the horizontal aerodynamic tube 

(HAT) d is 330 mm; the length L is 9 m. A device for 

taking ice-forming aerosol samples from the air flow is 

placed into an Eiffel chamber (d = 500 mm, L = 3 m). In 

the front part of the aerodynamic tube, in front of the 

Eiffel chamber, an access panel is arranged for the 

installation of full-size generators of ice-forming aerosols 

and large fragments of samples of pyrotechnical 

compositions with reagents. The flow velocity (≈30 m/s) 

in the HAT is determined by the method of measurement 

of gas dynamic pressure using a "Pitot tube." 

For better homogenization and mixing of the aerosol 

and the air, at a certain distance behind the generator, we 

installed a special unit, i.e., turbulator intended for the 

intensive stirring of the aerosol plume in order to obtain a 

uniform aerosol concentration over the cross section at the 

sampling point. The estimation of the uniformity of the 

distribution of aerosol concentration over the cross 

section showed that the ratio of the concentration at the 

center to the concentration at any point of the cross 

section varies within 10%. 

The system of sampling and dilution allows 

representative sampling of the aerosol generated by a 

generator in the air flow of the HAT. The intake is placed 

in the Eiffel chamber. The intake consists of a stainless 

pipe exposed at the center of the tube with holes directed 

toward the flow, a piping system, and a syringe. Since the 

difference between atmospheric pressure and dynamic 

pressure is usually no more than 1%, the transfer of the 

sample from the tract of the aerodynamic tube into a 

mixing chamber is carried out isothermally and with a 

constant humidity.  

To prevent the suppression of the activity of forming 

particles owing to the effect of "re-seeding", it is 

necessary to obtain an optimum concentration of crystals 

in the mixing chamber, which would provide a 

statistically significant result of the experiment. In order 

to reduce the aerosol concentration, the sample had 

previously been dissolved in a cube with a volume of 

1000 and 125 l, respectively.  

The nucleation and growth of water drop crystals 

occurs in a fog produced in the working volume of the 

mixing chamber. In the capacity of a mixing chamber in 

the stand under discussion, we used an ILKA KTLK-1250 

climate chamber with a working volume of 1200 l 

modified as follows. 

 Access holes were made in the door for the placing 

and removal of microthermostats. 

 A system for introducing a measured sample of the 

active aerosol into the working volume was 

prepared. 

 A fan to mix the air to reduce temperature 

gradients was installed in the working volume. 

 A temperature and humidity sensor was installed. 

 In the upper part of the cloud chamber, a lighting 

unit was installed; it generated a beam of light for 

the visual observation of the process of formation 

of fog, variation in its density, and formation of ice 

crystals. 

Fog in the chamber is created by the injection of hot 

vapor, which condenses to form water aerosol with a 

modal diameter of droplets of about 4 mm. 

Given the linear dimensions of the chamber, the 

vertical temperature gradient in the chamber does not 

exceed 0.02 deg/cm; the horizontal gradient, 0.005 

deg/cm. 

The initial water content of fog depends on the duration 

of the introduction of vapor; it was 0.4-3.0 g/m
3
. 

The accuracy of temperature measurement in the 

chamber working volume is ±0.1
o
C. 

For the experiment (measurement) temperature, we 

take the temperature settled in the chamber working 

volume after the formation of fog in it, before the 

introduction of the aerosol sample. 

The lifetime of vapor fog in the chamber for an initial 

water content of 1÷2 g/m
3
 is 2÷3 min. 

Fog in the cloud chamber is generated by the 

condensation of a hot water vapor being introduced into a 

cooled volume. 

Water drops that are formed on introduced nuclei grow 

to sedimentation sizes and are recorded at the bottom of 

the chamber using a thermostat. The quantity of the 

microthermostats is determined by objectives of the 

specific experiment. According to the number of crystals 

formed, knowing the characteristics of the equipment and 

consumption data for the generator, we can calculate the 

yield of nuclei.  

The duration of one measurement (experiment) using 

the aerodynamic stand, which consists in the 

measurement of the yield of active ice-forming particles, 

is 30-40 min at a given temperature. 

For the determination of the yield of active water drops 

forming particles according to this technique, it is 

necessary to take into account a number of factors, the 

disregard of which can significantly distort the results: 

 the presence of significant temperature gradients in 

the chamber working volume; 

 inhomogeneity of the water content of fog; 

 run-to-run reproducibility of fog parameters; 

 local supersaturation of water vapor upon the 

introduction of the aerosol in the chamber; 

 coagulation of aerosol particles in the process of 

formation and introduction into the chamber, their 

precipitation on the chamber walls, injector, and 

feeding hoses. 

The estimation of accidental errors of measurements 

showed that the error of a single measurement is ±15% in 

a temperature range of 10 to 20
o
C. As the temperature 

decreases, the error is reduced. The total systematic error 

is ±3% and can be ignored in the calculations.  

Based on the designed aerodynamic stand and the 

developed procedure for testing hygroscopic 

compositions, we carried out experiments on the 

determination of the practical yield of active particles of a 

hygroscopic composition produced by the Stroiproject 

LTD (Bulgaria). Figure 1 shows some samples of these 

hygroscopic agents made in the form of reagent sticks.  

Experimental studies of these hygroscopic pyrotechnic 

compositions were performed as follows. We used two 

versions of the tests: in a dynamic mode, which involves 

the combustion of entire hygroscopic pyrotechnic sticks 
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Fig. 2. Distribution of droplets of the model air 

medium obtained via sedimentation on the surface 

of microcryostats before the introduction of a 

hygroscopic agent into the cloud chamber. 

Fig. 3. Distribution of droplets of the model air 

medium obtained via sedimentation on the surface 

of microcryostats after the introduction of a 

hygroscopic agent into the cloud chamber. 

in the aerodynamic tunnel, and in a static mode, in which 

weighted portions of a hygroscopic pyrotechnic 

 

 

 composition are combusted in a special generator. 

 

 

  

After dilution of the resulting aerosol with an air 

medium in the working volume, a sample of this aerosol 

was introduced into in a preliminary prepared cloud 

chamber. The preparation of the chamber consisted in the 

creation of a model environment, which had the 

parameters similar to real cloud entities and exhibited an 

appropriate temperature (T = 415C) and humidity 

(0.43 g/m
3
). 

The sedimented droplets of moisture were studied 

under a microscope capable of magnification up to 150 

times. The obtained distribution pattern of water droplets 

was visually studied and electronically stored using a 

special video camera (Figs. 2, 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Samples of hygroscopic agents made in the form of reagent sticks. 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         339 

 

After that, the derived information was analyzed with 

respect to the size distribution of water droplets before 

and after the introduction of a hygroscopic pyrotechnic 

composition. The used parameters were the temperature 

and water content of the model cloud environment with 

the values from the above given range for these 

parameters. 

The studies in a wide temperature range (15 to 

+10C) on the developed setup for testing hygroscopic 

pyrotechnic compositions (LOZA, Bulgaria), which are 

used in the practice of inducing artificial rainfall, showed 

that this the pyrotechnic composition is not efficient for 

using as an ice-forming agent in the range of negative 

temperatures (15 to 6C, N < 10
9
 g

1
) for impacting the 

supercooled clouds. 

A qualitative analysis of this pyrotechnic composition 

shows that it can be used to induce artificial rainfall in the 

range of positive temperatures (0 to +10C) for impacting 

the warm clouds: a comparison of the distribution of 

droplets with and without the hygroscopic pyrotechnic 

composition (LOZA, Bulgaria) shows that the 

introduction of the pyrotechnic composition into the cloud 

chamber leads to a significant increase in the size of the 

resulting droplets (more than twofold). 

III. CONCLUSIONS 

Thus, the studies of hygroscopic pyrotechnic 

compositions (LOZA, Bulgaria) have shown that their 

combustion at positive temperatures leads to the 

generation of active centers with high hygroscopic 

properties, which can be used for impacting the so-called 

warm clouds in order to induce artificial rainfall. 
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I. INTRODUCTION 

Nanocomposites (NC) based on perspective polymers 

and organic compounds are excellent structures for a new 

devices with high performance and use in different areas 

of optoelectronics, technique, medicine, etc. The main 

advantages of nanocomposites are their high stability due 

to fixation and protection of organic compounds and their 

properties in polymer matrix. They can be obtained in the 

form of thin layers on large-area and flexible substrates 

and in the form of fibers or planar waveguides. 

One of the interesting and perspectives material are the 

polymers sensitive to light. Due to the combining of the 

properties of the photoconductivity and their molecuar 

structure it allow the possibility of achieving of the 

registration and writing of optical information with high 

resolution. From this point of view, polymers containing 

carbazole groups as polymer poly-(N-vinyl)carbazole 

(PVC) or oligomer poly-(N-epoxypropyl) carbazole 

(PEPC) presents of particular interest. They possess some 

important properties as optical transparency, film forming 

ability, flexibility, thermoplastics, high technology and 

provide high technology manufacturing sectors at low 

cost. They are p-type conductivity and are useful for 

registration of electrographic and holographic media [1-

2].  

Conduction mechanism in conjugated polymers and 

compounds on which base are synthesized NC is different 

from conduction mechanism of conductors or of 

semiconductors and his peculiarities caused by 

intermolecular interactions and the possibility of training 

in them donor-acceptor (D-A) complexes charge transfer. 

Charge transfer mechanism is the same as in living 

organisms and form the basis of a method of treating 

cancer. The polymer layers are as useful tool for 

researching processes of intermolecular charge transfer 

power. The method is based on destruction of cancerlike 

cell under the action of active O2* (singlet) that form as a 

result of photochemical reactions in the cell. In the latter 

case an important role plays the photosensitizator that is 

introduced and which absorbs the red light passing 

through the fabric of cell [3]. The photosensitizator bring 

in such way to increase the sensitivity, optical absorption 

and the effect of photoconductibility. 

Metal organic compounds phthalocyanine MePc 

presents a particular interest and they are perspective to 

be introduce in PEPC and to form a composite films with 

photosensitive properties due their structure with 

conjugated double bond [4] and to their strong absorption 

in ultraviolet and visible regions . Metal complexes of 

phthalocyanine are considering as photoconductors [5], 

electrophotographic materials [6-7], optical recording 

media [8] and nonlinear optical materials [9]. Also they 

have the potential for application in optical logic display 

devices [10], solar cells [11] and as sensitizers [12]. 

Photochrome compound CoPc as acceptors for electron 

are used in NC to form the electronic conductivity, and 

therefore the doping of thin polymer films are suitable for 

study of intermolecular electron transfer. Most metal-

substituted phthalocyanines have planar molecules. In 

CoPc, the central metal atom is Cobalt. The major 

advantage of using organic semiconducting materials is 

their ability to readily modify their molecular structure, 

and hence, their electrical and optical properties. 

However, understanding of phthalocyanine complexes 

application to composite with polymers was far from 

complete until now. 

In the present paper, we make an effort to synthesize 

organic Cobalt phthalocyanine compounds and to 

elaborate a new composite based on it and oligomer 

PEPC - CoPc/PEPC, and to investigate their optical and 
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photoluminescence characteristics. 

II. METHODS OF TECHNOLOGY AND UNIT OF 

EXPERIENCE  

Cobalt phthalocyanine has 18 π electron of aromatic 

macrocycle, the structure of molecule is symmetric, flat 

and consists of four units iminoizoindoline. Such 

macrocycle closely resembles another system met cyclic 

in nature - porphyrin. For Cobalt phthalocyanine is 

important the nitrogen atoms which are in the four 

positions instead of bridges in the presence of the carbon 

atoms and four benzoic subunits (Fig. 1). Synthesis of the 

organic CoPc compound was made in the Department of 

Organic Chemistry at the State University of Moldova. 

Method of obtaining CoPc [13] is: 42.5 ml of 

nitrobenzene is added 6.95 g (0.05 mol) of 1,2-

dicianobenzen, 0.5 g of Cobalt acetate, 0.002 g of 

molybdenum oxide (VI). The solution is bubbled with 

liquid ammoniac, or are adds 1-2 drops of DBU. Reactant 

mixture is heated to temperature 200 - 300 
0
C for 3-4 h.  

The reaction product (Fig. 1) is cooled down to a 

temperature range 80 - 85 
0
C, and at this temperature final 

product falls as precipitation, then it is filtered through a 

glass filter. CoPc crystals are washed three times with a 

volume of 10-15 ml of nitrobenzene heated to 80-90 
0
C, 

then with 10 ml of methanol and finally with 25 ml of 

water. Cobalt phthalocyanine is dissolved well in pyridine 

and in nitrobenzene hot less. 

Chemical structure formulas of poly-(N-

epoxypropyl)carbazole is presented on Fig. 2. 

 

 

Fig. 1. The technological and chemical structure of 

phthalocyanine CoPc 

 

 

Fig. 2 Chemical structure of poly-(N-

epoxypropyl)carbazole. 

 

Thin films of PEPC/CoPc nanocomposites were 

prepared from chemical solutions. The components of 

nanocomposite were dissolved separately in pyridine 

during 24 h, after which they were clasped together and 

homogenized during 2 h. Thin films deposition (d = 1 

mkm) was performed on optical glass by methods of 

droplets or spin-coating, and then it were dried by 

complete evaporation of solvent. Samples were obtained 

with 6 different concentrations of CoPc in NC (0.2%, 1%, 

3%, 6%, 9%, 12% of mass). All nanocomposite samples 

were blue with smooth surface, uniform and transparent.  

The morphology of composites was investigated with 

Linnik microscope MII-4. The obtained samples were 

transparent and homogeneous, no bubbles or inclusions 

were observed and this shows that the balls in the polymer 

are smaller than 0.1 μm, uniformly are distributed and the 

films can be considered nanocomposites (NC).  

The optical transmission spectra (T = f(λ)) in the range 

of λ 300 - 800 nm were measured using Carl Zeiss 

Spectrophotometer SPECORD UV-VIS connected to the 

PC. The photoluminescence spectra were measured using 

of the monochromator based on MDR-23 connected to 

PC. The excitation of photoluminescence was performed 

with a nitrogen laser (λ = 337.1 nm) with the radiation 

intensity of P = 0.1-103 W/cm
2
 , τi = 8 ns) or with 

Deuterium lamp in the spectral range of λ = 200 - 500 nm. 

III. OPTICAL ABSORPTION OF NANOCOMPOSITE 

THIN FILMS  

On Fig. 3 are presented the optical transmission T = 

f(λ) of thin films of NC PEPC/CoPc for different 

concentrations of CoPc in NC in the wavelength range 

300 - 800 nm. The thickness of all layers on substrates of 

glass NC was equal to 1 mkm. From transparent spectrum 

at the high-energy side is highlighted the sharp absorption 

edge (B) at 330 to 350 nm. The position of absorption 

threshold B is practically constant and remains with little 

change at increase the concentration of CoPc in NC. 

From the infrared part of spectrum in the range 570-

750 nm with increasing concentration of Cobalt 

phthalocyanine in NC two minimums appear in the 

transparence (Q1 and Q2). Generally, in wavelength 

region more than 800 nm the NC films seem to be whole 

transparent. 

 

 
Fig. 3. Optical transmission in NC Pc(Co)/PEPC 

prepared by the  method of droplets without treatment (a), 

dependence of optical transmission minimum versus 

concentration CoPc in NC (b). 

 

In Fig. 4 is presented the energy dependence of the 

absorption (a(hy)) obtained from dependence T = f (λ) 

from Fig (α = -lnT/d). In dependence a(hy) absorption 

threshold B is identified that characterize 

nanocomposites. With increasing concentration the form 

of the absorption line is changing little. The absorption 
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maximums of bands Q1 and Q2 are increasing 

approximately linearly with increasing concentration from 

0.2 to 12% (Fig.). The amplitude of maximums 

absorption of Q1, Q2 increases with increasing 

concentration and are attributed complete to CoPc in NC. 

 
  

Fig. 4. Absorption spectrum of nanocomposite 

PEPC/CoPc at  different concentrations. 

 

For the energy calculation B, Q1 and Q2 was analyzed 

energy dependence of absorption coefficient using the 

formula α = α0 (hν - Ei)n, where Ei is the optical band. 

The dependence absorption in coordinates lg(α*hν) – 

lg(hν) were allowed to determine the coefficient n which 

in this case was linear and n = 2. 

Figure 5 represents the energy dependence of 

absorption coefficient plotted in the Tauc coordinates 

(αhν)1/n=f(hν) of the NC for the sample with a 

concentration of 12%.. The extrapolation of linear parts of 

graphics to 0 gives the band energy B EB=3.46 eV and 

energies of bands Q1 and Q2 EQ1= 2.02 eV and EQ2 = 

1.74 eV. 

  

 
 

Fig. 5. Absorption spectrum of nanocomposite 

PEPC/CoPc plotted in the Tauc coordinates. 

 

Probes of PEPC/Pc(Co) were treated with UV light. 

Spectrum of optical transmission is presented in Fig. 6. 

We can see in the graphic darkening of NC transparence 

and shift of minimums Q1 and Q2 to IR. Position of  

 

absorption threshold B at irradiation with UV light 

remains the same. 

Fig. 6. Optical transmission in NC PEPC/CoPc prepared 

by the method of droplets with UV treatment during 14 

min an 1h 

PHOTOLUMINESCENCE OF NANOCOMPOSITES 

The photoluminescence spectra of NC PEPC/CoPc at 

the excitation with a nitrogen laser are presented on Fig.7 

for different concentrations of cobalt phthalocyanine in 

NC in wavelength range 350 – 800 nm. In the dependence 

of luminescence intensity  I = f (λ) of spectrum in the 

range 350-600 nm have been observed more pronounced 

two maximums whose positions is the same and stand out 

up to 380 nm and 420 nm to maintain its position in 

samples with different concentrations. According of the 

graph (Fig. 7) the dependence of photoluminescence 

versus wavelength is asymmetric. The increase of 

concentration of CoPc from 0.2 to 12% 

photoluminescence intensity is more than 2 times have 

decreased. 

 

 
Fig. 7. Photoluminescence spectra of NC PEPC/CoPc 

dissolved in a toluene solution at different concentrations 

of CoPc. 

 

It should be mentioned that photoluminescence 

spectra measured consecutively during time shows a 

gradual attenuation of the luminescence. This effect cause 

essential quenching of photoluminescence. The maximum 

of luminescence spectrum appeared to be decreasing in 

time, probably due to photochemical reaction after the 

action of the N2 laser excitation in during measurement. 
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IV. DISCUSSION OF RESULTS 

Spectra of photoluminescence of the nanocomposites 

in all cases show a well pronounced maximum which is 

considered to be attributed to the presence of the CH=CH 

double bond in the polymer and in CoPc compound.  

The deviation from the Stokes law of the 

photoluminescence maximum position to the absorption 

threshold is in a range of hν = 0.1 - 0.15 eV. This 

deviation can be explained by the presence of a hydroxyl 

group in compound CoPc.  

The optical absorption spectra for 1 mkm film 

thicknesses of CoPc are given in Fig. 5. The spectrum 

originates from orbitals within have been confirmed for 

many the phthalocyanine complexes and is related to the 

formation of singlet excitons [6-9].  

The absorbance spectrum shows sharp increase in 

absorption at wavelength near the absorption edge of the 

threshold wavelength of the absorbance spectrum, the 

energy corresponds to this determines the optical band 

gap of the semiconductor material. The spectrum 

originates from orbital’s within the been confirmed for 

CoPc phthalocyanine complexes and is related to the 

formation of singlet excitons. The absorption at the lower 

energy side is related to singlet excitons of D-A central 

ion Co with nitrogen ions [14].  

The data of the absorption spectra obtained verifies 

that π-π* transition appears in the region of 315–350 nm 

for the Soret band and n - π* appeared at about 600– 735 

nm for the Q-band. [14]. 

Optical properties of NC films are controlled by 

energy band gap and the trap levels present in the 

forbidden energy gap. Since the interactions of Cobalt 

phthalocyanine molecules are of Vander Waals type, the 

rearrangements of molecule alter the energy band gap 

between valence band and conduction band. 

In articles [14] were performed calculations and ab 

initio calculation of the total energy from electronic 

structure of CoPc was established, and recent interest had 

moved to evaluation of free energies and equation of state 

[14]. The π – π
*
 transition appears in the region of the 

Soret band. This band was appeared at 346 nm of 

phthalocyanine and shifted to 315 nm for CoPc [29]. 

Generally authors noticed that, the Sort band was 

shifted to shorter wavelength related to phtalocianine with 

increasing the number of electron in the 3d orbital for the 

bivalent cations Co
2+

. 

The most essential characteristic of the charge-transfer 

CoPc was the double chain and two-band structure: a 

metal d-chain and macrocycle p-chain coexists within the 

same molecular column and a narrow 3d-band was 

located near the Fermi level of a wide π-band [11]. It has 

been suggested that, the VIS spectrum obtained for 

(CoPc) originates from the molecular orbital within 

aromatic 18 π electron system and from overlapping on 

central metal ions [12].  

The model proposed for explanation, which describes 

the photochromic changes in the photoemission spectra 

nanocomposite polymer, envisaged conditions of 

excitation and proton transfer in P EPC/CoPc 

nanocomposites. According to this model, the protons are 

transferred in the excited state of carbon from nitrogen 

position. For this excitation, the first singlet status of 

arousal is considered to be a strictly acidic state and the 

state of "nitrogen" is strictly basic. Thus, the isomer (S*) 

is formed, which in this case is more stable than the 

isomer (S) until the proton transfer. So, the state S* can 

be considered as an excited vibrational state S. After 

transition of the molecule in normal state one is emitted a 

photon. In the result of this process, the proton is 

transferred back to the state of carbon, which is more 

stable state in this case. It can be considered that the 

reverse state S is also excited by the vibrational state S*. 

V. CONCLUSION 

A new technique for thin film nanocomposites 

PEPC/CoPc by a chemical method was developed and 

their physical properties were characterized by 

microscopic measurements, transmission and 

photoluminescence spectra. 

Optical studies are allowed to determine the B band 

gap and Q1 si Q2 bands of NC, maximum absorption 

coefficient and the effect of UV irradiation on absorbtion 

and band gap. 

From experimental data it was found that NC 

PEPC/CoPc is a material that have an addition absorption 

in wavelength range 600 - 700 nm. These properties allow 

the use given to manufacture photosensitive composite for 

devices operating in this field of energy. 

The obtained nanocomposite films are promising 

materials for the preparation of various fluorescent and 

photosensitive dyes and devices. These nanocomposites 

can be applied in various areas of engineering and 

optoelectronics as indicators of UV irradiation and rigid 

irradiation, for converting these energies in the visible 

spectra, as electrophotographic and holographic media for 

recording of optical information, etc. 

ACKNOWLEDGMENTS 

This work was supported by Project of Institute of 

Applied Physics of Academy of Sciences of Moldova (nr. 

11.817.05.03A).  

REFERENCES 

[1] P. M. Borsinberger and D. S. Weiss, Photoreceptors 

for Xerography (Marcel Dekker, New York, 1998. 

[2] D. Hertel, H. Bässler, U. Scherf, and H. H. Hörhold, 

Charge carrier transport in conjugated polymers -  J. 

Chem. Phys. 110, p. 9214, 1999. 

[3] A.B.P.Lever, M.R.Hempstead, C.C.Leznoff, W.Llu, 

M.Melnik, W.A.Nevln and P.Seymour. Recent 

studies in phthalocyanine chemistry Pure & Appl. 

Chem., Vol. 58, No. 1 1, pp. 1467—1476, 1986. 

[4]  S. Ambily, C.S. Menon, Electrical and optical 

studies on metal-free phthalocyanine thin films, 

Mater. Lett. 34, p.124, 1998. 

[5] A.R. Inigo, F.P. Xavier, G.J. Goldsmith, Hybrid 

organic/inorganic films of conducting modified  

polymers,  Mater. Res. Bull., 32 (5)p. 539, 1997. 

[6] K. Arwashima, H. Hiratsuka, A. Tate, T. Okada, 

Near‐infrared sensitive electrophotographic 

photoconductors using phthalocianine, Appl. Phys. 

Lett. 40, p. 279, 1982.  



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         344 

[7] R.O. Loutfy, A.M. Hor, C.K. Hsiao, G. Baranyi, P. 

Kazmaier, Photocarrier generation in metalifree 

phthalacyanines,  Pure Appl. Chem. 60, p. 1027, 

1988.  

[8] M.F. Dautartas, S.Y. Suh, S.R. Forrest, M.L. 

Kaplan, A.J. Lavinger, P.H. Schmidt, Optical 

recording using hydrogen phthalocyanine thin films, 

Appl. Phys. A. 36, p. 7, 1985. 

 

[9] Kadish, K.M. Smith (Eds.), The Porphyrin 

Handbook, Applications of Phthalocyanines, vol. 19, 

Academic Press, Amsterdam, 2003.]. 

[10] K. Nebesny, G.E. Collins, P.A. Lee, Supramolecular 

Photosensitive and Electroactive Materials, Chem. 

Mater. 3, p.829, 1991. 

[11] M. Pope, C.E. Swenberg, Electronic Process in 

Organic Crystals,Clarendon Press, Oxford, 1992. 

[12] C.C. Lezno, A.B.P. Lever, Phthalocyanines: 

Properties and Applications, vol. 3, VCH, New 

York, 1993. 

[13] L. Titse, T, Ahieser, Preparative organic Chemistry, 

Moscow "Mir" 1999, p. 431-432.  

[14] Akiomi Mishima, Bound states of two holes in the 

two chains of d and p electrons, Physica B 284}288, 

p. 517, 2000. 

  



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         345 

I. INTRODUCTION 

The chemical pulverization method was firstly used 

at the fabrication of transparent conductive oxides 

fabrication. Later this method was used by Chamberlin 

R.R [1] for the fabrication of sulfide and selenide films 

and it gain a wide development, more complex and 

qualitative in the works of Chopra K.L. [2]. In the 

technology of semiconductor thin films an apart place is 

taken by a group of different metal and compound 

sulfides which possess of electrical, photoelectrical and 

luminescent properties having an usable value. Based on 

such compounds a series of semiconductor devices were 

made such as: sensors, detectors, energy converters, 

photo-resistors [3]. They also  are of perspective in the 

fabrication of solar cells and solar batteries [4-8]. 

An important advantage of sulfides thin layer 

fabrication by chemical pulverization consists of the fact 

that this method is of low cost and is accesible at the 

cadmium sulfide deposition with the properties which 

could be controlled by changing the technological regime 

of corresponding layers fabrication. The perspective of 

this method installation consists of simplicity 

semiconductor compounds layers fabrication and layers of 

their solid solutions, of the doping with active impurities 

and heterojunctions fabrication in a single technological 

cycle [4]. This method provides the realization of a low 

material expending technological method of different 

sulfides layers deposition with the unique properties and 

gives the possibility to extend the range of these layers 

installation. Depending on the thickness of the grown 

layers, the chemical pulverization method can be used not 

only in the fabrication technology of thin layers but also 

for the formation nano-layers and nano-dimensional 

structures. These advantages make the chemical 

pulverization to be of a perspective one in 

nanotechnologies in the realization of new generations of 

thin layers, devices based on it designed for 

optoelectronics, photonics , chemical sensors and for 

deposition of anticorrosive layers.  

The studies carried out in the direction [9] 

indentified the conditions needed for the fabrication of 

pure sulfides and their solid solution layers as well as for 

the fabricotion of heterojunction based on such layers. 

This requiers specific approach in the study of CdS layers 

growth on SnO2 coated glass substrates by pulverization 

method in an argon flow combined with the variation of 

the pulverizazed mixture composition and substrrate 

temperature. 

Particularly, in any certain case, depending on the 

device to be realized, new additional studies are needed 

related to the structural defects of layers, their electrical 

and photoelectrical properties and to the strategy for the 

control of these properties. 

II. EXPERIMENTAL DETAILS 

The technological conditions of CdS layers 

deposition by chemical pulverization method on a glass 

substrates coated with a previously deposited  tampon 

SnO2 layer are given below. Using of such substrates is 

caused,  particularily, by the fact that SnO2  layer can serve 

as a transparent ohmic contact at the elaboration of 

photovoltaic devices, when CdS layer is used as an optical 

window [10-12]. The CdS layers deposition by 

pulverization has a series of advantages: do not require 

high performance units; assures a minimum material 

losses at the large area layer deposition; excludes the 

necessity  of toxic gases using. For CdS layers deposition 

an aqueous solutions of CdCl2 and NH2)2 CS with the 

concentration of 0,1M were used. 

At CdS layers fabrication an unit for ITO (Indium 

Tin Oxide) deposition presented in [13] was used. The 

main components of this unit are :the pulverization 

system, an electric furnace, the substrates holder, the  

system of substrates introduction into the furnace and the 

control system. The unit allows to to obtain CdS layers 

Electrophysical Properties of Nanometric CdS 

Layers Deposited by Pulverization Method 

Abstract — The objective of this paper is establishing of the optimum conditions for CdS layers 

deposition by pulverization method on glass substrates coated with a previously deposited  tampon SnO2 
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with an area of up to 80 cm
2
. The furnace temperature 

was maintained constant with an accuracy of ± 0,5
o
 C. 

CdS layers were grown in an argon atmosphere at the 

pressure in the pulverization unit was of 40 kPa. Glass 

plates coated with a SnO2layer were used as substrates. 

Befo re CdS layer deposition the substrates were 

degreased in toluene, isopropyl alcohol etched in 

methanol+ 5%Br during 10 min, dried in the isopropyl 

alcohol vapors and placed into deposition chamber 

(electric furnace). Then the furnace temperature was 

increased to the needed for the deposition, the 

pulverizing unit was connected to the gas transporting 

system, the CdCl2 and (NH2)2 CS solution was poored into 

pulverizing unit funnel and the deposition process began. 

For a solution volume of 15ml, regardless of the 

CdCl2:(NH2)2 CS ratio, the deposition time was of 5 

min.  

The thicknees of CdS layers were stadied by 

scanning electron microscope (SEM). 

The electro-physical parameters of CdS layers with 

the thickness under (150…750)nm were measured by 

using an universal automatic unit for studies of electric 

and thermoelectric parameters in magnetic field of 0,5T at 

constant current. Electrical conductivity, charge carriers 

concentration and mobility in the layers grown and 

annealed at different temperatures in a hydrogen flow 

were determined. 

For luminescence spectra studies a MDR-23 

spectrometer was used. The photoluminescence excitation 

was carried out by a laser beam ( =0,337µm) of a power 

and duration pulse of 3 kW and 10 ns, accordingly. The 

luminescence radiation signal was recorded by a ФЭУ-

51 photomultiplier and a standard system of 

synchronized detection at 77K 

III. CDS LAYERS ELECTROPHYSICAL 

PROPERTIES AND PHOTOLUMINESCENCE 

The charge carrier concentration in CdS layer in 

dependence of deposition temperature is given in Fig.5. 

As one can see from Fig. 1.  the substrate temperature 

increase from 250
o
C to 450

o
C during the layer growth 

leads to the increase of charge carrier concentration by 

two times, which could be  related to Sn doping of the 

layers from SnO2 previously deposited onto the glass 

substrates. The charge carrier concentration in CdS layers 

deposited on glass substrates coated with SnO2 layer is of 

the order of  magnitude of 10
20

cm
-3

, which considerably 

differ from the charge carrier concentration of CdS layers 

deposited directly on glass substrates without SnO2 layer, 

which is of 10
17

cm
-3

. 

 
Fig. 1. Charge carrier concentration in CdS layers 

deposited at different substrate temperatures Ts 

 

The charge carrier mobility in CdS layers deposited 

at different substrate temperatures is given in Fig. 2. 

 
Fig. 2. Charge carrier mobility dependence on 

substrate temperatures Ts in CdS layers 

 

One can see a slight charge carrier mobility increase 

in the layers obtained at higher substrate temperature, 

which is due , probably, to the decrease of potential 

barrier value between the layer granules at higher 

temperatures. 

The charge carriers concentration in CdS layers 

deposited at different temperatures and annealed in a 

hydrogen flow in a temperature range of 250...450
o
C is 

shown in Fig. 3. As one can see the charge carrier 

concentrationin in CdS layer deposited at 450
o
C has a 

tendency of decreasing with the increase of the annealing 

temperature from 250
o
C  to  450

o
C . 

 
Fig. 3. Charge carrier concentration dependence on 

the annealing temperature in CdS layers. The deposition 

temperature in 
o
C: 1-250

o
C; 2-350

o
C; 3-450

o
C 

                                                             

 
Fig. 4. Charge carrier mobility dependence on  the 

annealing temperature in CdS layers. The deposition 

temperature in 
o
C:  1-250

o
C; 2-350

o
C; 3-450

o
C 
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The charge carrier mobility dependence  on the 

annealing temperature  in a hydrogen flow in the 

temperature range 250
o
C ...450

o
C in CdS layers deposited 

at the temperatures  250
o
C; 350

o
C; 450

o
C for CdCl2 to 

tiourea ratio of 1:2 is chown in Fig. 4. For all annealing 

temperatures the charge carrier mobility varies 

insignificantly varries but it is doubled with the growth 

temperature increase from 250
o
C to 450

o
C. 

The charge carrier concentration in CdS layers 

grown at 450
o
C for different CdCl2:TU ratio and then 

annealed at diferent temperatures was studied. As one can 

see from Fig. 5. the lowest charge carrier concentration is 

in the layers grown at  450
o
C for CdCl2:TU ratio of 1:2.  

The consideration of electrical conductivity, charge 

carrier concentration and mobility dependence on the 

annealing temperature leads to a conclusion about to a 

crystalline restructuring of the layers at the annealing. The 

studies of the electro-physical properties of CdS lyers had 

shown that the best parameters have CdS layers grown 

and annealed at the temperature ~450
o
C. 

 

 

 
Fig. 5. Charge carrier concentration dependence on    

CdCl2:CS(NH2)2 ratio in CdS layers deposited at 

Ts=450oC and annealed at: 1 – 350
o
C ; 2 – 250

o
C; 3 – 

450
o
C. 

 

 
Fig. 6. CdS layers photoluminescence deposited at: 

1- Ts=250
o
C;  2-   Ts=350

o
C; Ts=450

o
C and  annealed at 

350
o
C 

 

 The photoluminescence spectra of CdS layers 

deposited at the temperatures from 250
o
C to  250

o
C on the 

glass substrates coated with a tampon SnO2 layer and 

annealed at 350
o
C in a hydrogen flow are given in Fig. 6.  

The photoluminescence spectra represent a large radiation 

band in the energies range 1,6 – 2,6 eV. As one  can see 

from Fig. 6.  the photoluminescence spectrum has a 

maximum at the energy of 1,95eV for the layer grown at 

250
o
C which is shifting with the growth temperature 

increase and reachs 2,05eV for the layers grown at 450
o
C. 

The photoluminescence spectra of CdS layers grown 

at the substrate temperature of 450
o
C for different CdCl2: 

TU ratio and annealed at temperatures of 350
o
C and 

450
o
C are given in Fig. 7. and Fig. 8. correspondingly. 

For the layers grown at different CdCl2: TU ratio the 

photoluminescence spectra shape is similar with a peak at 

2,05eV and have, practically, the same semi-width of the 

luminescence band. 

 

 
Fig.  7. Photoluminesce spectra of  CdS layers gown 

at different CdCl2: TU ratio: 1 – 1:2;   2 – 2:1;  3 – 1:1 

and annealed at 350
o
C 

 
Fig. 8. Photoluminesce spectra of CdS layers gown 

at different CdCl2: TU ratio: 1 – 1:2;   2 – 2:1;  3 – 1:1 

and annealed at 450
o
C 

 

 

As one  can see from Fig. 8.in the spectra of CdS 

layers grown at different CdCl2: TU ratio and annealed in 

a hydrogen flow at 450
o
C, which is characteristic for the 

layers annealed at 350
o
C another maximum at 1,80eV is 

observed. 

The maximum at 1,95eV are probable related to the 

existence of the dislocations in the CdS layers structure.  
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The growth temperature increase leads to the shift of 

this maximum to higher energies. The appearance of the 

radiation band with a maximum at 1,80eV which is 

characteristic to CdS layers grown and annealed at higher 

temperatures is, probably, related to the modification of 

the layer crystallites and enhancement of their crystalline 

structure. 

IV. CONCLUSIONS 

          The high charge carrier concentration of 10
20 

cm
-3 

in CdS layers grown on glass substrates coated with 

a SnO2 layer is related to Sn doping of the layers from the 

SnO2 layer. 

      The analysis of the charge carrier concentration, 

mobility, and electrical conductivity of CdS layers 

suggests that crystalline restructuration occurs depending 

on the growth and annealing temperature. As a result of 

electro-physical properties investigation in CdS layers it 

was established that the optimum growth and annealing 

temperature is around 450C. 

The emission band with the maximum at 1,95 eV in 

the photoluminescence spectra is probably due to 

dislocations. The growth temperature increase leads to 

this maximum shift to higher energies. The observed 

radiation maximum at the energy of 1,80 eV is 

characteristic for the layers grown and annealed at higher 

temperatures. This energy level is due to the crystallites 

modification and their crystalline structure enhancement. 
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I. INTRODUCTION 

Hydrogen (H2) sensors are extensively used as detector 

in biological systems, combustion systems, as well as in 

the chemical, petroleum, or semiconductor industries [1-

2]. Nanostructures show great potential for sensorial 

nanodevice applications [3-8] due to large surface to 

volume ratio and controlled flow of confined charge 

carriers. For example, Cd-doped ZnO nanowires have 

been used in LED devices and sensing nanodevices [3-

4,9-10]. 

Nano-ZnO-based H2 sensors have been reported 

previously [5-8]. For example hydrogen-selective sensing 

in nano-ZnO based sensors was reported on pure and Pt-

coated multiple ZnO nanorods [11-12], ZnO nanorod 

arrays and networks [13-14], individual nanorod/nanowire 

ZnO [5-7], and SnO2-coated ZnO nanorods [15]. 

However, for industrial production purposes, a cost-

effective and efficient synthesis process is required [9,16]. 

Although, previous publications on ZnO 

nanowire/nanorod-based H2 sensors showed the promise 

of such devices in commercial sensing applications, their 

relative slow response and recovery times are major 

drawbacks for their implementation in an industrial 

setting. Current demands on chemical nano-sensors 

require enhanced gas sensitivity, selectivity, stability and 

faster gas responses. Improvements in the performance of 

nanowires-based sensors can be achieved via doping or 

surface functionalization. 

In this work we used an electrochemical method for the 

synthesis of Cd-doped/alloyed ZnO nanowire array. 

Samples were characterized by X-ray diffraction (XRD), 

scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), and gas sensing response. By 

using screen printing technique Zn1-xCdxO nanomaterial 

were integrated into a sensor-device structure and its 

response to H2 at room temperature measured. It was 

found a reduction of the sensor operation temperature and 

enhancement of their gas response were observed. 

II. EXPERIMENTAL 

The Zn1-xCdxO nanowire arrays were grown on F-

doped tin oxide (FTO) film supported on a glass 

substrate, with a sheet resistance of 10 Ω/sq by 

electrochemical deposition [9-10]. The following 

parameters were used during the electrodeposition:  an 

electrical potential of - 1 V vs SCE, a total charge per unit 

area of - 10 Ccm
-2

, a deposition temperature of 92 C [9-

10,17], and a total growth time of 150 min. After 

deposition, the samples were rinsed with deionized water, 

dried in air, and thermal annealed in air at 300 C for 11 

h. 

SEM images were acquired with an Ultra 55 Zeiss FEG 

at an acceleration voltage of 10 kV. The synthesized 

structures were characterized with a high-resolution X-ray 

diffractometer (Siemens D5000) operated at 40 kV and 45 

mA using CuKα1 radiation (  = 1.5406 Å). Details of the 

experimental procedures can be found in our report [17]. 

Further analysis of the chemical composition of the 

synthesized samples was conducted via secondary ion 

mass spectrometry (SIMS) with a Physical Electronics 

ADEPT 1010 quadrupole analyzer with a 3 keV Cs
+ 

primary beam at 60° from normal direction.  

 The sensors were made by screen-printing technique 

and contacted with Al as contact electrodes. This method 

can be applied to the fabrication of nanowires –based 

sensor structures. The characteristic H2 response of a 

sensor structure was studied at room temperature (RT, 

22°C). The measuring apparatus consisted of a closed 

quartz chamber connected to a gas flow system [5]. The 

humidity of the gas mixture was kept at about 53% 

relative humidity (RH) at RT. The concentration of test 

gases was measured using a pre-calibrated mass flow 
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controller. Hydrogen and air were introduced to a gas 

mixer via a two-way valve using separate mass flow 

controllers. The test gases were allowed to flow to a test 

chamber with a sensor holder, in which the nanosensor 

was placed. By monitoring the output voltage across the 

nanowire-based sensor, the changes in the resistance were 

measured in air and in a test gas. A computer with 

suitable LabView interface handled all controls and 

acquisition of data. All measurements were performed in 

a quasi-steady state. 

III. RESULTS AND DISCUSSIONS 

Figure 1(a) presents a SEM image of a quasi-aligned 

high aspect ratio Cd-doped Zn1-xCdxO nanowire array 

grown by electrodeposition (6 mM CdCl2) on a FTO 

substrate. It can be seen that these nanowires have 

uniform lengths of about 2 mm and diameters of 50–200 

nm. Zn1-xCdxO nanowires possess hexagonal cross-

sections exhibiting {100} planes on the sides (not shown). 

The aspect ratio (length/width) of the doped Zn1-xCdxO 

nanowire is about 30 [9]. Insert in Fig. 1(a) shows cross-

sectional view of Zn1-xCdxO nanowire array grown by 

electrodeposition (10 mM CdCl2) on a FTO substrate. It 

was observed an increase in nanowire diameter and its 

shape was changed due to higher alloying level. 

A low-magnification TEM image of transferred Zn1-

xCdxO nanowires with uniform diameter is presented in 

Figure 1b. A TEM image of nanowires showing an 

uniform diameter is presented in Figure 1b. A high-

resolution TEM image taken from the edge of an 

individual nanowire indicates a single crystal structure, do 

not display any noticeable defects, and are oriented along 

the 0001  c- axis, Figure 1c. The measured lattice 

spacing (c = 5.2055 Å) corresponds to that of Zn1-xCdxO 

crystalline planes [9]. However, ZnO and CdO can 

normally be found in two different stable crystal 

structures - wurtzite (wz) and rocksalt (rs), respectively, 

which complicates the fabrication of single-phase 

structures in a broad compositional range [18]. Previous 

detailed analysis of diffraction and photoluminescence PL 

data revealed that the wurtzite single-phase stability range 

is likely to be as narrow as 0–2% Cd in ZnCdO [18]. The 

HRTEM image (Figure 1c) reveals that the Zn1-xCdxO 

nanowires (6 mM CdCl2 in the bath) are uniform and 

single crystalline in the investigated area. According to 

our TEM observation, we conclude that highly crystalline 

Cd-ZnO NWs with hexagonal structure can be 

successfully synthesized at low temperature by 

electrodeposition method as previously reported in our 

reports [9-10].  

Figure 2 shows the X-ray diffraction XRD pattern 

recorded in the range of 10-90 with a scanning step of 

0.02 of Zn1-xCdxO nanowires with high-aspect ratio. 

XRD studies of the crystal structure indicate only zinc 

oxide peaks, along with the reflections from the FTO 

substrate for samples grown with lower concentrations of 

Cd in the bath (<6 mM CdCl2). The pattern matches the 

lattice spacing of crystalline zinc oxide in the wurtzite 

structure (space group: P63mc(186); a = 0.3249 nm, c = 

0.5206 nm). The data are in agreement with the Joint 

Committee on Powder Diffraction Standards (JCPDS) 

card for ZnO (JCPDS 036-1451). It can be seen that XRD 

pattern from this sample shows predominant (002) 

diffraction peaks [9]. The lattice constants of pure bulk 

ZnO are a = 3.249 Å and c = 5.206 Å [9], and those of 

pure ZnO nanorods (wurtzite structure) a = 3.2506 Å, c = 

5.2055 Å [7]. However, larger lattice parameters were 

obtained for the doped Zn1-xCdxO nanowires for Cd 

concentrations in the electrolyte of 2 and 6 mM (a = 

3.2507 Å and c = 5.207 Å) [9]. The XRD shows 

overexpression of the (002) plane suggesting a 

preferential growth with the c-direction perpendicular to 

the substrate for most of the NWs. These studies are in 

accordance with SEM observations (Fig. 2).  
 

 
 

Fig. 1. (a) SEM image of Zn1-xCdxO nanowires deposited on FTO 

substrate (6 mM CdCl2 in the bath). Insert is a SEM image of Zn1-xCdxO 

nanowires grown by electrodeposition (10 mM CdCl2 in the bath). (b) 

Transferred Zn1-xCdxO nanowires from initial FTO substrate. (3) TEM 

image of taken from the edge of an individual nanowire from (a). These 
nanowires were used as building nanoblocks for sensors structures. 

 

In the XRD patterns of 6.0 mM Cd-alloyed ZnO 

nanowires, CdO peaks were detected [9]. Such CdO peaks 

were observed more pronounced in samples with x higher 

than 0.12, for higher concentrations of Cd in the bath (>6 
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mM CdCl2). In all samples wurtzite zinc oxide peaks were 

clearly detected, which means that the dopant does not 

change the wurtzite structure of material for low 

concentrations of Cd(II) in the bath. The change of full 

width at half maximum from 0.109° (pure ZnO) to 0.085° 

(6 mM Cd-ZnO) of the (002) peak is in agreement with 

previous SEM [9] showing the decrease in the diameter of 

the NWs grown in 6 mM CdCl2 in the bath compared with 

ZnO. The qualities of the Zn1-xCdxO were demonstrated 

by the stoichiometric composition deduced from the EDX 

analysis as well as by the XRD crystallographic data (see 

[9]). The x in Zn1-xCdxO was computed and presented in 

our previous work [9].  
 

 
 

Fig. 2. XRD patterns of Zn1-xCdxO nanowires (2.0 mM Cd in the 
bath) deposited on FTO substrate. 

 

The chemical composition of the Zn1-xCdxO nanowires 

was investigated by SIMS. Figure 3 shows Zn, Cd and Sn 

signals from the Cd (6 mM)-doped ZnO NW on FTO 

versus the sputtering time. The Cd count rate seems to 

closely follow the Zn count rate over most of the 

investigated sample depth. This is an indication that the 

Cd dopant has been evenly incorporated into the ZnO 

nanowire structure as was reported previously [9]. As 

expected, no correlation between the Cd and Sn (from the 

FTO substrate) count rates was observed, and a gradual 

increase in the Sn signal is observed as a function of the 

sputtering time until saturation is reached. The detailed 

experiments on SIMS for Cd doping can be found in 

previous works [9-10]. 

  

 
Fig. 3. SIMS measurements of Cd (6 mM) -doped ZnO. The dashed 

curve (Sn) corresponds to the FTO substrate. 

 

Zn1-xCdxO nanowires were released from an array of 

as-grown NWs (see Fig. 1a) by sonication in ethanol, and 

subsequently transferred to a glass substrate or by a direct 

contact technique of the sample with a clean Si wafer. 

Several devices were fabricated using Zn1-xCdxO 

nanowires (see insert in Fig. 4) with lengths between 2 

and 3 mm and radii between 50 nm and 150 nm, which 

showed reproducible electrical responses. The current-

voltage curves of the Zn1-xCdxO nanowires-based sensor 

structures measured at 300 K show a linear behavior (not 

presented). The single NW dark-resistance of 6 kΩ in air 

at atmosphere pressure [9] is assigned to oxygen 

molecules and water molecules adsorbed on the Zn1-

xCdxO nanowires surface, which are expected to capture 

free electrons [5] as well as to the protonic conduction on 

the surface. The higher resistance 10 MΩ of multiple 

Zn1-xCdxO nanowires-based sensor structures is assigned 

to oxygen molecules adsorbed on the nanowires surfaces, 

which are expected to capture more free electrons and 

principally to intergrains barriers for charge carriers. 

Figure 4 shows the transient gas response 

(Ra/Rg100%) of multiple Zn1-xCdxO nanowires-based 

sensor structures upon exposure to 100 ppm of H2 gas at 

RT. As can be seen in Figure 4, both, response (
r ) and 

recovery times (
f ) )( %10%90 tt   were very fast for 

the sensor, taking 3 and 6 s for 90% full response and 

recovery, respectively. It can be seen a larger and quicker 

gas response in the case of the doped nanowires sensor in 

comparison with pure ZnO reported in [5,7,19]. The 

changes in the resistance of the sensor after exposure to 

hydrogen return to within 10% of the initial value in about 

5-6 s for the doped sample. This is explained by the 

presence of adsorbed gas molecules, which are desorbed 

from the surface of the doped nanostructure faster than in 

the case of pure ZnO nanowire reported previously [5,7]. 

Usually, operation at elevated temperature or UV light 

pulses are used in order to desorbs the gas species from 

the surface of the sensor material [5]. In our case, the 

larger surface-to-volume ratio of the single-crystalline 

nanowires offers potential to improve the gas response 

and selectivity for hydrogen. The proposed sensing 

mechanism will be discussed in details in a forthcoming 

paper. 
 

 
Fig. 4. Room temperature gas response of multiple Zn1-xCdxO (6 mM) 

nanowires-based sensor structures. In all cases, a 100 ppm H2 gas pulse 

was used. Insert shows the schematic illustration of the investigated 
sensor structure with multiple Zn1-xCdxO nanowires and Al contacts. 
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The gas response of the resistive sensors under ambient 

conditions can be given by the following equation [5]: 

 

 ( ) ( )

4
100% 100%

a g

D a D g

g

G G
S

G D
  


               

(1)  

where 
gG and 

aG  are the conductance of ZnO nanowires 

in H2 gas and in air ambient, respectively, D - the Debye 

length/radius. It can be seen that S depends on D  and 1/

D . The extent of the space-charge layer, which controls 
the electrical conductivity in the nanowires depends on 
the Debye length and the interfacial potential energy.  
 

IV. CONCLUSION 

Multiple Zn1-xCdxO nanowire-based sensors were 
fabricated using screen-printing technique. Our device 
structure demonstrated sensitivity and fast response time 
to H2 (down to 100 ppm) and improved response/recovery 
times in comparison with previous results of pure ZnO 
nanowire-sensors. 

A dependence of the gas response of multiple Zn1-

xCdxO nanowires-based sensors was observed versus Cd-
doping in nanowires grown by electrochemical method. In 
particular, Zn1-xCdxO nanowires showed faster gas 
response. Additionally, the gas response time was 
significantly improved as compared to previous related 

reports for undoped ZnO. Adding a 6 mM CdCl2 in the 
electrolyte during ECD permits to growth nanowires 
improved hydrogen response time. The fact that our 
sensors require extremely low power to operate represents 
an important advance in power efficiency and nano-
miniaturization. This is an important step toward low 
power and faster gas sensing nano-devices. In summary, 
we have demonstrated that cadmium-doping in single-
crystal zinc Cadmium oxide Zn1-xCdxO nanowires can be 
used to optimize their response to gases without the 
requirement of heaters. 
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I. INTRODUCTION 

Gallium phosphide is an important semiconductor 

material with wide indirect-band-gap and potential 

applications for the ultraviolet, blue and blue-green 

spectral range for optoelectronic and light emissive 

devices in spectral range from 250 to 500 nm [1,2]. While 

bulk and thin film GaP has been successfully 

commercialized for many years, application of its 

nanocrystals in nanocomposites as a new optical medium 

has only received attention recently [3-5]. 

Semiconductor colloidal nanocrystals (NCs) are wet 

chemically grown nano-objects whose optical and 

electronic properties are strongly governed by their 

quality, dimensions and quantum-confinement effects [3]. 

This work has been fulfilled in framework of the STCU   

(www.stcu.int) 4610 Project “Advanced Light 

Emissive Device Structures” and continue our efforts, 

discussed at the 2006, 2010 and 2011 NSTI Nanotech 

Conferences [6-8], 2007-2011 TMS Annual Meetings, 

Conferences and Symposia [9], and published in the 

relevant books, proceedings and papers [3-10] with the 

focus being to advance the quality and light emissive 

properties of GaP nanocomposites and using our new 

results in preparation of close to ideal  bulk GaP single 

crystals, different methods of GaP nanoparticles syntheses 

and the most optically and mechanically compatible 

polymers. 

Several methods such as aqueous synthesis of 

monodispersed GaP nanocrystals, hydrothermal synthesis 

by the reaction of white phosphorus with gallium metal in 

benzene [6-8] have been reported by us to the synthesis of 

GaP nanoparticles. In our previous works
 

GaP 

nanoparticles were synthesized by similar procedures to 

those utilized in [11] also by direct reaction of anhydrous 

gallium (III) chloride (GaCl3) and sodium phosphide 

(Na3P) in ambience of nitrogen or argon. GaP 

nanoparticles are produced as a result of interaction 

between the (dimethylbenzenе) GaCl3 dissolved in the 

toluene and the Na3P suspension in the solvent. In this 

work we present a simple solution-phase method for the 

synthesis of small sizes of colloidal GaP nanoparticles by 

using a new precursor as a source of Ga atoms, namely 

the gallium acetylacetonate Ga[CH3COOH=C(O)CH3]3. 

GaP nanoparticles produced by this method demonstrate a 

pronounced quantum confinement effect. 

II. RESULTS AND DISCUSSIONS 

In our previous work the GaP nanoparticles were 

prepared as a result of interaction between the GaCl3 

dissolved in the toluene (dimethylbenzenе) and the Na3P 

suspensio in the solvent, as a result of the following 

reaction: 

12Na + P4 = 4Na3P    (1) 

A round-bottom flask with three necks (Erlenmeyer 

flask) is placed in oil bath. A thermometer and a cooler 

were installed on two of these necks, while the third one 

was used for scavenging with inert gas (argon). 0.138 g of 

metallic sodium (6 mmol) and 0.062 g of white 

phosphorus (2 mmol) are added to 20 ml of toluene. The 

obtained mixture is maintained at 105
o
C for 2 hours under 

intense agitation. As a result a black substance of Na3P is 

obtained. 

GaP nanoparticles are formed according to the following 

reaction:  
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GaCl3+Na3P → GaP (nanoparticles) +3NaCl (2) 

In this communication, we present results of 

investigations of the influence of technological conditions 

upon the properties of GaP nanoparticles produced by 

using a new precursor as a source of Ga atoms, namely 

the gallium acetylacetonate (Ga [CH3COOH=C (O) 

CH3]3). Initially a Na3P is produced as a result of a direct 

reaction of the sodium with the white phosphorus in the 

toluene solution in an inert medium as described by 

reaction (1). Separately, 0.37 g of gallium acetylacetonate 

(1 mmol) are dissolved in 15 mL of toluene. The solution 

of gallium acetilacetonate in toluene is stirred and heated 

to 110
o
C. Afterwards, the solution of sodium phosphide in 

toluene is added to the solution of gallium acetilacetonate 

and the mixture is heated at this temperature with 

intensive stirring for 3 h. 0.38 g (1 mmol) of 

trioctylphosphine oxide (TOPO) is added to the solution 

as a stabilizer 5 – 10 minutes after the beginning of the 

syntheses process in order to avoid the agglomeration of 

particles. The obtained mixture is maintained at 105
o
C for 

4 hour under intense agitation. The formation of GaP 

nanoparticles occurs according to the following reaction: 

Ga[CH3COOH = C(O-)CH3]3 + Na3P = 

 = GaP + 3 Na[CH3COOH=C(O-)CH3]  (3) 

Secondary products of the reaction were sedimented in 

the reactor 12 hours later, and the solution becomes 

yellow-orange. GaP nanoparticles are segregated from 

this solution by means of adding dimethylformamide and 

spinning at 5000 rpm. The influence of the Ga:P ratio in 

the synthesis process was investigated. It was found that 

the optimum Ga:P ratio is 2:1. 

A method of electrophoretic deposition of GaP 

nanoparticles from colloidal organosol solutions was 

elaborated. Electrophoretic deposition was performed in a 

specially designed cell with glass electrodes covered by 

an ITO layer as cathode, and with an anode paced 10 mm 

from the cathode in a fluoroplastic vessel filled with 

organosol. The organosol was prepared by ultrasound 

dispersion of preliminarily prepared GaP nanocrystals in a 

mixture on non-polar solvents. The layers were deposited 

during 5 – 30 minutes with an applied voltage of 300 – 

500 V. The obtained GaP layers have a color from light 

brown to dark brown characteristic for GaP single 

crystals. 

GaP nanoparticles were investigated by means of 

Raman scattering, X-ray Diffraction (XRD), Selected 

Area Electron Diffraction (SAED), Energy Dispersive X-

Ray Analysis (EDAX), Transmission Electron 

Microscopy (TEM) and photoluminescence spectroscopy 

(PL) under the excitation with the 325 nm line of a He-Cd 

laser. 

Raman spectra of GaP films presented in Figure 1 

contain a line due to the transversal optic (TO) phonon at 

366.5 cm
-1

 and another line at 403 nm related to the 

longitudinal optic (LO) phonon. The position of these 

lines is close to the one characteristic for bulk and GaP 

nanocrystals [12]. Similarly to bulk crystals, the TO 

Raman mode of the GaP film 1 exhibits an anomalous 

asymmetric lineshape due to a Fermi resonance with the 

two phonon density of states [12-14], while a new band 

emerges at 362 cm
-1

 in spectra of films 2 and 3. Apart 

from that, a shoulder emerges in the spectra of films in the 

low frequency region of the LO band which is usually 

attributed to surface-related Froehlich mode scattering in 

GaP nanostructures [15]. 

 
Fig. 1. Raman spectra of GaP films prepared in different 

technological processes. 

 

According to XRD data (Figure 2) the following 

reflexes are present in spectra: 28
о
 - (111) plane, 36

о
 - 

(200) plane, 57
о
 – (311) plane. The other peaks at 32, 46 

and 57 are indexed as the (200), (220) and (311) 

reflections, respectively. 

 

 
Fig. 2. XRD pattern for GaP nanoparticles. 

 

The uniform GaP nanoparticles having after ultrasonic 

and other treatments are shown to exhibit improved 

quality in their suspension and brightness of luminescence 

at room temperature which is found to be broad band with 

maximum at 3 eV. Figure 3 presents the 

photoluminescence spectra of GaP nanoparticles obtained 

by the above described method for different Na3P 

concentrations. Two emission bands at 410 – 420 nm and 

640 – 670 nm are observed in the emission spectra. The 

first emission band is due to radiative recombination in 

nanoparticles with different sizes, while the second band 

is due to impurities. A shoulder at 380 nm is also 
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observed in the spectra which correspond to nanoparticles 

size of ~ 3-4 nm [16].  

 
Fig. 3 Photoluminescence spectra for GaP nanoparticles 

under excitation of He-Cd laser. T=300K. 1 – 0.002 mol 

Na3P; 2 – 0.003 mol Na3P. 

 

The sizes of nanoparticles obtained with gallium 

acetylacetonate as a source of gallium are in the range of 

10 – 40 nm according to estimations from TEM analysis 

(Figure 4). These values correlate with the position of the 

short-wavelength emission maximum in the 

photoluminescence spectra. It is know that the bulk GaP 

is an indirect semiconductor with an indirect band gap of 

2.22 eV (559 nm) and a direct band gap of 2.78 eV (446 

nm) at room temperature. The shoulder at 380 nm can be 

attributed to the direct transitions, while the maximum of 

emission at the 480 nm is due to indirect transitions in the 

GaP nanoparticles. It is evident that a shift of both the 

direct (0.48 eV) and indirect (0.38 eV) band gap occurs in 

nanoparticles as compared to the bulk GaP.  

 

 
 

Fig. 4. A representative TEM image of GaP nanoparticles (a) 

with corresponding SAED pattern. 

 

In order to explain this interesting phenomenon we 

postulate that the nanocrystals, much like the ideal long-

term ordered bulk GaP single crystals, exhibit this huge 

increase in blue-shifted luminescence due to: (a) 

negligibly small influence of defects and non-radiative 

recombination of electron-hole pairs and very high 

efficiency of their radiative annihilation, (b) high  

perfection of nanocrystal lattice, and (d) high 

transparency of nanocrystals due to their small 

dimensions for the light emitted from high points of the 

GaP Brillouin zones, for instance, in the direct transitions  

Γ1
c
 - Γ15

v
 between conductive and valence bands with the 

photon energy at 300K equal to 2.8 eV [17] and (e) high 

efficiency of this so called “hot” luminescence. Note, that 

the thoroughly prepared nanocomposites on the base of 

the suspensions containing only app. the 10 nm 

nanoparticles, also exhibit bright luminescence with 

maximum at 3.2 eV due to high transparency of 10 nm 

nanoparticles for these high energy emitted photons and 

pronounced quantum confinement effects since this 

diameter equals the Bohr diameter of the bound exciton in 

GaP [18]. 

The TEM data confirm that the proposed 

technological method allows one to significantly reduce 

the size of GaP nanoparticles to 8 – 40 nm. The SAED 

image is indicative of crystalline nanoparticles, showing 

spot patterns. It is obvious that there appear three sets of 

diffraction patterns, and the diffraction rings can be 

indexed to (111), (220), and (311) planes of zinc-blende 

GaP structure. 

III. CONCLUSIONS 

Our first attempts to prepare GaP nanoparticles [6]
 

yielded room temperature luminescence with maximum 

shifted only to 2.4 eV in comparison with the new 

maximum at 3.2 eV. Currently prepared nanocrystals of 

about 10 nm sizes, thoroughly separated and distributed in 

a suspension, that prevent their coagulation, mechanical 

and optical interaction, have bright broad-band 

luminescence with the position of maximum , which, 

dependently on the ratio of nanoparticles with different 

dimensions in their mixture or nanocomposites,   can be 

changed from the edge of the forbidden gap until 3.2 eV, 

approximately 1 eV far from the position of the 

absorption edge in GaP at 300
o
K. The GaP nanoparticles 

prepared by colloidal low temperature method using 

gallium acetylacetonat as a precursor of gallium atoms 

and temperature treatment can be used to improve the 

quality of nano-suspension. A uniform fraction of 

nanoparticles of about 8-10 nm in diameter is produced 

by using gallium acetylacetonate (Ga[CH3COOH=C(O-

)CH3]3) as source of gallium atoms. These nanoparticles 

as the best nanoparticles prepared by us using the other 

methods
2-10

  show an intense luminescence band with the 

maximum at 3.2 eV determined by quantum-confinement 

effect and high transparency of the nano-sized particles. 

 

Our results on luminescence of GaP nanoparticles and 

GaP/polymers nanocomposites confirm significant 

achievements in technologies of their preparation. On the 

base of these improved technologies we can change 

within the broad limits the main parameters of 

luminescence and expect to create a framework for novel 

light emissive device structures using dramatic 1 eV 

expansion of GaP luminescence to UV region. 

 

Comparing the results on X-ray diffraction, Raman 

light scattering, microscopy of high resolution and 

luminescence obtained on GaP freshly grown and long-

term ordered bulk single crystals, nanoparticles and their 

nanocomposites, prepared by us using different 

approaches and methods, described in [2-10], we confirm 

a big similarity in properties of the perfect GaP bulk 

single crystals and their best nanoparticles, wide 

opportunities for their preparation using the known 

nanotechnology methods, a good compatibility of GaP 

nanoparticles with different polymer matrix for 
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fabrication of nanocomposites  as well as very interesting 

and important for application in optoelectronics 

possibilities to change in wide extent from infrared to 

ultraviolet  width  and position of maximum of the 

luminescence band.  
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I.  INTRODUCTION 

The number and variety of investigations on the 

kinetics processes in the different nanocluster systems, 

with account of its interaction with surrounding organic 

matter, is growing rapidly. For the organic matrices are 

characteristic, that its can be considered as the weakly 

structured systems on the macro-level and as the 

multimode systems (due to a large number of high-

frequency and low-frequency degrees of freedom). It 

should be noted, that not only matrices of organic type 

can be considered as a weakly structured matrices on the 

macro-level, but also the different polymeric or 

amorphous one. Definitely, the organic materials with 

embedded nanocomplexes (nanoclusters, nanostructures) 

began to acquire the importance for applications in micro- 

and nanoelectronics [1], [2], and the purpose of this study 

to formulate theoretically a simple enough approach for 

taking into account the influence of an organic matrix on 

the time dynamics of the nanocluster embedded in it. 

The given paper presents the minimal theoretical 

model, which describes the features of the electron 

transfer in a nanocluster embedded in a weakly structured 

multimode organic matrix. Here, it is considered an 

elementary nanocluster system – a dimer nanocluster with 

two electrons in the model “two centers – two electrons”, 

in which the electronic subsystem of each center is 

represented by one molecular orbital (for details see [3], 

[4]). Note that, such model of the dimer nano-system is 

suitable for consideration not only the tunnel-coupled 

molecular complexes (such as dimers of TCNQ or TTF 

molecules), but and the tunnel-coupled quantum dots. The 

proposed model describes a nanodimer as a quantum 

mechanical system, which is stochastically interacted with 

a dissipative environment. Thus, it is assumed that a 

coupling between the electronic states of a nanodimer and 

the degrees of freedom of an organic matrix is described 

by Gaussian random variables. The stochastic process is 

Gauss-Markov of the “white noise” type, i.e. the 

correlation functions are δ-correlated in time. It is quite 

sufficient to describe the time dynamics of processes 

within nanodimer embedded in an organic matrix. As is 

known, the dissipative reservoir can be described in 

different manner with using different spectral densities of 

noise (see more detail ref. [5]–[7]). Eventually, that gives 

the different regimes of a dissipation and relaxation. In 

our case, the noise spectral density of the dissipative 

reservoir is a linear that leads to the dissipation regime of 

ohmic type. In such way, a weak structured matrix plays 

the role of a dissipative environment (i.e. thermostat), and 

its influence on a dimer nanocluster is taken into account 

in frame of Redfield’s theory for the reduced density 

matrix [8]. Further, the quantum-mechanical calculation is 

performed using the Haken-Strobl model. Note that, 

Haken-Strobl approximation has been used successfully 

to model the different nano-systems, which are contained 

in the organic materials. So, for example in [9], Haken-

Strobl approximation was efficiently used to study the 

energy transfer kinetics in the light-harvesting systems. 

Actually, this approximation allows significantly 

simplifying of the calculation, taking into account the 

most characteristic features of the nano-system, while the 

condition of smallness for the coupling of the nano-

system and thermostat is not imposed. 

Role of the Dissipative Organic Matrix in the 

Two-electron Transfer in the Dimer 

Nanocluster 

Abstract — The influence of dissipative environment, such as a weak structured organic matrix, on the 

electron transfer kinetics in the dimer nanocluster with two electrons is theoretically investigated. The 

theoretical model within a stochastic approach is formulated as minimal. For this aim, Redfield’s theory for 

the reduced density matrix is used, and then Haken-Strobl approximation is performed. For the dimer 

nanocluster the model “two centers – two electrons” is considered with using Hubbard’s Hamiltonian. 

Thereby, the electron correlation is taken into account. It was found that the difference in the electron 

populations on the dimer nanocluster centers has an oscillatory time dependence with a beats, which is 

damping due to the influence of a dissipative environment. This shows that a dissipative environment leads to 

the relaxation in the nano-system studied here, so that the periodical switching of nanodimer between the 

states with the opposite directions of its dipole moment is dumped. Eventually, the dimer nanocluster relaxes 

from an initial state with two electrons on one center to the final state with a uniform distribution of electrons 

on the centers. It is shown how the process of switching is modified for the different values of the nanodimer 

parameters at given value of the dissipation parameter. The presence of the different switching regimes in the 

considered nano-system is interesting for various device applications due to the ability to control the state of 

such nano-system by action of the external electric and magnetic fields. 

 

Index Terms — dimer nanocluster, dissipation, electron correlation, electron transfer, stochastic processes. 
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II. THEORETIAL APPROACH 

An account of the electronic correlations in the nano-

systems are most convenient when the calculation is 

performed using the Hubbard’s Hamiltonian [3], [4], [10]. 

For the given dimer nanocluster Hubbard’s Hamiltonian 

has the simplest view [4]. Due to the influence of 

environment on the nano-system the fluctuations of 

values of parameter U (Coulomb repulsion of electrons at 

the same center) and parameter F (the tunneling electron 

transfer between the dimer centers) occur. Namely, the 

change in the local potentials on centers leads mainly to a 

random variation of the parameter U, and the change in 

the potential inter-center barrier leads to a random 

variation of the parameter F. That is, the full Hamiltonian 

should contains the stochastic additives (δU(t) and δF(t), 

respectively) to parameters U and F, which are the 

functions of the electronic degrees of freedom of the 

dimer. Thus, the model Hamiltonian can be written as 

follows: 
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The analysis of the electron transfer kinetics in the 

dimer nanocluster is carried out from the time dependence 

of difference of the diagonal density matrix elements 

)()(
3311

tt   . If the eigenvalues n
E  and 

eigenfunctions 
n

  of Hubbard’s Hamiltonian are found, 

then is not difficult to execute the calculation of the 

wavefunction )(t , representing it as a superposition of 

n
  (see for example [3], [4]). Finally with account 

)(tV , the average value of the electron population 

difference on the dimer centers <n(t)> is found. This 

value is expressed through the difference of the density 

matrix elements )()(
3311

tt   , which are found from 

Redfield’s equation for the density matrix [8]. 

In common case, for the system described of 

Hamiltonian (1) the equation for the density matrix is 

written as a system of 9 differential equations in which 

the averaging over realizations of the random process is 

performed. Hereafter, for the simplicity and possibility to 

obtain for the solution in an analytical form was used 

Haken-Strobl model, which implies that the relaxation of 

excitation in a thermostat is much faster than in a small 

system (the limit of ultrashort correlation times in a 

dissipative reservoir), in fact the high-temperature 

approximation is assumed. So, the cross-fluctuations in 

this model are negligible, while the diagonal fluctuations 

are δ-correlated. 

III. RESULTS AND DISCUSSION 

Thus, in this approach the system of 9 differential 

equations is reduced up to 3 equations only for the 

diagonal density matrix elements. Also it is taken into 

account that the sum of the diagonal density matrix 

elements equal to one. As a result, it is shown that in 

considered case the expression for the average value of 

the electron population difference on the centers of 

nanodimer, embedded in a weak structured matrix, has the 

following simple analytical appearance: 
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In Haken-Strobl approximation used here it is obtained 

that the average value of the electron population 

difference on the dimer centers has a relaxation character 

in time with ohmic type damping due to the influence of 

the dissipative environment on the electron transfer 

kinetics. 

In given paper the parameters U, F and γ are treated as 

phenomenological determined. Within the frames of the 

given consideration the weak structured matrix (in the 

role of a dissipative reservoir) is characterized by value of 

the single dissipation parameter γ, and the nanodimer is 

characterized by certain values of one-center Coulomb 

repulsion parameter U and tunneling parameter F. The 

values of parameters U and F are defined by chemical 

compound and structure of the molecular centers of 

dimer, distance between its centers, and generally depend 

also on internal vibrational dynamics of dimer nano-

systems. As it is shown, for example in [4], the effect of 

the intra-molecular (on the molecular centers) and inter-

center vibrations of nanodimer on its electronic subsystem 

is easy to take into account by performing the appropriate 

renormalization of parameters U and F. In general case, 

the parameter γ can be considered not only as 

phenomenological, such for example [11], for a particle in 

the two-well potential of the analytical expression for γ in 

the second-order perturbation theory is given.  

Also, note that when for the studied process the 

detailed temporal dynamics is known from experiment, 

then on the basis of the fluctuating fluorescence analysis 

can be refined microscopic model and its base parameters. 

The theoretical calculation of the certain time 

characteristic for a nano-system embedded in a dissipative 

reservoir gives the value averaged over the fluctuating 

realizations in frame some model with certain type of the 

dissipation regime. With using the experimental methods, 

enabling the direct observation of fluctuations at the room 

temperature (that it is essential for the biological 

systems), such as the single-molecule spectroscopy [12], 

[13] is possible to get a lot of different experimental 

realizations for the fluctuating time characteristic of the 

studied nano-system. And then, on the optimum 

conformity of the theoretical time dependencies and 

experimental data (after averaging on experimental 

realizations) the values of model parameters U, F and γ 

(with the account of possible renormalization) can be 

appropriately identified. Also, in this way type of the 

dissipation regime can be specified. 

Accordingly with (4), that is shown in Figs. 1–6, the 
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calculated time dependence <n(t)> has the damped 

oscillation structure with the beats. Since the average 

value of the electron population difference on the 

quantum dimer centers directly connected with the 

existence of dipole moment, then the curves on Figs. 1–6 

actually show the changes of the dipole moment in time. 

It should be emphasized the fact that in the simulated 

system the switching regime takes place: the nanodimer 

relaxes to the state with the uniform distribution of 

electrons on the centers, at while periodically switching 

between the states with the opposite directions of the 

dipole moment. 

 
Fig. 1 The time dependence <n(t)> at γ = 0,01 and the values of 

parameters U = 0,2 and F = 1,2. 

 
 

Fig. 2 The time dependence <n(t)> at γ = 0,01 and the values of 

parameters U = 1,0 and F = 1,0. 

 
Fig. 3 The time dependence <n(t)> at γ = 0,01 and the values of 
parameters U = 2,2 and F = 2,0. 

 
Fig. 4 The time dependence <n(t)> at γ = 0,01 and the values of 

parameters U = 1,0 and F = 1,1. 

 
Fig. 5 The time dependence <n(t)> at γ = 0,01 and the values of 
parameters U = 3,0 and F = 0,4. 

 
Fig. 6 The time dependence <n(t)> at γ = 0,01 and the values of 

parameters U = 0,9 and F = 0,55. 
 

The time dependencies <n(t)> received at the various 

values of dimer nano-system parameters demonstrate as 

the switching regime is changed in depending on the ratio 

of parameters U and F. Аt ratio U/F = 1, takes place 

switching regime shown in Fig. 2, which is most 

asymmetric and it is very sensitive to the small variations 

of the values U and F. As shown in Fig. 3 and Fig. 4 a 

slight deviation of ratio U/F from 1 leads to a more 

symmetric regime of switching (as at U>F and as at 

U<F). It is also essential, that at a given ratio U/F with 

rise U and F the number of these switching increases. 

Accordingly, by selecting of parameter values of U and F 

can be achieved a given number of switching with 

appreciable value of the dipole moment of the dimer. 

When U/F is much greater than 1 (Fig. 5) is most clearly 

manifested damped harmonic regime with small 

amplitude modulations. 

It should be noted that the maximal symmetric regimes 

are obtained when U is in several times smaller than F 

(see Fig. 1), and as well as the U/F = 1,62 (see Fig. 6).  

IV. CONCLUSION 

As it follows from the analysis of the time dependence 

of <n(t)> the dissipative environment, in particular such 

as an organic matrix, significantly affects on the internal 

dynamics of electrons in the nanodimer with two extra 

electrons, so that the nanodimer in the switching regime 

eventually goes into the state in which it is sensitive to an 

action of magnetic field. So here, it is essential that at the 

initial time the two electrons in the dimer are on the same 

center, i.e. the dimer is a dipole-active. The stochastic 

influence of the environment on the dimer leads to the 

relaxation effect, so that the electrons are redistributed in 

finally one for each dimer center, i.e. the dimer is a 
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magnito-active. Thus, the dimer with two extra electrons 

relaxes from the initial dipole-active state to the final 

magnetic-active state. Herewith, the dipole moment 

direction of dimer is periodically switched on opposite 

during the relaxation process. Consequently, the dimer 

nano-system of the similar kind due to a presence of the 

switching regime in it can be used as an electronic switch, 

operating under the control of external magnetic and 

electric fields. 

Thus, the minimal theoretical model for calculation of 

the time dependence of the average value of the electronic 

population difference on the dimer centers is as follows. 

The quantum-mechanical calculation is based on 

successive application of Redfield’s approach (method of 

the reduced density matrix) and Haken-Strobl 

approximation, in accordance with which the noise 

spectral density of thermostat turns a linear. For the 

nanodimer the model “two centers – two electrons” is 

used. The Hamiltonian of problem corresponds to 

Hubbard’s Hamiltonian, in which the stochastic terms 

δU(t) and δF(t) are included. These terms are describing 

the coupling between the nano-system and thermostat, 

which has a character of the stochastic Markov’s process 

(type of "white noise”). The applied approach, in result, 

allows to simply carry out an analysis of the 

corresponding experimental data and to expedite 

modeling, to find the approximate quantitative 

estimations, and to use them for the qualitative 

description of behavior of such nano-systems.  

Finally, as a consequence, for the dimer nano-system in 

the dissipative environment the possible response on the 

action of the external fields is determined both the 

electron transfer kinetics in the dimer nanocluster and 

parameters of the stochastic processes related with the 

influence of environment. The specified features of 

dynamics of such nano-systems make them attractive for 

use in the device applications, for example, as the 

switches of the various kinds. 
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I. INTRODUCTION 

 

Nanocrystals and quantum dots of colloidal InP are 

nanometer-scale structures that represent one of the most 

intensively developing areas of modern semiconductor 

physics. Semiconductor nanomaterials have attracted much 

interest due to their new optical properties and immense 

potential applications in optoelectronics, arising from the 

quantum confinement effects. The optical, magnetic, 

electronic, mechanical and biochemical properties of 

materials are beginning to be modified using nanoscale 

structures. The new physical phenomena in nanoscale 

structures have been revealed and are applied in lasers and 

optical amplifiers, light emitting diodes, photodiodes, 

memory devices, biological luminescence markers, OLED 

displays, THz emitters, MOEMS, MEMS, NEMS, etc. 

In last years, the fundamental physical properties of 

colloidal nanocrystals have been studied intensively [1]. 

 

II. SAMPLE PREPARATION 

 

The synthesis of InP semiconductor nanodots was 

performed in a round-bottom three-neck flask equipped 

with a magnetic stirrer and heater with temperature control 

unit. The Na3P was obtained as a result of reaction of 

sodium and white phosphorous (similar as for GaP 

nanodots, reference [2]).  

The reaction mixture turned dark during synthesis due to 

the formation of Na3P suspension. The subsequent 

synthesis of indium phosphide nanodots was carried out by 

rapid injection of a suspension of sodium phosphide, 

maintained at room-temperature into a high stirred solution 

of indium chloride heated 150
o
C under N2 atmosphere.  

 

 

 

 
 

Fig.1. TEM image of InP nanodots. 

 

InCl3+Na3P→InP+3NaCl (1) 

 

The reaction mixture was then maintained at the fixed 

temperature for 2 h and then promptly cooled to room 

temperature using an ice-water bath. A solution containing 

50% of ethanol and 50% of distilled water was used to 

dissolve the sodium chloride precipitated at the same time 

with the InP nanoparticles.  
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III. CHARACTERIZATION 

 

The Raman spectra were recorded by a Renishaw 

spectrometer (Bristol University, UK) using a 785 nm 

diode laser as excitation source. The Raman spectrum of 

InP nanodots is presented in Fig.3. The two relatively sharp 

peaks around 303 cm
-1

 and 345 cm
-1

 were assigned to the 

first-order scattering from TO and LO phonons of InP 

crystal, respectively, while weak peaks around 650-690 cm
-

1
 were assigned to the second-order Raman scattering (see 

the inset Raman spectrum) [3]. The observed strong and 

narrow LO phonon peak of InP is similar to that of the bulk 

and manifest a good crystalline quality of obtained 

nanoparticles. 

The XRD measurement was performed with an X-ray 

diffractometer SmartLab Rigaku (IMT-Bucharest) 

employing Cu Ka radiation from a rotating anode source 

and a Ge monochromator. As we can see from the Fig.2, 

the peaks look broader than normally found for bulk 

material which is typical for small diameter of QDs [4]. 

The TEM image is presented in Fig. 1, and we found the 

d(111) spacing to be 0.328nm which agrees within 3% of 

the literature value for zincblende InP. The diameter of InP 

nanodots is around 4−10 nm. 

 

 
 

Fig.2. XRD pattern for InP nanodots.  

 

 

 
 

Fig.3. Raman spectra of InP nanodots at room 

temperature 

 

 

 
 

Fig.4. FTIR spectra 
 

Away from reststrahlen region ( >500 cm
-1

)  the FTIR 

spectrum (Fig. 4) of indium phosphide QD  shows a 

carbonyl peak (C=O) at 1627 cm
-1

, a stretching vibration 

peak of hydroxyl group (the functional group in alcohols, 

C-H, (ethanol, methanol, etc.)) at 3000-3500cm
-1

, in 

addition, there is also a peak from hydroxyl group (xylene) 

at 1072 cm
-1

.  These peaks indicate that surfaces of InP QD 

are decorated with organic molecules, as a result of 

fabrication. 

 

IV. CONCLUSIONS 

 

Performed measurements confirm good crystalline 

quality of obtained InP particles, which can be used as a 

basis for THz emitters, LED, OLED displays, MEMS, 

MOEMS, NEMS, etc. In particular, THz emitters based on 

InP nanodots are excellent candidates for biosensor devices 

and lab-on-chip platforms, and further work on these 

applications is underway. 
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I. INTRODUCTION 

In nanotechnology various types of nanopores are 

obtained. Our goal is to obtain the dispersion relation in a 

system of cylindrical nanopores of radius R, arranged in a 

periodic two-dimensional lattice with constant a. 

II. THE EQUATIONS FOR A SYSTEM OF 

NANOPORES 

Consider the propagation of electromagnetic waves in a 

system of simple cylindrical nanopores arranged in an 

infinite grid (we consider only the square). 

For simplicity, only the case where the component of the 

electric field  ⃗⃗ (  ) along the axis of the nanopores is not 

equal to zero , where              . 
Description is based on the standard Maxwell's 

equations in vacuum [1]. From the Maxwell's equations, it 

follows that for a non-magnetic media, this situation, in 

the case of extremely low frequencies  ω→0 

(λ=2πc/ω>>a)  is fully described by the equations for the 

electric field  ⃗⃗ (  ) ( ⃗⃗ (  )   ). 

 

   ( (  ) ⃗⃗ (  ))                 (1) 

 ⃗⃗ (  )       ( (  ))            (2) 

 

where  (  ) - the relative dielectric constant at point     . 
 

The solution of the above equation is expressed  as 

 

 (  )   ( ⃗ )   (   )          (3) 

 

Where h - wave attenuation along the tubes axis (z axis),   

 ⃗ ( ⃗ ) - function describing the distribution along the plane 

(x,y) of any of the variables (ε,  ⃗⃗ , φ),  .  

 

 

 

From equations (1,3) it follows that : 

 

   ( ⃗ )  ( ⃗ )    ( ( ⃗ )  ( ⃗ ))            (4) 

 

From equations (2,3) it follows that : 

 

   ⃗⃗  ( ⃗ )    (  ( ⃗ ))                           (5) 

 

Where    two-dimensional gradient operator,  ⃗⃗   

[     ]. 

From equations (4,5) that the generalized equation for the 

eigenvalues h
2
 

 

   ( ⃗ )  ( ⃗ )    ( ( ⃗ )    ( ⃗ ))     (6) 

 

In fact, we have the operators equality in the coordinate 

representation. Note that equation (6) is completely 

equivalent mathematically to a two-dimensional problem 

of the conductivity of the dispersion medium at   ω→0.    

It is only necessary  in (6) to replace    ( ⃗ ) by the value 

of the electric potential, and   ( ⃗ ) by the conductivity 

respectively. 

The simplest solution of (6) is known  : 

 

      ( ⃗ )                (7) 

 

Similar methods are used in describing the dispersion 

media to obtain their effective parameters [2]. We show 

that except for the simplest solutions (7), there are non-

trivial solutions for h ≠ 0 in (6). 

In the following we consider only the case when the 

spatial distribution of the )(r


  - relative permittivity for 

a single nanocylinder placed at the origin, is given by :  

 

 (  )   (   )(     )   (  ⁄ )           (8) 
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where θ (•)-step function, R-radius of the nanopore, 

ε2/ε1-permittivity outside/inside the nanocylinder (ε1=1, 

ε2=12). Parameter ν ≥ 0, describes the interface between 

nanocylinders and its surrounding space. The value ν = 0 

corresponds to a perfectly flat surface. Values ν > 0 

correspond to a more realistic model of the interface, 

including the transition layer thickness L ~ R • ν 

(accounting irregularities, or other inhomogenities 

according to the conditions L << R, 2π/h). A similar 

method is used in [3]. 

 

To find the eigenvalues and eigenfunctions of (6) we 

use the standard  method of  plane waves [4]. Solution of  

the equations for a system of nanotubes  is found  in the 

form  of  a Fourier expansion  in two-dimensional plane 

waves 

 

 ⃗ ( ⃗ )  ∑  ̃( ⃗   ⃗  )   ( ( ⃗   ⃗  ) ⃗ ) ⃗⃗                 (9) 

 

where 

 

 ̃( ⃗   ⃗  )  
 

 
∬    

 
 ⃗  ( ⃗ )   (  ( ⃗   ⃗  ) ⃗ )    (10) 

 

 ⃗   - vector of the reciprocal two-dimensional lattice,   ⃗  -
vector of the two-dimensional motion, changes within the 

Brillouin zone,      - area of the unit cell, a-lattice 

constant. So we actually turn  to the momentum  

representation [5]. 

 

Substituting (9) into (6), we obtain an equation  to 

determine  the eigenvalues h
2
 : 

 

Det(Z)=0        (11) 

 

Where      ̃   ̃,  ̃ and  ̃ are a matrices of the rank 

300, so that : 

 

(12)                ( ⃗   ⃗  )   

 

{
  | ⃗   ⃗  |         (  ⁄ ) (   )(     ) 

  | ⃗   ⃗  |     (
 

 
)

 

     (   )(     )    
(  )

(  )   

  

(13)            ̃( ⃗   ⃗  )   

 {

  | ⃗ ‐ ⃗  |   ‐       (  ⁄ ) (   )(  ‐  ) 

  | ⃗ ‐ ⃗  |   ‐ (
 

 
)

 

 ⃗  ⃗       (   )(  ‐  )    

(  )

(  )   

 

 

J (•), Γ (•) - specific Bessel and Gamma functions [6].  

Further, for simplicity, we restrict ourselves to the case of 

motion along the pores ( ⃗   ). The Z matrix in the 

equation (11) is expanded in a power series in R up to the 

five term to attain numerical results with 300-rank 

matrixs. The graphs of the dependence of the wave vector 

h=h(R)≠0 on the radius R of photonic crystals of 

nanopores  are obtained by using the MATLAB’s polyeig 

function [7] 

 

 

III. RESULTS 

The solution of the obtained eigenvalue problem leads 

to the following dependence for nonzero wave vectors (h 

≠ 0) of the pore radius R (where ν = 0.1). 

 
Fig. 1: The dependence for nonzero wave vectors  

                 (h ≠ 0) on the pore radius R. 

Individual modes have  the following distribution  of   

   (  ) 
  in the section plane pores with different R and h 

: 

   
                 a)                                          b) 

       
                 c)                                          d) 

       
e)                                          f) 

       
g)                                          h) 

Fig. 3 The distribution of the intensity    (  ) 
  with 

           different values of the parameters R and h :  
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a) R/a=0.051   , ha/(2π)=4.438;  

b) R/a=0.133   , ha/(2π)=2.612; 

c) R/a=0.136   , ha/(2π)=1.372; 

d) R/a=0.151   , ha/(2π)=0.412; 

e) R/a=0.244   , ha/(2π)=0.070; 

f) R/a=0.245    , ha/(2π)=0.220; 

g) R/a=0.282   , ha/(2π)=0.262; 

h) R/a=0.485   , ha/(2π)=0.052; 

 

In Fig. 3 we clearly see that the two parameters R and h 

are in a confrontation with each other, i.e. their relation, 

causes the formation of specific symmetries of the modes, 

particularly, by shrinking the radius R the modes tend to 

become somewhat localized and at relatively small values 

collapse into one single domain, whereas by varying h it 

seems there is a tendency to cause some perturbations in 

the modes while decreasing h (with R=const) . 

 

Since we consider the case of extremely low frequency, 

wavelength similar fashion λh << λ (λ = 2πc / ω - vacuum 

wavelength). Therefore, these modes can be called 

ultrashort[8].  Frequency dispersion for these modes is 

shown on the figure below : 

 

 
Fig. 3:  A schematic view of a Tachyon-like  

                     dispersion relation. 

 

It has a tachyon-like character, i.e. has a group velocity 

much greater than the speed of light at ω → 0. This fact 

does not contradict the principles of the theory of 

relativity, because in this mode has no magnetic 

component, and it does not transfer energy [9]. 

IV. CONCLUSION 

In this paper the possibility of tachyon-like ultra-low-

frequency modes in a system of nanopores in the case of 

extremely low frequency is exposed by traditional 

methods used in the theory of photonic crystals. 
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I. INTRODUCTION 

 

Chalcogenide vitreous semiconductors (ChVS) of 

the As-S-Se system exhibit photostructural 

transformations with reversible and irreversible 

properties, and are promising materials as registration 

media for holography and optical information, for 

fabrication of diffractive elements, and other 

optoelectronic applications [1-3]. As shown in [4], the 

illumination of the amorphous thin films of ChVS with 

light with photon energy close or even lower, after 

absorption leads to the creation of the electron-hole pairs. 

Their subsequent recombination brings bond reforming 

processes, that is microscopic network change, brings 

structural, mechanical, optical, etc. changes in these 

materials. The optical changes involve photo increases 

refractive index n and absorption edge shift  to the 

longer wavelength region. For amorphous As-S-Se thin 

films, it was found, that photo-irradiation causes increase 

refractive index value in the completely considered region 

(0.4-2.5 mm) [4].  

It is well known that the optical properties which 

are characterized by optical parameters – absorption 

coefficient , refractive index n, optical band gap Eg
opt

 

depend on the glass composition. In the last years, a 

special attention has  

 

 

 

been devoted to the influence on the photostructural 

transformation in amorphous thin films doped with metal  

impurity [5-8]. It was shown, that the Sn impurity 

introduced in the As2Se3, AsSe, and Sb2Se3 glass network 

reduces the photodarkening effect. According to 

Mössbauer spectroscopy of 
119

Sn in the As2Se3:Sn glassy 

system, new tetrahedral Sn(Se1/2)4 and quasi-octahedral 

SnSe structural units can be formed, and which influence 

the degree of photostructural transformations [6]. The 

advantages of application of amorphous thin films of 

ChVS as gas sensors and for registration of optical 

information were shown in [9-11]. Some optical 

properties of (As2S1.5Se1.5)0.99:Sn0.01 were reported in [12].  

The present paper deals with the optical 

transmission spectra and the modifications of optical 

parameters (optical band gap Eg, absorption coefficient α, 

refractive index n) under light irradiation and heat 

treatment of amorphous (As4S3Se3)1-x:Snx thin films with 

different amounts of Sn. The relaxation of photodarkening 

effect under light exposure with different wavelength (  = 

633 nm) also was investigated. 
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Abstract – The influence of the heart treatment and light exposure on optical and photoinduced properties of 

(As4S3Se3)1-x:Snx thin films are investigated. The thin films were characterized by X-Ray diffraction (XRD), 

and optical absorption spectroscopy. The XRD measurements showed that the Sn impurities in the 

(As4S3Se3)1-x:Snx essentially don’t change the shape of the FSDP of the X-ray diffraction patterns, the 

intensity and the position of the first sharp diffraction peak non-monotoniously depend on the Sn 

concentration. By the optical absorption spectroscopy the transmission spectra of bulk materials and thin 

films of (As4S3Se3)1-x:Snx (x=010 at.%) in the visible and near infrared regions have been studied. The 

modifications of optical parameters (optical band gap Eg
opt

, absorption coefficient α, refractive index n) 

under light irradiation by halogen lamp of the amorphous thin films with different amount of Sn were 

measured and calculated. On the transmission spectra the red shift of the fundamental absorption edge under 

light exposure was observed, and the values of the optical band gap Eg
opt

 from the graphics in Tauc 

coordinates ( h)1/2=A(h - Eg) were obtained. The dispersion of the refractive index was examined. 

Moreover, manifestation of partial reversibility of the optical absorption after annealing was demonstrated. 

The relaxation of the relative optical transmission T/T0=f(t) under the light exposure ( =633 nm) for 

amorphous (As4S3Se3)1-x:Snx thin films also was investigated. The relaxation curves of photodarkening under 

light irradiation were processing using the stretched exponential presentation of the data: T(t)/T(0) = 

A0+Aexp[-(t-t0)/τ
](1-)

. Where t – is the exposure time, τ – is the apparent time constant, A – characterizes the 

exponent amplitude, t0 – and A0 – are the initial coordinates, and  - is the dispersion parameter (0<<1), and 

were estimated by a computer program. 

 

Index Terms – Chalcogenide glasses, amorphous films, refractive index, annealing, photodarkening effect. 
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II. EXPERIMENTAL 

 

The bulk chalcogenide glasses As2S3, As2Se3, 

(As2S3)0.5:(As2Se3)0.5, and [(As2S3)0.5:(As2Se3)0.5]1-x:Snx 

(0≤x≤10 at.%) (or (As4S3Se3)1-x:Snx)) were prepared from 

the starting elements of 6N (As, S, Se, Sn) purity by a 

conventional melt quenching method. The starting 

components elements As4S3Se3 and Sn were mixed in 

quartz ampoules and then evacuated to pressure of P~10
-5

 

torr, sealed and heated to temperature T=900 
o
C at the rate 

of 1 
o
C/min. The quartz tubes were held at this 

temperature for 48 hours for the homogenization and then 

slowly quenched in the heating furnace. X-Ray 

Diffraction (XRD) of samples was recorded at room 

temperature using DRON-UM1 diffractometer with Fe-

K radiation ( =1.93604 Å), with Mn filter by θ/2θ 

scanning method. 

For the optical measurements of bulk samples 

were prepared the plan parallel plates of thickness about d 

= 2-4 mm, and polished. The thin-film samples with a 

thickness of d = 1.5±0.02 μm were prepared by flash 

thermal evaporation method in vacuum of the synthesized 

initial glasses onto glass substrates held at Tsubs = 100 
o
C. 

For optical transmission spectra measurements, a UV/VIS 

(  = 300÷800 nm), the 61 NIR (  = 800÷3500 nm) 

Specord’s CARLZEISS Jena production and Spectrum 

100 FTIR Spectrometer (PerkinElmer) (  = 1280÷25000 

nm) were used. For calculation of the optical constants 

from the transmission spectra, we used the method 

proposed by Swanepoel and Tauc [13, 14] and the 

computer program PARAV-V1.0 

(www.chalcogenide.eu.org) [15]. For study of red shift 

edge of transmission spectra of thin films the halogen 

lamp (  = 400-700 nm, with infrared filter, with a light 

density 2x10
4
Lx) was used as a source of light exposure. 

To initiate photostructural transformations in thin film 

samples, continuous He-Ne lasers (  = 633 nm, P = 0.6 

mW and   = 540 nm, P = 0.75 mW) were used as a 

source of light exposure. The relaxation of the 

transmission curves was measured both at  =630 nm and 

 =540 nm wavelengths during the excitation. The laser 

spot on the sample was about 1 mm in diameter. For data 

acquisition the experimental set-up included a digital 

build-in PC-card PCI-1713A connected with the 

registration module. 

 

III. RESULTS AND DISCUSSION 

 

A) X-Ray diffraction patterns. 

Using the X-Ray Diffraction method were obtained the 

diffraction patterns in the range of diffraction angles 2θ 

from 10
o
 to 80

o
 (θ is the Bragg angle) for the 

chalcogenide glasses As2S3, As2Se3, As4S3Se3, and 

As4S3Se3:Snx (х = 0.01, 0.02, 0.04, 0.06, 0.07 и 0.10). 

Fig. 1 indicates the angular distribution of X-Ray 

diffraction intensity for As2S3, As2Se3, and As4S3Se3 

prepared glasses. The position of the First Sharp 

Diffraction Peak (FSDP) for As2S3 is 2θ=22.47
o
 and 

increase up to 2θ=24.60
o
 for As2Se3. For the intermediate 

composition As4S3Se3 the maximum of the FSDP is 

situated at 2θ=23.00
o
 (Fig.1). These spectra represent a 

sum of diffraction patterns of izostructural vitreous As2S3 

and As2Se3 with three broad lines of diffractograms and 

which are similar to the unvelope of the rounded lines of 

the spectra of crystalline As2S3 and As2Se3. It can be 

assume about the microcrystalline state of the investigated 

glasses – existense of domains with ordered structure with 

dimensions about 15 – 20 Å. Previously a analogy 

between the structure of vitreous and crystalline states of 

As2S3 was vindicated by short-range order investigations 

– interatomic distances and coordination numbers – with 

the add of the radial distribution function [16]. The 

carefull investigations of the FSDP of viteous As2S3 and 

As2Se3 show that they have a similar structure [17]. 

According to [17], the first coordination spheres (first 

order neighbour position) of a central atom in the 

structure is r1=2.414 Å for As2Se3, and r1=2.306 Å for 

As2S3, respectively. The second coordination spheres 

(second order neighbour position) of a central atom in the 

structure is r1=3.625 Å for As2Se3, and r1=3.475 Å for 

As2S3, respectively.  

 

 

Fig.1. First sharp diffraction peak (FSDP) in the X-ray 

diffraction patterns of As2S3 (1), As2Se3 (2), and 

As4S3Se3 (3). 

It was established that between As2S3 and As2Se3 

layers act Van der Waals forces with a reduced covalent 

component. The interaction forces between layers are 

hundred times weaker than the binding forces between the 

layers. According the [17], the structure of the glasses 

represent as an interliking of As-S3 and As-Se3 pyramids 

that forms rings with 6 units. The arsenic atoms are 

situated at the top of the pyramid, while the chalcogen 

atoms form the basis. 

As was shown, the crystalline semiconductors are 

characterized by long-range order (LRO), i.e. there is a 

good correlation between the position in the network, of 

the each two atoms, that can’t be said about the non-

crystalline semiconductors [18, 19]. For non-crystalline 

semiconductors, there is only short-range order (SRO), 

which belongs to the individual atoms in the first 

coordination sphere. As in chalcogenide glasses range 

order can be extended to several interatomic distances, the 

new concept of the average order was introduced (MRO). 

The Sn concentration in the mixted glasses 

As4S3Se3:Snx essentially don’t change the shape of the 

FSDP of the X-ray diffraction patterns (Fig.2). In general, 

the diffraction patterns of the As4S3Se3:Snx glasses are 

similar and form three wide lines, the maxima of which 

correspond to the interlayer distances d~4.8 – 2.8 – 1.7 Å. 

As in the case of As2Se3:Snx [20], the angular position of 

http://www.chalcogenide.eu.org/
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the FSDP in the As4S3Se3:Snx slightly depend on the Sn 

concentration.  

Fig.3 shows the dependences of the peaks 

intensities vs. concentrations of tin of the three diffraction 

peaks of chalcogenide glass As4S3Se3:Snx situated at 

2θ~2224
o
, 2θ~4042

o
, and 2θ~6270

o
, respectively.  

 

 

Fig.2. First sharp diffraction peak (FSDP) in the X-ray 

diffraction patterns of As4S3Se3 (1), 

(As4S3Se3)0.99:Sn0.01 (2), (As4S3Se3)0.98:Sn0.02 (3), 

(As4S3Se3)0.96:Sn0.04 (4), (As4S3Se3)0.94:Sn0.06 (5), 

(As4S3Se3)0.93:Sn0.07 (6), (As4S3Se3)0.90:Sn0.1 (7). 

 

The intensity of the FDSP shows a non-linear 

behavior with the different amount of doping of Sn. The 

maximum intensity is reached around 6 at.% Sn in 

As4S3Se3:Snx, while in the case of As2Se3:Snx the 

maximum intensity is situated at the tin concentration at ~ 

2 at.% Sn. The similar behavior was found for the 2-nd 

and the 3-rd difraction peaks.  

 

 

Fig.3. Dependence of the angular position of the 

diffraction peaks vs. concentration of tin in the 

chalcogenide glass As4S3Se3:Snx. 

According to [20], when Sn is added in ChGS like 

As2Se3 or As2S3, due to the tetrahedral disposal of the 

sp3 bonds in the chalcogen the dopant atom inserted in 

the network increases the thickness of the layered 

configuration as revealed by the significant shift of the 

FSDP towards lower angles. This insertion corresponds to 

the introduction in the glass network of the structural 

units of the type SnSe2 or SnS2, and the same fact was 

confirmed by the Mössbauer spectroscopy experiments 

[6]. 

B) The transmission spectra 
The mid-IR transmission spectra of some 

[(As2S3)0.5:(As2Se3)0.5]1-x:Snx bulk glasses and UV-VIS 

spectra for as-deposited films were reported in [21]. It 

was shown, that the characteristic absorption bands for 

pure As2S3 at  = 5190, 3617, 3522, 1857, and 1597 cm
-1

 

are significantly reduced upon doping with Sn. 

The visible transmission spectra of the amorphous 

(As4S3Se3)1-x:Snx thin films after excitation of light and 

heat treatment are presented in fig.4. As in the case of as-

deposited thin films, increasing of Sn concentration in 

amorphous (As4S3Se3)1-x:Snx thin films leads to shift the 

absorption edge in the red region of the spectra. 

 

 

Fig.4. The transmission spectra of amorphous 

[(As4S3Se3)]1-x:Snx thin films, x: 1-1%; 2-3%; 3-5%; 4-

7%, 5-8%. 
From spectra (Fig.4) T = f( ), using the 

expressions: 

T

R

d

2)1(
ln

1 
 ,   2/12/122 )( snMMn  ,                (1) 

where 
2

12 2 
 s

m

s n

T

n
M

and the dependence ( h)
1/2

 = 

A(h - Eg), we calculated the absorption coefficient , the 

refractive index n, and the value of the optical band gap 

Eg, respectively. Here d is the thickness of the sample 

(measured with a Linnik interferometer), R is the 

reflection, ns is the refractive index of glass substrate, Tm 

is the experimental values of transmission minimum 

points of particular fringes of transmission spectra, and A 

is a constant.  

In chalcogenide glasses, the absorption edge is 

broader than in crystalline analogues, and this is caused 

by a broad energy distribution of electronic states in the 

band gap due to disorder and defects. The absorption edge 

in the high absorption region (10
4
 cm

-1
) is described by 

the quadratic function 

   2)(
1

gEh
h

 


  ,    (2) 

and when plotted in the Tauc co-ordinates (h)
1/2

 vs. 

(h) [22] gives the value of the optical band gap Eg 

determined as the energy difference between the onsets of 

exponential tails of the allowed conduction bands [23]. 

Fig.5 represents the transmission spectra of the 

amorphous [(As4S3Se3)]0.03:Sn0.97 thin film for as 

deposited and after light exposure. As can be seen, in the 

transmission spectra, the light exposure sifts of the 

absorption edge in the red region of the spectrum, e.g. the 

photodarkening effect take place, and the degree of 

modification of the absorption edge depends on the Sn 

concentration.  
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Fig.5. Transmission spectra of the amorphous 

[(As4S3Se3)]0.03:Sn0.97 thin film as 1-deposited, 2-after 

light exposure. 
 

Fig.6 represents the transmission spectra of 

amorphous (As4S3Se3)0.97:Sn0.03 thin film for the as-

deposited samples, after light exposure and after light 

exposure and annealed at Tann=100 
o
C during 30 min. The 

light exposure light exposure sifts the absorption edge in 

the red region of the spectrum, while the heat treatment 

partially returns to its original position. This is well-

known reversible photodarkening effect. 

 

 

Fig.6. Transmission spectra of the amorphous 

(As4S3Se3)0.97:Sn0.03 thin film 1-as-deposited, 2-after 

light exposure, 3-after annealing,. 
 

The Sn impurities in amorphous (As4S3Se3)1-x:Snx 

thin film increase the absorption coefficient  and 

decrease the optical band gap Eg
opt

, as was observed in the 

case of the amorphous AsSe:Sn films [18]. These 

peculiarities indicate that the tin impurities in 

chalcogenide glasses induce a broadening of the 

electronic tail states in the conduction bands and shift the 

Uriah edge in the red region of the spectrum. This 

broadening of the electronic tail states can be attributed to 

the formation of new tetrahedral structural units 

containing Sn [5], which leads to an additional structural 

disorder to that existing in the matrix of chalcogenide 

glass. Figure 7 represents the transmission spectra of the 

amorphous (As4S3Se3)0.97:Sn0.03 thin film for as deposited, 

after light exposure and after heart treatment. It is evident 

that illumination of the samples with the actinic light 

causes a red shift of the absorption edge thereby 

decreasing the optical band gap.  

 

C) The photodarkening relaxation 
The relaxation of the relative optical transmission 

T/T0 = f(t) under light exposure at   = 633 nm for 

amorphous (As4S3Se3)1-x:Snx thin films is shown in Fig.8. 

At a constant light intensity, the presented dependences 

characterize the decay of the film optical transmittance 

with the increase in the dose of absorbed photons.  

To obtain a unified basis for comparison of the 

transmission relaxation T(t)/T(0) curves, we used the so-

called stretched exponential presentation for the 

relaxation curves in the form 

T(t)/T(0) = A0+Aexp[-(t-t0)/τ]
(1-)

,                   (3) 

here t is the exposure time, τ is the apparent time constant, 

A characterizes the exponent amplitude, t0  and A0 are the 

initial coordinates, and α is the dispersion parameter 

(0<<1). 

 

 
Fig. 7. Absorption spectra in the Tauc coordinates ( 

h)
1/2

 = A(h - Eg) of the (As4S3Se3)0.97:Sn0.03 thin 

film: 1-as deposited, 2-after light exposure, 3-after 

light exposure and heat treatment. 
 

Fig.9 represents the dependence of parameters τ 

and  vs. Sn concentration in amorphous (As3S4Se4)1-

x:Snx thin films at excitation with   = 633 nm. 

For the obtained relaxation curves, a rather wide 

scatter of parameters is observed for samples of the 

different composition. For doped samples, this dispersion 

may be caused by the fact that the concentration and 

distribution uniformity of the impurity is not adequately 

preserved along the film at deposition. But the relaxation 

curves are significantly different in the case of non-doped 

(As2S3)0.5:(As2Se3)0.5. The main cause is the difference in 

thickness. For these samples, the effect of interference of 

light reflected at the front and rear film boundaries 

significantly changes the amount of absorbed light 

leading to a strong dependence of photodarkening at a 

fixed laser wavelength on film thickness [6]. 

The photodarkening phenomenon in chalcogenide 

glass films under illumination has no plain explanation up 

to now in spite of detailed investigation and a series of 

models advanced for interpretation of it. The red shift of 

the absorption edge, which indicates the narrowing of the 

optical gap of the film at photodarkening, is believed to 

be due to the broadening of the valence band, the top of 

which is formed mainly by states of lone-pare electrons of 

the chalcogen atom. Several models have been put 

forward to substantiate this broadening with a particular 

individual atom regarded as an initial object of 

photoexcitation [24, 25]. Recently, a novel model for 

photodarkening in a-As2Se(S)3 has been proposed [21, 

26], in which photoexcited charge carriers in extended 

states are considered to be responsible for 

photodarkening. 
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Fig.8. The relaxation curves of photodarkening 

T/T0=f(t) for amorphous (As3S4Se4)1-x:Snx thin films. 

Excitation with He-Ne laser   = 633 nm. 
  

Unlike the previous conceptions, the new model takes 

into account the layered cluster structure of a 

chalcogenide glass. During exposure, the layer is 

negatively charged due to the capture of photoexcited 

electrons, and repulsive forces are built between the 

layers. These forces cause an enlargement in the 

interlayer distance (leading to photoexpansion) and slip 

motion along the layers. The last mentioned process alters 

the interaction of lone-pair electrons between the layers 

leading to a photodarkening effect.  

In the absence of tin, the arsenic chalcogenide 

glass is formed of corrugated and disordered layer 

domains with some correlation between them. This 

correlation leads to a rather compact packing with low 

inter-configurational distance. Upon the introduction of 

Sn, due to the tetrahedral disposal of the sp3 bonds with 

the chalcogens, the dopant atom inserted in the network 

increases the thickness of the layered configuration as 

revealed by the significant shift of the FSDP towards 

lower angles. This insertion corresponds, in fact, to the 

introduction of the structural units of the type SnSe2 in the 

network. The effect is greater for higher dopant content 

but only up to a certain concentration, because further the 

separation of the reciprocally ordered configurations is 

interrupted by increasing interconnection between layers 

followed by the transition to three-dimensionally (3D) 

connected network. The transition is preceded by the 

appearance of structural units of the Sn-Se type. Then, the 

direct consequence of this transition will be shown in the 

intensity of the FSDP, which gradually disappears. The 

interruption of the two-dimensional structure and 

transition is probably due to a more ionic nature of the 

Sn-Se bonds. 

The tin impurity strongly affects on the network of 

the host glass inducing changes in both short-range and 

medium-range order; in particular, they have a significant 

effect on the structural layers and the pattern of their 

relative motion. This fact clearly indicates a strong 

retardation of the slip motion of the structure layers due to 

the presence of impurity. Since tin tends to form 

directional bonds when introduced in the host glass, and 

especially during the annealing process, some bridging 

bonds should appear between the layers. 

 

Fig.9. Dependencies of parameters τ and  vs. Sn 

concentration in amorphous (As3S4Se4)1-x:Snx thin 

films at excitation with   = 633 nm. 
 

The structure of the glasses that contains a tin 

impurity requires, therefore, some excess slip forces, i.e., 

leads to greater exposition dose and time constants. 

Furthermore, the formation of clusters, such as of the 

SnSe2 type, can decrease the density of lone-pair defects 

typical for AsSe and AsS (i.e., D-centers) thus lowering 

the charge state of the layers and, finally, the 

photodarkening. 

 

IV. SUMMARY  

 
The doping of (As4S3Se3) glasses with tin impurities 

leads to the shift of the absorption edge in the red region 

of the spectrum and to decreasing of the optical band gap. 

Under the light exposure the amorphous (As4S3Se3)1-x:Snx 

become darkened, while the heat treatment partially 

reversed it to the initial position. The relaxation of 

photodarkening effect in amorphous (As4S3Se3)1-x:Snx 

thin films is described by the stretch exponential function 

T(t)/T(0) = A0+Aexp[-(t-t0)/τ
](1-)

. The main feature of the 

photodarkening effect in the samples under study is that 

the tin impurities suppressed the photodarkening. 
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I. INTRODUCTION 

 

Nitrides of group III elements of the periodic 

system (AlN, GaN, InN) and their alloys are large 

forbidden band semiconductors with direct optical 

transitions that allows to produce efficient lasers and 

diodes radiating in the range of 200-2000 nm of the 

electromagnetic spectrum. Synthesizing these materials 

directly from the elements can be achieved at 

temperatures of the order of 2000 K and pressures higher 

than 1 GPa. Such conditions for obtaining massive 

crystals of required dimensions are expensive and 

difficult to accomplish. For this reason massive substrates 

of these compounds of required dimensions for producing 

suitable substrates are not available so far. As a 

consequence, all devices based on these compounds are 

created on heterogeneous substrates.  

The gallium nitride is largely used in 

optoelectronics for producing luminescent diodes and 

lasers in the blue range of the visible spectrum. In the 

most of cases the operating structures of devices are 

deposited on sapphire or SiC substrates that are expensive 

and less accessible. Furthermore, the sapphire is an 

insulator with a relatively low specific thermal 

conductivity (0.5 W/ (cm.K), a large difference in lattice 

parameter compared to GaN (~ 14%), which limits the 

area of its use.  Lack of necessary substrates is the main 

obstacle to wider implementation of this semiconductor in 

other areas (in devices operating at high frequencies and 

high power, in acoustic-electronics, at high temperatures 

and so on). 

Other materials are also tried to be used as 

substrates, but the rigid conditions of obtaining the 

structures (high temperatures, aggressive chemical media 

et al.) reduce drastically the number of appropriate 

substances. In the last years, a special attention is paid to 

silicon as material for substrates. The silicon is 

characterized by a high melting temperature (~1700 K) 

and is thermodynamically stable up to high temperatures. 

Its crystallographic planes are of trigonal symmetry. The  

silicon is relatively cheap and accessible, and the 

integration of nitride and silicon technologies would have 

economical advantages. Obtaining of the epitaxial gallium 

nitride films directly on silicon encounters many 

obstacles, such as formation of Ga:Si eutectic drops and 

deterioration of the plate surface as a result of the 

interaction between Si and GaN. Another problem in 

obtaining quality epitaxial layers is determined by the 

large difference in crystalline lattice parameters of GaN (a 

GaN = 0.3189 nm) and Si (a Si(111)= 0.384 nm) of ~ 16.9%, 

favoring the generation of dislocations in the structure, 

even at the initial stage of deposition. However, the 

biggest problem is created by the large difference (of ~ 

116%) between the coefficients of thermal expansion of 

GaN (0001) ( a = 5.59 .10
-6

 K
- 1

) and Si ( = 2.59. 10
-6

 K
-

1
). As a result, when cooled, structures become 

mechanically strained, take a concave form, and cracks 

appear in layers. These are the main impediments to 

creating of devices with nitrides of group 111 elements on 

silicon. 

Attempts to obtain epitaxial layers of GaN on Si 

have been performed by several methods. The most of 

positive results in the research were obtained when one or 

more intermediate (buffer) layers of accommodation were 

deposited at layer-substrate interface. To accommodate 

the layer-substrate more materials have been tried – AlAs, 

GaN, AlGaN, SiC, ZnO etc. 

A suitable material to be used for this purpose is 

aluminum nitride. Some aspects concerning the epitaxy of 

aluminum nitride on heterogeneous substrates by various 

methods such as MBE (molecular-beam epitaxy), 

MOCVD (metal organic chemical vapor deposition), 

VRE (vacuum reactive evaporation) et al. are largely 

described in the literature, [1-3]. In this paper the results 
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of investigation of growth processes and some physical 

properties of AlN layers, obtained on Si (111) by the 

hydride vapor phase epitaxy (HVPE) method, are 

presented 

The aluminum nitride forms continuous solid 

solutions with the gallium nitride. By changing the 

solution composition one can obtain materials with the 

forbidden energy band in the range of 3.5-6.2 eV. Such 

alloys would permit to create optoelectronic devices 

working in the UV spectrum range. For these and other 

reasons there are an increasing number of investigations 

of this compound in the last years. In the present work the 

AlN thin films are obtained and investigated in view of 

using them as buffer layers at gallium nitride epitaxy on 

heterogeneous substrates.  

 

II. EXPERIMENTAL 

 

Growth of the AlN and GaN layers on Si was 

performed by HVPE method in a quartz horizontal reactor 

at atmospheric pressure (~ 50 mm H2 O) in a single 

technological process. The hydrogen purified with a 

palladium filter was used as transfer gas. Ammonia, 

hydrogen chloride, Ga (5N) and Al (5N) were used as 

precursors. Ammonia and hydrogen chloride were further 

purified of H2O, O2, CO2, CO (with NUPURE 

CORPORATION, MODEL 600 filters). HCl flows in 

pipes of aluminum, gallium or corrosion were dissolved 

in 200 smlpm H2.  Total hydrogen consumption was 4.8 

slpm and that of ammonia was 2.4 slpm. HCl 

consumption was around 5 smlpm at depositing of layers 

and ~ 50-100 smlpm at corrosion. During depositing, the 

substrates were rotated with a hydrogen flow of ~ 1 slpm 

at a speed of about 100 rpm.  

Thermal profile in the reactor was provided with 

resistive heater. Temperature of Al, Ga sources was 

constant, around 1120 K. The depositing temperature was 

controlled by a thermocouple placed directly next to the 

substrate.  

Depositing was performed on silicon wafers КЭФ 

4, 5 on plane (111). Before loading into the reactor silicon 

was subjected to the following processing methods: i) 

boiling 10 min in CCl4; ii) wash in de ionized water; iii) 

boiling 25 min in 1NH4OH:2H2O2:5H2O; iv) wash in de 

ionized water; v) boiling 25 min in 1HCl:2H2O2:5H2O; 

vi) wash in de ionized water; vii) corrosion 2 min in 

1HF:5H2O; viii) wash in de ionized water; ix) drying in 

propanol vapor, ~ 2 min.  

The layers surfaces were investigated by SEM and 

AFM methods at room temperature under atmospheric 

conditions. AFM investigations were performed at an 

installation of NT-MDT Company using the silicon 

nitride indents. 

 

III. RESULTS AND DISCUSSION 

 

The AlN layers on Si (111) were obtained in the 

temperature range 500-1100
0
C. When the temperature is 

lower than ~ 700
0
C, they are like amorphous, porous 

white flakes, statistically dispersed on the surface of 

substrates. The layers are instable and can easily be 

removed from the surface of silicon. Therefore the main 

investigations were made at 800, 900, 1000, and 1100
0
C, 

and for the process duration of 5, 10 and 20 min. 

The AlN films obtained on Si are uniform, smooth like 

a mirror, without any cracks or eutectic traces. Dots with 

the size less than 1 μm can be seen on their surface in an 

optic microscope. On the layers deposited on two inches 

substrate there are seen concentric interference fringes – 

blue, green and dark-red, that is an evidence of the 

variable film thickness, less than 1 μm, along the 

substrate radius. At optimal reactant gas flows there were 

obtained also one-color films - blue and dark-red. The 

average thickness of AlN films dependence on the 

duration of depositing for layers obtained at different 

temperatures is shown in the Fig. 1. The thickness of 

layers obtained at 800
0
C increases almost proportional to 

the depositing time. The depositing rate is determined by 

the Al mass transfer from the zone of the source to that of 

growth. 

 

 
Fig.1. Dependence of the thickness of AlN layers, 

deposited on Si(111) by HVPE method, on the process 

duration at the given temperatures. 

 

When the temperature is raising the depositing rate 

increases reaching a maximum value, then it decreases. 

The maximum of the depositing rate is observed at ~ 

1000
0
C where a layer of 1800 nm was obtained in 10 min. 

The depositing rate dependence on the temperature and 

time can be explained by the transition from the diffusion 

growth mechanism (at Tg < ~ 800
0
C) to the kinetic one (Tg 

>900
0
C) determined by the processes occurring on the 

substrate surface. When the temperature is elevating, the 

porosity of films is decreasing and the dissociation 

coefficient of AlN is increasing, which results also in the 

diminution of the growth rate. 

 
 

Fig.1. Image (SEM) of the surface of the AlN layer grown 

on Si at 900
0
C, duration 5 minutes, (R376-4). 

-2 0 2 4 6 8 10 12 14 16 18 20 22

0

200

400

600

800

1000

1200

1100
0
C

900
0
C

800
0
C

T
h

ic
k
n

e
s
s
, 
n

m

Durablity of growth, min

 B



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         374 

 The variation of the thickness of the AlN layer 

along the surface is confirmed by measurements of the  

structure breakdown voltage. It is 400 V in the centre 

and 300 V on the periphery, i.e. the average value is 350 

V. The average breakdown electric field is of the order of 

350 V/150 nm  23 MV/cm, which is characteristic for 

dielectrics. The avalanche breakdown voltage is 100 V 

for silicon with the resistivity of 4.5 Ω·cm and the 

impurity concentration of  10
15 

cm
-3 

[4]
 
. Therefore the 

voltage drop on the AlN layer does not exceed 250 V, and 

correspondingly the breakdown field   

 

 

.   

Fig.2. SEM image of the cross-section of the structure 

AlN/Si (111), (R376-1). 

 

is less than 17 MV/cm. One has to mention that for 

massive AlN (6.2 eV) at 300 K the breakdown electric 

field is 1.2-1.8 MV/cm, and for SiO2 is  1 MV/cm. 

The surface morphology of a film obtained at 

900
0
C is presented in Fig.1. The layers obtained under 

identical conditions, but at temperatures 800, 1000, 1100, 

and 1200
0
C have a similar morphology. The AlN film of 

 1 μm thickness is formed from structural components. 

The top surface of the layer has the relief shown in Fig. 2. 

In Fig. 3 there are presented the AFM images of 

an AlN layer deposited on Si (111) by HVPE method in 

two projections. The layer surface is embossed, and the 

layer appears as a set of dispersed particles (dp), arranged 

disorderly. By geometrical dimensions (height, diameter), 

there are two main categories of particles: lighter particles 

with larger sizes, and darker smaller particles. The surface 

density of larger particles is much lower the density of 

small particles. The surfaces occupied by big and small dp 

on the substrate are not essentially different, the big/small 

ratio being 2/3. The height of large size dp lies in the 

range 110-320 nm and that of the small ones, 80-110 nm. 

The dp distribution 

in two categories implies their geometric similarity and 

makes it easy to distinguish them in the curve of 

successively increasing peak heights depending on their 

number (Fig.4) . 

 

 

 

 

 

 

  
Fig.3. Surface image of AlN buffer layer grown on Si 

(111) at 1100
0  

C (5 min), as observed by AFM. 

 

Numbering of particles by size is motivated by 

the chaotic character of their arrangement on the substrate 

surface. It is also assumed that their geometric shape 

remains unchanged during the growth. This assumption is 

also partially confirmed by the forms of granules of 

different sizes that have different evolution time. As 

shown previously [2], the form of 111-N compounds 

granules changes only with change of the growth 

temperature or the concentration of precursor reactants. 

This paper presents the research results for layers 

obtained under stationary conditions of temperature and 

concentration of reactants. The figure shows a sharp 

threshold (130 nm) that separates the small size dp from 

those of large size. This threshold shows the change of 

layer growth mechanisms in the process of evolution from 

the initial stage of nucleation of granules to the 

subsequent stage of formation of larger dp - the stage of 

continuous layer deposition.  

The estimated continuous layer thickness is ~ 70 nm. The 

height of large dp reaches ~ 300 nm after 300 sec of 

deposition (the dp growth rate reaches ~ 1 nm/sec). 

Taking into account the dp distribution by size one can 

say that the continuous layer is formed after ~ 200 sec of 

deposition, when there are changes as well in the 

mechanisms of layer growth. 

Figure 5 shows the time dependence of the 

concentration of AlN dp deposited on the silicon surface. 

At the beginning of the process their concentration 

changes insignificantly. Dispersed particles grow only by 

size. The latency period of concentration evolution 

changes abruptly after a period of time of ~ 200 sec when 

a sudden increase takes place. After a very short time the 

dp concentration decreases sharply to the initial 
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Fig.4. Distribution by height of AlN dispersed particles 

deposited on Si by HVPE method at 1100
0
C, 300 sec. 

level. Reducing the total concentration of the granules 

may be due to coalescence processes of dispersed 

particles of different sizes. 

 
Fig.5. Change of concentration of AlN dispersed particles, 

deposited on silicon substrates at the initial stage of 

continuous layer formation. 

Given the above, one can propose a model of 

AlN layer formation on Si (111). It is known that even the 

ideal surfaces of perfect crystal substrates obtained have 

terraces, steps, and contain surface defects with adatoms 

or dot vacancies, dislocations, linear and other defects. 

Roughness exceeds 10 nm even on the most perfect Si 

surfaces. Uneven real surface of substrates significantly 

affects the nucleation, and growth of the new layer, 

especially for heterogeneous layers. At the initial 

deposition stage the germination of layers occurs in the 

vicinity of defects. Defects are statistically distributed on 

the substrate surface, like the condensed granules of the 

new phase. The further granule size development is 

ensured not only by the flow of reactants from the 

gaseous environment, but also by the flow of compounds 

formed on the substrate due to surface diffusion 

processes. Similar mechanisms of mass transfer are also 

present at heteroepitaxy of GaN layers. The surface flow 

towards the initially formed centers is due to higher 

affinity between their substances as compared with the 

affinity between heterogeneous substances (AlN, Si). The 

growth rate of initially formed granules increases owing 

to increasing supersaturation over the granules surface as 

compared with the supersaturating over the substrate 

surface. At the initial stage of nucleation this difference is 

insignificant due to relatively low concentration of 

germination centers and small size of the granules. When 

the volume (surface) of granules increases, this difference 

becomes larger, and the flow of reactants to the surface of 

granules increases. The process of nucleation of new 

granules on the surface of substrate takes place 

continuously, but these smaller granules are absorbed by 

the larger size granules due to the coalescence processes.  

Thus, the surface density of granules changes 

insignificantly during ~ 200 sec. After the substrate is 

coated with AlN, the surface diffusion mechanism is not 

more involved in granules development. At the 

intersection of surfaces of the originally formed larger 

granules appear sharp boundaries, favorable to nucleation 

of new granules. Thus, there appear two kinds of granules 

on the substrate surfaces – big ones evolving from the 

surface defects of the substrate, and small granules, 

formed later in the process of AlN layer thickness 

evolution.  

 

IV.CONCLUSION 

 

Using the HVPE method, thin AlN layers were 

synthesized on silicon substrates. The layer structure was 

investigated by AFM method. It was found that layers 

germination takes place according to the three-

dimensional model, 3D. The formed granules are an 

association of dispersed particles, statistically distributed 

on the substrate surface. In the process of evolution from 

the initial discrete stage to the stage of continuous layer 

formation, a change of mechanisms of layers growth takes 

place. 
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I. INTRODUCTION 

 

Rare Earth (RE) phosphors can be separated into two 

types: broad band emitting owing to the 5d4f transition 

(Eu
2+

, Ce
3+

) or narrow band emitting owing to the 

transition between the 4f levels (Eu
3+

, Tb
3+

, Gd
3+

, Yb
3+

, 

Dy
3+

, Sm
3+

, Tm
3+

, Er
3+

, Nd
3+ 

etc).  

The luminescence is more intense if the band gap 

between the excited state and the highest component of the 

ground state multiplet becomes larger. For example, 

Gd→32100 cm
-1 

(4 eV), Tb→14800 cm
-1 

(1.8 eV), 

Eu→12300 cm
-1 

(1.5 eV), Yb→10400 cm
-1

(1.3 eV), 

Dy→7800 cm
-1

 (0.96 eV), Sm→7400 cm
-1

 (0.9 eV), 

Tm→6200 cm
-1

 (0.77 eV), Er→5900 cm
-1

 (0.73 eV), 

Nd→4400 cm
-1

 (0.5 eV), etc.. Gd is a very good emitter, 

but the 
6
P7/2→

8
S7/2 transition occurs in the ultraviolet 

region (around 310 nm) that is not convenient for practical 

application. This explains the prominent role played by Tb 

and Eu as luminescent probes. Moreover, Eu is a unique 

activator that gives both the broad band and narrow band 

emissions in dependence on it valences. That’s why in this 

work we focus on some different host lattices activated by 

Eu and Tb in different combinations with other rare earth 

elements. The co-activation or double activation by these 

RE elements is discussed. In double activated phosphors 

the energy can be transferred from one luminescent 

activator to the other one, resulting in more efficient or  

 

brighter device operation. If the energy transfer occurs 

within the Eu-Tb complex so that it works as a donor-

acceptor pair due to small energy gap between excited 

energy levels
  5

D4 (Tb
3+

) and 
5
D1 (Eu

3+
). Secondly, co-

activators can be added to a host material to change the 

color of the emitted light. Though these Eu and Tb 

activators are widely used for a long time, there are many 

questions had to be resolved.  

First application we consider in calcium tungstate 

phosphor. The optical properties of the scheelite crystal 

have been studied extensively for decades [1-4]. The 

continuous need for high-performance phosphors renewed 

the interest in this luminescent material with more than a 

century of history. Self-activated CaWO4:W is an efficient 

material emitting blue luminescence related to some 

tetrahedral WO4 groups of the scheelite host lattice. 

However, the luminescence properties of this classic 

phosphor could be essentially varied by doping with RE 

ions, in particular with Eu
3+ 

and Tb
3+

, and therefore, some 

new applications could be proposed. The incorporation of 

Eu
3+

 or Tb
3+ 

ions into the CaWO4 crystal lattice modifies 

the luminescence spectrum due to the formation of the  

emission centers that generate the specific red and green 

light, respectively [5-8]. Photoluminescence (PL) and 

cathodoluminescence (CL) investigations are used to 

evaluate the performance of Eu
3+

 and Tb
3+

 activated 

CaWO4 and to put in evidence the interaction between the 

two activating species. 

Next interesting phosphor with improved properties 

presented in this work is yttrium niobium-tantalate 

Y(Ta,Nb)O4. The yttrium tantalate (YTaO4) and yttrium 
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Abstract — For the purpose of development of highly energy-efficient light sources, one needs to design 

highly efficient green, red and yellow phosphors, which are able to absorb excitation energy and generate 

emissions. Using double activation, energy can be transferred from one luminescent activator to the other 

one, resulting in more efficient or brighter device operation. Co-activators can be added to a host material to 

change the color of the emitted light. The incorporation of Eu
3+

 or Tb
3+ 

ions into the CaWO4 crystal lattice 

modifies the luminescence spectrum due to the formation of the  emission centers that generate the specific 

red and green light. Very efficient new red phosphors based on YNbO4 and doped by Eu
3+

, Ga
3+

, Al
3+

 allow 

recommend these materials as good candidates for different applications including LED and X-ray 

intensifying screens. For double activated TAG with Ce
3+

 and Eu
3+

 and for different mole ratio Ce/Eu the 

color temperature changes from 5500 K (0.331, 0.322) up to 4200 K (0.370, 0.381) and the light becomes 

‘‘warmer’’. Application of TAG:Ce,Eu in the light emitting device shows the better chromaticity coordinates 

of luminescence and color rendering index of LEDs.  Combination of Eu
2+

 with Dy
3+

 in SrAl2O4 matrix allows 

us to create a material that emitted bright light for hours after ending the excitation. In this contribution we 

present our results on producing some efficient phosphors
 
with improved luminescence properties for 

different applications: LED and X-ray intensifying screens, marine artificial reefs, biology and medicine. 

Index Terms — Luminescence; Optical materials; Phosphors. 

Rare Earth Activated Phosphors for Different 

Applications 
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niobate (YNbO4) systems are of great interest from 

fundamental scientific point of view and also for various 

spectroscopic applications. The blue light emission from 

host lattice could be shifted toward longer wavelengths 

when rare earth ions Eu
3+

 or Tb
3+

 replace partially the 

yttrium ions in these materials. In these phosphors, 

activated by rare earth elements, the host-lattice emission 

centers and the rare earth emission centers contribute both 

to the overall luminescence. The growing interest toward 

luminescence properties in the vacuum ultraviolet and in 

the visible spectral range is due to industrial demands for 

new applications. Efficient phosphors based on YNbO4 and 

doped by Eu
3+

, Ga
3+

, Al
3+

 were synthesized with different 

fluxes under different thermal conditions and investigated 

under UV, X-ray excitation and Raman spectroscopy. The 

samples co-doped by Al
3+

 and Ga
3+

 show higher intensity 

under UV and X-ray excitation in comparison with 

YNbO4:Eu
3+

 phosphors. The model of redistribution energy 

transfer from 
5
D1 level to 

7
FJ is proposed. Monoclinic 

fergusonite crystal structure and excellent luminescent 

properties under X-ray and UV excitation allow 

recommend these phosphors as good candidates for 

different applications including LED and X-ray 

intensifying screens. 

Yttrium aluminum garnet Y3Al5O12:Ce
3+

 (YAG:Ce) and 

terbium aluminum garnet Tb3Al5O12:Ce
3+

 (TAG:Ce) are 

used as a phosphors for white light emitting diodes using 

the principle of luminescence conversion. However, the 

color impression of such conversion on the base of a blue 

diode and these phosphors is too “cold”, a red component 

is missing. The common way to improve the emission 

spectra of lighting devices is with co-activation of the 

conversion phosphors, for example with Eu
3+

, which shows 

an intense line emission in the red. Results of co-doping 

TAG:Ce with Eu
3+

 are presented in this work. 

In this article we propose also a new interesting direction 

in the study and biology application of persistent materials: 

namely underwater investigations of persistent 

luminescence. A new multiphase blue-green phosphor 

based on SrAl2O4 was synthesized and applied in marine 

conditions in the development of an artificial luminescent 

reef. The possibility of algae cultivation and fish attraction 

by the light of artificial reef is discussed.   

Therefore, it seems attractive to develop new phosphor 

materials with high efficiency and color saturation or 

modify well-known compositions by co-doping them with 

different combinations of efficient RE
 
activators.  

 

II. EXPERIMENTAL 

 

2.1. CaWO4:Eu
3+

,Tb
3+ 

 

CaWO4:RE phosphor samples described in this work 

were prepared by solid state reaction from homogeneous 

mixtures consisting of luminescent-grade CaWO4 as host 

lattice, WO3 and Eu2O3 (99,99% Jansen Chemical) and/or 

Tb4O7 (Johnson Mattey ”Specpure”) as activating system, 

and alkaline salts as flux. CaWO4 used as precursor in 

phosphor synthesis was prepared from highly purified 

CaCl2 and Na2WO4 solutions. The synthesis mixtures 

containing flux and equivalent amounts of WO3 and Eu2O3 

or Tb4O7 were homogenized and fired at 900 
0
C. The 

prepared powders were carefully washed, dried, and sieved. 

The incorporation of trivalent RE ions into the CaWO4 

crystalline lattice could proceed in two major ways. Either 

2RE
3+

 replace 3Ca
2+

 ions, or a pair of RE
3+

 and M
+
 replace 

2Ca
2+

 ions (where M
+
 = alkaline ion). In our sample 

preparation conditions, alkaline salt acts as a mineralizing 

agent and also as a source of compensating ion. Based on 

this principle, a series of synthesis mixtures was prepared 

according to the general phosphor formula Ca1-2x-2y Eux Tby 

Mx+y WO4.  

 

2.2. (Y, M)NbO4:Eu
3+

 (M: Al, Ga) 

 

There are few papers on the improvement of the red 

emission of YNbO4:Eu
3+

 under different excitations. Some 

attempts have been made when other trivalent ions (Gd
3+

, 

for example) partially substituted yttrium in the host lattice 

[9].  The effects of the substitution of trivalent ions such as 

Al
3+

 and Ga
3+

 for Y
3+

 was investigated by Lee et al.[10]. In 

this work, (Y, M)NbO4:Eu
3+

 (M: Al, Ga) powders were 

synthesized by a flux method, and then the effects of the 

replacement of Al
3+

 and Ga
3+

 on the red emission under n-

UV and X-ray excitation were investigated first. 

(Y,M)NbO4:Eu
3+

 (M: Al, Ga) powders were fabricated by 

firing the stoichiometric mixtures of Y2O3, Nb2O5, Al2O3, 

Ga2O3, and Eu2O3 powders. LiCl (7 wt %) was added as a 

flux to promote a solid state reaction and the luminescent 

properties by accelerating the kinetics for the compound 

formation due to the increased diffusion coefficients. The 

purities of all the powders were 99.99%. The amount of 

Eu2O3 was in the range of 0 - 45 mol %. After ballmilling 

the mixtures for 24 hours, they were fired at 1300
 ℃ for 12 

hours in an electric tube furnace flowing N2 gas. 

 

2.3. Tb3Al5O12:Ce
3+

,Eu
3+

 

 

The powder samples have been prepared by a 

conventional solid state reaction. According to the nominal 

composition of Tb3Al5O12:Ce
3+

,Eu
3+

, the starting materials 

Tb4O7; Al2O3; CeO2 and Eu2O3 (99% for Al2O3, 99.9% for 

all other oxides) are weighed and milled. Synthesis took 

place in a furnace heated by induction using a sealed 

alumina tube in a reducing atmosphere of H2/N2 to stabilize 

the Tb
3+

 state. The crucible was made out of Al2O3. BaF2, 

LiF and H3BO3 as flux materials were used. The synthesis 

lasted approximately 2 h at temperature of about 1500 
0
C. 

The samples were prepared with different Ce (1, 3, 5 

mol %) and Eu (1, 3, 5, 7, 9, 11, 13 mol %) concentrations. 

 

2.4.  SrAl2O4:Eu
2+

, Dy
3+

 

 

Artificial rock and block made of steel slag hybrid matrix 

were developed recently in Japan [11,12]. We propose 

experimental artificial glow reef to make from concrete and 

sand to provide hard surface. The main goal of these reefs 

is to cultivate the algae in future and to attract the fish. For 

this purpose the artificial block must be luminescent and 

preferably excite the green light. The persistent phosphor 

SrAl2O4:Eu
2+

,Dy
3+

 as a phosphorescence material and 

polymer epoxy as a coating layer are proposed. Strontium 

aluminate phosphor doped with Eu
2+

 and co-doped with 

Dy
3+

 SrAl2O4:Eu
2+

,Dy
3+

 were prepared by solid state 

reaction approach using strontium carbonate (SrCO3; 

Aldrich, 99.9 %), aluminum oxide (Al2O3), europium oxide 
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(Eu2O3; Aldrich, 99.99 %) and dysprosium oxide (Dy2O3; 

Aldrich, 99.99 %) as the starting materials. Small amount 

(0.2 mol %) of H3BO3 was used as a flux.  Prior to heating 

at 1250ºC, the reagents were ground using a ball mill to 

form a homogeneous mixture. First, the dry milling was 

used for 30 minutes and then continued by wet-mixing 

machine for 30 minutes. The resulting slurry was dried at 

150°C for 3 hours to remove the water content. After fully 

dried, the mixed white powder was placed in a small 

alumina crucible and then fired at 1250°C for 2 hours under 

a mild reducing atmosphere. Graphite crucible was used to 

create the reducing atmosphere and to ensure complete 

reduction of Eu
3+

 to Eu
2+

 and to crystallize and form the 

luminescence centers.  The mixing – milling process to get 

smaller particle size and homogenous mixture was used 

after calcination. An epoxy layer of SrAl2O4:Eu
2+

,Dy
3+ 

phosphor were deposited on reef surface by brushing 

technique.  

 

III. RESULTS AND DISCUSSION 

 

3.1. Luminescence of Eu
3+

 and Tb
3+

 activated CaWO4 

phosphors 

 

The low (0.5-1 keV) and high (20-30 keV) voltage 

cathodoluminescence modes including color CL and PL 

with different excitation wavelengths (147, 254, 365 nm) 

were applied to investigate the luminescence properties and 

the energy transfer processes in CaWO4, activated by 

trivalent Eu
3+

 and Tb
3+

 ions.  

The PL and CL spectra of the same material are rather 

similar; however, there is some difference between the PL 

and CL related with excitation, generation rate and volume. 

In general, the CL spectra are richer because only the 

electron beam excitation can induce transition between all 

the defect levels, including those created by surface type of 

imperfections. Observed haracteristic blue emission at 400-

500 nm is related with some tetrahedral WO4 groups of the 

scheelite host lattice. The specific green emission bands at 

497 and 553 nm can be attributed to electronic transition 

inside the Tb-center. 4 red emission bands at 596, 622, 661, 

711 nm are caused by transition from emitting level 
5
D0 to 

7
F1, 

7
F2, 

7
F3, 

7
F4 for trivalent ions of europium. The 

dependence of the CL emission intensity on the activator 

concentration is shown in Fig.1. The variation of the main 

emission peaks of Eu and Tb with their concentration is 

clearly seen. As a result, the overall chromaticity also 

changes, strongly depending on the activator ratio and 

concentration.  

The specific green emission band of Tb centers that is 

situated at 543 nm is due to electronic transition 
5
D4→

7
F5 

inside Tb
3+ 

ion with 4f
7
 configuration.  In order to obtain an 

efficient green luminescence, the activator concentration 

has to be at least 2.5 mole %.   

Emission lines of Eu
3+

 ion correspond to transitions from 

the excited 
5
D0 level to the 

7
FJ (J = 1, 2,…) levels of the 4f

6
 

configuration (transition from J = 0 to J = 0 being 

forbidden, because the total orbital momentum is not 

changed). 
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Fig.1. CL spectra of CaWO4:Eu, Tb samples (codes F70-

F76)  prepared with different activator concentrations 

 

The weak emission in the vicinity of 590–600 nm is due 

to the magnetic dipole transition 
5
D0→

7
F1. The strong 

emission around 610–630 nm is due to the hypersensitive 

electric dipole transition of 
5
D0→

7
F2, induced by the lack 

of inversion symmetry at the Eu
3+

 site. In order to obtain an 

efficient red luminescence, the activator concentration of 

Eu has to be at least 2.5 mole %.  

CL spectra and PL spectra are very similar, thus indicates 

that the mechanism of energy transfer is the same, 

whatever the excitation is. Both methods of investigations, 

namely PL and CL spectroscopy, put in evidence a 

continuous increase of the red emission band and a 

considerable decrease of the green emission band (Fig.2). 

Experimental results showed that no activator quenching 

effect could be noticed in this concentration range, so that 

the possible effect of concentration quenching is not to be 

taken into consideration. To explain the experimental PL 

and CL results, two- and three-level models taking into 

account an interaction between Tb
3+

 and Eu
3+

 are proposed. 

The detailed analysis is given in ref. [13]. 

According to the proposed model, the Tb
3+

 emission 

intensity decreases nonlinearly whereas the Eu
3+

 emission 

intensity increases linearly with activator concentration. 

These calculations are in agreement with the experimental 

data, as shown in Fig.2. When Eu
3+ 

and Tb
3+

 were 

simultaneously introduced in equal amounts at relatively 

low concentration (up to 1.5%), the linear dependence can 

be noticed and the mutual activators interaction needs not 

to be accounted. The simple two-level model could be used 

in this case. At higher concentration the activators 

interaction has to be taken into consideration to explain the 

results.  
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Fig.2. Dependence of the CL intensity of the specific Eu

3+
 

red band at 612 nm and Tb
3+

 green band at 543 nm on 

activator concentration. 

 

The proposed models are confirmed further by numerous 

measurements with different excitations such as high and 

low voltage CL, PL including UV and VUV, and X-ray 

luminescence.  This model is available in the most 

matrices, such as yttrium tantalate, yttrium  niobate, 

calcium tungstate [14], zink silicate [15,16],  porous silicon 

[17], porous phosphate [18], zeolite-Y[19],  calcium 

molibdate [20],  and others. 

 

3.2. Red phosphors YNbO4:Eu
3+

,Al
3+

  and YNbO4:Eu
3+

,Ga
3 

with high-emission properties 

 

Now we show the luminescence properties of YNbO4 

phosphors doped by Eu
3+

, Ga
3+

, Al
3+

 under X-ray 

excitation. The improved about 1.5 times emission of these 

phosphors, respectively, than that of YNbO4:Eu
3+

 was 

ascribed to the redistribution of energy transfer from 

excited levels.  

The introduced activators can be excited directly by 

excitation source or by energy transfer transition from the 

host lattice. In the lattice of Rare Earth doped yttrium 

niobate the doped luminescent centers, such as Eu
3+

, 

occupy the Y sites. The NbO4
3- 

groups can absorb 

excitation energy through O
2-
Nb

5+
 charge transfer 

transition respectively, and transfer the energy to Rare 

Earth luminescent centers, which give rise to the 

corresponding characteristic emission. Low intensity of 

host lattice luminescence is observed in non-doped 

phosphor and disappeared due to energy transfer in 

activated samples. The system Y1-xEuxNbO4 was studied 

more thoroughly because it illustrates clearly the 

importance of excitation energy transport through the 

lattice in order to obtain efficient phosphors.  

 

 

Under X-ray excitation the relatively strong 
5
D0

7
F4 

transition intensity is appeared. Usually this emission is 

very weak under UV excitation. Furthermore, comparing 

the luminescence under UV (254 nm) and the broad X-ray 

excitation, it was found that the relative intensity of 
5
D0→

7
FJ (J=1, 2, 4) emission peaks of Eu

3+
, so called 

branch ratios, varies significantly with the activation 

excitation energy. Under UV excitation, the 
5
D0→

7
F4 

emission is mostly trapped by the empty upper levels. On 

the contrary, it is more likely that such empty levels can be 

readily filled under X-ray excitation. This explains the 

appearance of visible 
5
D0→

7
F4 transition and the increment 

of the luminescence intensity of Eu
3+

 emission centers 

under X-ray excitation. 

The influence of codoping YNbO4:Eu
3+

 by Al
3+

 and Ga
3+

 

on the luminescence properties under X-ray excitation was 

studied. First, the optimum concentration of Al
3+

 =2 mol % 

and Ga
3+

 =1 mol % was established. Since the ionic radii of 

Al
3+

 (0.54 Å) and Ga
3+

 (0.62 Å) were much smaller than 

that of Y
3+

 (0.88 Å), the crystal field surrounding Eu
3+

 

(0.95 Å) ions was expected to be altered considerably, 

resulting in the change of photoluminescence properties. 

The highest intensities under X-ray excitation were found 

for samples (Y0.7Al0.2NbO4:Eu0.1
3+

) and 

(Y0.8Ga0.1NbO4:Eu0.1
3+

) doped by Eu
3+

 10 mol%.  

The emission spectra of all Eu
3+ 

phosphors show similar 

features, and have been involved in the following emission 

lines: 
5
D0→

7
F1, 

5
D0→

7
F2, 

5
D0→

7
F3 and 

5
D0→

7
F4. Other 

transitions from 
5
D0 to 

7
F0, 

7
F5 and 

7
F6 levels are also 

allowed from the selection rules for the transition between 

Stark components of Eu
3+

 in symmetry of the actual crystal 

field, but luminescence intensities are too weak. 

Furthermore, there appears to be an energy transfer from 

host to activator. Additionally, the transition from 
5
D1 to 

7
F1 

level is also possible and we examined this transition more 

carefully. Position of the 
5
D1→

7
F1 transition for all the 

samples is the same (538 nm) and no shift was observed. It 

means that no phase changes with incorporation Ga and Al 

is appeared. The abrupt decrease of luminescence in 

Y0.8Ga0.1NbO4:Eu0.1
3+

 (absolutely the same for 

Y0.7Al0.2NbO4:Eu0.1
3+

) in comparison with YNbO4:Eu
3+

 

about 1.5 times can be explained by the redistribution of 

energy transfer from excited Eu
3+

 state 
5
D1. One additional 

part of energy from excited level 
5
D1 transfers nonradiative 

to the lowest level 
5
D0 and then radiative to all the levels of 

ground state decreasing intensity in 
5
D1→

7
F1 transition and 

increasing general luminescence in other transitions. We 

checked the intensities of Al and Ga doped materials in all 

emission lines including the most important 
5
D0→

7
F2 (612 

nm) emission transition and found that the intensity 

increased about 1.5 times. The proposed mechanism is 

schematically presented in Fig.3. The samples codoped by 

Al
3+

 and Ga
3+

 show higher intensity under n-UV and X-ray 

excitation in comparison with YNbO4:Eu
3+

 phosphors. 

Monoclinic fergusonite crystal structure and excellent 

luminescent properties under n-UV and X-ray excitation 

allow recommend these phosphors as good candidates for 

different applications. 
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Fig.3. A schematic model of stimulated Eu
3+ 

luminescence 

in (Y,Al,Ga)NbO4 phosphors. 

 

 

3.3. Yttrium and Terbium Aluminate Phosphors co-

activated by Eu
3+ 

 

For the application in the blue LED a yellow phosphor 

with improved luminescence properties it is interesting to 

obtain Ce
3+

 and Eu
3+

 luminescence simultaneously in 

garnets, especially for the low energy Ce
3+

 excitation 

around 460 nm. The energy transfer between Ce
3+

 and Eu
3+

 

ions in garnets has not yet been investigated in details. 

However this pair is well-known for YOCl:Ce
3+

,Eu
3+

 and 

YAlO3:Ce
3+

,Eu
3+

. In the latter case, the energy transfer 

should be highly effective due to the overlap of the 

luminescence of Ce
3+

 and the strong absorption of the 
7
F0→

5
L6 transition of Eu

3+
 at about 390 nm. In garnet, the 

photon energy in the Ce
3+

 luminescence is different from 

the 
7
F0→

5
L6 and also from the 

7
F0(

7
F1)→

5
D2 (464 nm) 

transition energies. Doping with 1-3-5 mol % Ce yields a 

broad-band of 5d→4f luminescence Ce
3+

. In addition to the 

direct Ce
3+

 excitation, the Eu
3+

 contribution to the 

luminescence is also expected. 

To understand the luminescence mechanism in cerium-

europium double activated terbium aluminum garnet 

phosphor the selectively excited emission was measured. 

The emission spectra consist of a broad band 

corresponding to the Ce
3+

 5d→
2
FJ transition and of the 

series of sharp lines arising from Eu
3+

 
5
D0→

7
FJ transitions. 

(Fig.4). From the analysis the experimental results one can 

conclude that the excitation of Eu
3+

 occurs via the Ce
3+

 

quenching luminescence. This means that the Ce
3+

 ion acts 

as a sensitizer for the Eu
3+

 luminescence. The Eu
3+

 

luminescence can also be activated by a Tb
3+

 sensitizing 

which is not too surprising as an energy transfer from Tb
3+

 

to Eu
3+

 is well-known
[32, 33]

. Therefore the Tb
3+

 host lattice 

acts as a sensitizer for the activator Eu
3+

 but also as an 

activator itself showing host lattice emission. The 

fluorescence of Tb
3+

 in the TAG is due to the transitions 

from the Stark components of the 
5
D4 level to the Stark 

components of the 
7
FJ levels but the low energy excitation 

used in blue LED (460 nm) is not enough to excite these 

levels. 227 nm excitation and more is needed to excite the 

host lattice. Nevertheless, one can expect the transfer of 

energy from the Ce
3+

 to Tb
3+

 lattice ion due to a slight 

overlap of the Ce
3+

 luminescence in TAG with the 
7
F6→

5
D4 

absorption band of Tb
3+

 (483 nm). 

Emission spectra of the blue LED including of cerium-

europium double activated terbium aluminum garnet 

phosphor with improved luminescence properties in the 

light emitting device is demonstrated in Fig.4. Some 

additional Eu
3+

 peaks and broadening of the spectra in the 

red region significantly improves the color rendering index 

(CRI) and luminescent properties of LED.  

 
Fig.4. Emission spectra of the blue LED including 

TAG:Ce
3+

, Eu
3+

 

 

 3.4. A marine reef application for SrAl2O4:Eu Dy-based 

persistent luminescence phosphors 

 

Persistent phosphors can emit light for a long time from 

seconds to many hours after the excitation has ended. The 

irradiation used may be UV, visible light, X-ray, gamma 

radiation, as well as usual sun light. 

Persistent luminescence has intrigued people for 

hundreds of years. The situation drastically changed about 

16 years ago when Matsuzawa et al. discovered bright and 

long-lasting luminescence in SrAl2O4:Eu,Dy [21]. By 

codoping the green-emitting phosphor SrAl2O4:Eu
2+ 

(already showing a relatively strong and long-lasting 

afterglow by itself) with the rare earth element dysprosium 

(Dy
3+

), they were able to create a material that emitted 

bright light for hours after ending the excitation 

(simultaneously and independently, Takasaki et al. reported 

similar results [22]). They found an afterglow with both a 

far higher initial intensity and a much longer lifetime 

compared to traditional ZnS:Cu,Co. These investigations 

have led to a renewed research interest, and it promoted the 

use of these green-emitting persistent phosphors in 

signalization, glow-in-the-dark toys, emergency signs, dials 

and displays, textile printing, medical diagnostics, and 

many other applications. Applications of persistent 

luminescence phosphors are rapidly expanding. 

In this article we propose a new direction in study and 

biology application these materials, namely underwater 

investigations of persistent luminescence. A new 

multiphase blue-green phosphor based on SrAl2O4 was 

synthesized and applied in real sea conditions.   
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The real underwater experiments in sea conditions were 

carried out in Pulau Payar, Malaysia. First, the artificial 

blocks covered by SrAl2O4:Eu
2+

, Dy
3+

 and excited by the 

sun light were installed on the ocean floor with different 

relief (agropora corals, rocks, sand) and at different deep 

from 2 up to 6 meters.  Fig.5 shows the process of 

installation artificial luminescent block on real stone in the 

sea at the deep about 5 meters. 

 

 
 

Fig.5. Installation of concrete matrix covered by 

SrAl2O4:Eu
2+

, Dy
3+ 

 

Next step was the underwater luminescence 

investigations. All blocks showed the bright blue-green 

luminescence from all the places independently of relief 

and deep. One of the examples is demonstrated in Fig.6.  

 

 
 

Fig.6. Blue-Green color luminescence of SrAl2O4:Eu
2+

, 

Dy
3+

 from 5 meters deep in real sea conditions 

 

After some minutes the fishes were interested in a new 

luminescent object and gathered around it (Fig.7). Finally, 

the black-tip shark was also interested in luminescence and 

came near our artificial sample.  

There is a risk of forever damaging the existence of 

thousands natural reefs because of tsunami or other 

cataclastic phenomena. We need to know how to restore or 

sometimes to improve reefs and marine ecosystems. 

Therefore, measuring and interpreting the impact of human 

actions on the diversity on marine and oceanic life 

represent one way to prevent ecological disasters and 

predict possible environmental changes.  

 

 

 

 
 

Fig.7. The fishes are attracted by bright and long-lasting 

luminescence of SrAl2O4:Eu
2+

, Dy
3+ 

 

4. CONCLUSIONS 

 

Double activation of phosphors is a promising technique 

for improving luminescent properties of materials. 

The double activation of CaWO4 with Tb
3+ 

and Eu
3+

, in 

the presence of alkaline salts as flux, gives the possibility 

to synthesize phosphors with variable chromatic emissions. 

Variable luminescence colors could be obtained when 

calcium tungstate phosphors containing 0-5 mole % 

activator ions were exposed to relatively low excitation 

energies, such as 365 or 254 nm ultraviolet radiations. 

Under high energy excitation such as VUV (147 nm) 

radiation or electron beam, white light could be observed. 

Due to very good chromatic variability, CaWO4:Eu,Tb 

powders are potentially utilizable in the manufacture of 

fluorescent lamps for advertising signs, or other color 

rendering devices.   

New efficient phosphors based on YNbO4 and doped by 

Eu
3+

, Ga
3+

, Al
3+

 show higher intensity under n-UV and X-

ray excitation in comparison with YNbO4:Eu
3+ 

phosphors. 

The model of redistribution energy transfer is proposed and 

discussed. Monoclinic fergusonite crystal structure and 

excellent luminescent properties allow recommend these 

phosphors as good candidates for different applications. In 

particular, Y1-yAlyNbO4:Eu
3+

 and Y1-z GazNbO4:Eu
3+

 can be 

the promising red phosphors for white LEDs using n-UV 

chips 

For double activated TAG with Ce
3+

 and Eu
3+

 and for 

different mole ratio Ce/Eu the color temperature changes 

from 5500 K (0.331, 0.322) up to 4200 K (0.370, 0.381) 

and the light becomes ‘‘warmer’’. Application of 

TAG:Ce,Eu in the light emitting device shows the better 

chromaticity coordinates of luminescence and color 

rendering index of LEDs.   

Multiphase blue-green persistent phosphor with 

turquoise luminescence was synthesized and applied for 

sea investigations. For the first time the experiments with 

artificial stone covered by SrAl2O4:Eu
2+

,Dy
3+ 

based 

phosphor were carried out in real sea conditions in 

Malaysia. Strong and bright blue-green (turquoise) 

luminescence was observed and registered under the water. 

Fishes were attracted by the light of the artificial reef. The 

possibility of algae cultivation is discussed. 
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I. INTRODUCTION 

The wide band gap semiconductor GaN and related 

materials have received increasing attention in recent 

years due to their potential applications for optoelectronic 

devices operating in the spectral region from the blue to 

near-UV and in electronic devices such as high 

temperature, high power and high frequency transistors 

[1-3]. Note that GaN devices are capable to operate in 

hostile and harsh environments [4], while GaN 

nanostructuring induces an increase in the radiation 

hardness of the material [5]. Additionally, GaN has 

emerged as important material for high power electronics 

devices owing to its high breakdown field.  

Since the unearthing of porous Si shows augmented 

luminescence efficiency in 1990 [6], initial efforts to 

make porous GaN were motivated by the desire to realize 

similar effect with an ultraviolet (UV) band gap material. 

Porous GaN exhibits high surface area, shift of band gap, 

luminescence intensity enhancement, as well as efficient 

photoresponse as compared to bulk. Thus, the expectation 

is that porous GaN can be tailored to fabricate novel 

sensing devices. 

Porous GaN can be prepared through dry-etching 

techniques, such as ion milling, chemical-assisted ion 

beam etching, reactive ion etching, and inductively 

coupled plasma reactive ion etching. However, these 

methods could induce surface damage; moreover, they 

lack the desired selectivity for the morphology, dopant, 

and composition [7]. The most feasible and cost-effective 

method to prepare porous GaN is the direct current (dc) 

photo-assisted electrochemical etching. To gain a high 

porosity layer, the most common technique is to use dc 

conditions with a constant and relatively high current 

density. Although dramatic research has been conducted 

to understand the formation of porous GaN prepared by 

the common technique, substantial fundamental properties 

are still not well understood [8-14]. 

The goal of this study is to prepare porous GaN by a 

novel technique, namely by alternating current photo-

assisted electrochemical etching (ACPEC) [15]. Results 

of systematic morphological, structural and surface 

studies of porous GaN samples are reported. 

II.  EXPERIMENTAL METHODS 

The commercial unintentionally doped (UID) n-type GaN 

film grown by metalorganic chemical vapor deposition 

(MOCVD) on a two inch diameter sapphire (0001) 

substrate was used in the formation of porous GaN by the 

ACPEC etching techniques. The thickness of GaN film is 

3 μm with carrier concentration of ~ 6.05 x 10
17

 cm
-3

 as 

determined by Hall effect measurements. The ac etching 

process was performed with a current density of 25 

mA/cm2 in 4 % concentration of KOH electrolyte under 

illumination of 500 W ultra-violet for 45 and 90 minutes 

etch time. The porous GaN samples were characterized by 

using FESEM, AFM and HR-XRD.  

III. RESULTS AND DISCUSSION 

FESEM images of the porous GaN samples generated 

under different etching durations are shown in Fig. 1. The 

FESEM images in Fig. 1 show well-defined network of 
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pores with different sizes grown in the monocrystalline 

epilayer of GaN. The average pore size for 45 and 90 min 

samples were of about 35-40 and 55-60 nm, respectively. 

The average pore size varies significantly as a function of 

the quality of the starting GaN epilayers.  

 
Fig. 1. FESEM image of the as grown and porous GaN 

formed under different etching durations: (a) as grown; 

(b) 45 minutes, (c) 45 minutes for high magnification, and 

(d)  90 minutes [15]. 

 

The AFM measurements revealed that the surface 

roughness over a 5 m x 5 m scan area increased in 

the porous GaN samples. These results were further 

supported by FESEM images in Fig. 1. The crystalline 

quality and lattice parameters were assessed and 

determined by using HR-XRD. The Phi-scan on 

asymmetric GaN (1012) reflection plane showed six-fold 

azimuthal symmetry for both as-grown and porous GaN 

samples. Six-fold symmetric is consistent with the 

wurtzite (hexagonal) crystal structure [16].  

IV. CONCLUSION 

In summary, a novel, simple and cost-effective alternating 

current PEC (ACPEC) etching was demonstrated to be an 

effective technique to form nano-porous GaN with 

excellent properties. According to FESEM images, the 

etching duration has significant impact on the size of the 

pores. AFM measurements evidenced that surface 

roughness increased in porous samples. The obtained 

results hint at the possibility to prepare high quality nano-

porous GaN layers with tuneable stress. We strongly 

believe that further refinements of the sine-wave ac 

electrochemical processing technologies will enhance 

their role in semiconductor nanotechnology and 

nanoelectronics in the near future. 
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I. INTRODUCTION 

One of the greatest scientific discoveries of the 

twentieth century can rightly be considered the antibacterial 

chemotherapy discovery that essentially changed the 

efficiency of treatment of the infectious diseases. However, 

antibacterial therapy continues to be an acute problem 

about the emergence and reemergence of many infections, 

the increase of the diseases caused by conditionally 

pathogenic bacteria, microorganisms’ acquisition of 

resistance to antibacterial substances (8).  

Solving of this problem is in permanent increasing 

of the antibacterial substances fund. Over the years 1990-

2012 in the scientific laboratory “Hospital infections” of 

the Epidemiological chair of The State University of 

Medicine and Pharmacy “Nicolae Testemitanu” of the 

Republic of Moldova were studied hundreds of indigenous 

substances of synthetic origin with antibacterial and 

antifungal properties, which could be used in obtaining the 

new antibacterial and antifungal medicines (2, 3, 4, 5, 6, 7, 

8, 9, 10, 13, 14). 

 

II. MATERIALS AND METHODS 

 

The researches on the antibacterial properties of the 

synthetic origin substances (Organic compounds) were 

realized applying the method of serial dilutions in liquid, as 

nutrient medium was used 2% meat - peptone broth  (11). 

As reference cultures were used Gram-positive and Gram-

negative microorganisms: S. aureus (Wood-46, Smith, 209-

P), S. Saprophyticus, Streptococcus group A and G, E. 

faecalis, E. coli, S.typhimurium, K.pneumoniae, P. 

aeruginosa, P. vulgaris. The antifungal properties were 

investigated in broth Saburo on laboratory strains 

Aspergillus niger, Aspergillus fumigatus, Candida albicans 

and Penicillium.  

Bacteriostatic activity was assessed in the absence 

of growth of microorganisms in the liquid nutrient medium 

and the bactericidal activity were based on the lack of 

growth of microorganisms on the solid nutrient medium - 

meat peptone agar after the repeated sowing  and ulterior 

thermostating during 24 hours. The evaluation of the results 

for yeast and mycelium was done on agar Saburo after 7 

and 14 days of incubation.  

The study of the acute toxicity (LD 50) of the 

compounds was performed under general toxicity 

methodical recommendations on general toxicity of the 

pharmaceutical remedies (5, 12), on rats and white mice by 

introducing into the stomach of investigated substances in 

aqueous.   

 

III. RESULTS AND DISCUSSION 

1. New substances antibacterial from hydrazone 

class  
  

1.1. Izonicotinoilhidrazone aldehyde 5-nitro-2-

furan (Izohidrafural)  
The substance is a new organic compound from the 

nitrofuran compounds seria (2, 3), synthesized at the 

inorganic and physical chemistry department of MSU. It is 

characterized by pronounced antibacterial activity, low 

toxicity and high stability. Compared to structural 

analogue - furacilinum, is 2-4 times more active and 9 

times less toxic (Fig. 1).  

Fig. 1 Antibacterial activity and toxicity of 

Izonicotinoilhidrazone 

Aldehyde 5-nitro-2-furan 
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Antifungal Potential Products  

Abstract — The paper presents the research results of a series of synthetic substances that have pronounced 

antibacterial and antifungal properties and can serve as a basis for obtaining and producing of new 

antibacterial and antifungal medicines. 

 

Index Terms — Antibacterial and antifungal synthetic substances. 

Viorel PRISACARI  

The State University of Medicine and Pharmacy Nicolae Testemitanu''''  

Chisinau, 2004, Stefan cel Mare Bd, 165, Moldova  

usmfvprisacari@mail.md  

0 5 10 15

Furacilinum Izohidrafural

 >1000,0 
166,7 

 mkg/ml 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 

 

 

         386 

From this organic compound were prepared 2 new 

medicinal preparations - solution "Izofural - 0.05%" and 

ointment "Izofural - 0.1%", which have analogous 

furacillin properties, but exceed her activity 2 to 20 times 

towards the various Gram-positive and Gram-negative 

microorganisms species, while being 9 times less toxic (4, 

5). Clinical tests proved the positive qualities of the 

obtained substances in the treatment of purulent wounds, 

burns, chronic tonsillitis, osteitis, periodontitis (1, 8).  

  

1. 2. Hydroxibenzil 2-methylene-1-aldehyde 

hydrazone 5-nitro-2-furan  
The substance is an organic compound from the 

hydrazone class with a selective antimicrobial activity 

against Staphylococcus genus bacteria.  It can be applied 

in medicine as antimicrobial drug used in the treatment of 

diseases induced by staphylococcal or as ingredient for 

creating selective nutrient media.  

The mentioned compound shows so bacteriostatic 

as well bactericidal high activity towards the investigated 

strains of Staphylococcus (in concentrations 1.25 to 5.0 

mg / ml). The obtained experimental results show that the 

bactericidal activity of the substance is 2-7 times higher 

than the structural analogue - furacilinum. At the same 

time, the toxicity of this compound is 6 times lower (LD 

50 = 990 mg / kg) compared with furacilinum toxicity 

(LD 50 = 166.7 mg / kg).  

   

2. Complexes of the zinc  
  

2. 1. Bis [N 
1
 - (2-oxy-1-naphthyl) 5-nitro-2-

furfurilidenhidrazonato] zinc  
The certain substance is a new coordinative 

compound of zinc with derivative 5 nitrofuran, which can 

be used in medicine and pharmacy, as an active substance 

in elaboration of the new antimicrobial preparations. The 

compound manifests bacteriostatic and bactericidal 

activity in low concentrations (0.6 to 37.5 mg / ml) 

against Gram-positive microorganisms of the genus 

Staphylococcus and Streptococcus. Bactericidal activity 

of the mentioned substance is 8-33 times higher than 

furacilinum. Moreover, the compound is 6 times less 

toxic than furacilinum (Fig. 2).  

 Fig. 2. Bactericide activity and toxicity of the Bis[N1-(2-

oxi-1-naftil)5-nitro-2-furfurilidenhidrazonato]zinc 
 
 

 

 

 

3. The complexes of copper  
  

3. 1. Di(m-O)di[N-(2-oxo-1-naftali)-N
1
--

oxobenzalihidrazincupru]dihidrate  
The obtained results denote that the complex 

manifests a selective activity towards the bakeries from 

the genus Staphylococcus. The activity of this is 2-4 times 

higher or remains as well as furacilinum action, used in 

medical practice.  

The detected properties of the compound represent 

an interest for practical microbiology in the optimization 

of the selective properties of the nutrient media.  

  

3.2. 3.5-Dibromsalicilidentiosemi-carbazidoamin 

cuprum dihydrate  
The substance is a new coordinative compound of 

copper, which belongs to the class of thiosemicarbazone 

transition metal complexes with a large spectrum of 

antibacterial and antifungal action. It manifests the 

bactericidal activity in the limits of concentrations within 

0.036 to 4000 mg / ml depending on the species of 

microorganisms and, respectively, antifungal activity in 

the concentration from 18.7 to 300 mg / ml.  

Bactericidal activity towards Gram-positive 

microorganisms proved to be from 64 up to 4116 times 

and Gram-negative microorganisms from 2 to 297 times 

higher compared to furacilinum (Fig. 3) and antuifungical 

activity - from 1.6 up to 25.8 times higher in comparison 

with nystatinum (Fig. 4). However, the toxicity of certain 

compound is about 8 times lower in comparison with 

toxicity furacilinum.  

Fig. 3. Antibacterian activity of the  intern compound of  

cuprum  3,5–Dibromsalicilidentiosemicarbazido-

amincupru dihidrat 
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Fig.4. Antimycotic activity of the intern compound of cuprum 

3,5-Dibromsalicilidentiosemicarbazidoamincupru 

dihidrat 

 

3.3. Di(-O)-bis(3,5-dibromsalicili-

dentiosemicarbazonatocuprum)  
This substance is a new coordinative compound of 

copper, which belongs to the class of thiosemicarbazone 

transition metals. The certain compound manifests   

bactericidal activity in concentrations within 0.072 ... 600 

mg / ml against Gram-positive and of 2 to 6.7 higher 

times towards Gram-negative microorganisms in 

comparison with its prototype - furacilinum (Fig. 5). 

Toxicity (LD 50) of the compound given is 1500 mg / kg.  

 
Fig. 5. Bactericidal activity of the Di  (3,5-

dibromsalicilidentiosemicarbazonatocupru) 

 

3.4. Chloro-3,5-dibromsaliciliden-

tiosemicarbazidocuprului 
The certain substance is, also, from a new 

compound coordinative class of thiosemicarbazone 

transition metals that manifests a large spectrum of 

antibacterial and antifungal activity.  Bacteriostatic activity 

occurs within limits from 0.018 to 150 mg / ml as against 

the Gram-positive and Gram-negative microorganisms 

with exception of         P. aeruginisa, when DMI is 300 - 

2000μg/ml (Fig. 6). 

Fig. 6. Antibacterial activity of organic compounds 

Chloro-3,5-dibromsalicilidentiosemicarbazid 

 

The compound manifests antifungal activity in the 

limits of concentrations within 18.7 to 300 mg / ml, 

which is 1.1 to 6.4 times higher than Nystatin activity 

(Fig.7).  

 

Fig. 7. Antifungal activity of organic 

compound Chloro-3,5-dibromsalicilidentiosemi-

carbazidocuprum 

 

4. Complexes of cobalt  
  

1. Bis [p-(5-nitrofuril-2-metilenhidrazonă) 

izatină] di (3-picoline cobalt) and  Bis [p - (5-nitrofuril-

2-metilenhidrazonă) izatină] di (4-picoline cobalt).  
This compounds manifests bactericidal activity 

against Gram-positive and Gram-negative 

microorganisms in the concentration from 0.03 to 12.5 mg 

/ ml, which is 16-40 times higher compared with 
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furacilinum. The certain substances belong to the class of 

substances with low toxicity (LD 50 = 1960.0 mg / kg) 

(Fig. 8).  

 
Fig. 8. Antibacterial activity of cobalt complexes  

  

5. Compounds of nickel  
  

5. 1.   Salicilidentiosemicarbazido-[6 - 

(aminobenzensulfamido)-3-metoxipiridazin] nickel  
New coordinative compound belong to the new 

class of salicyliden thiosemicarbazide transition metal 

complexes (9). This substance possess bacteriostatic 

and bactericidal activity in the concentrations within 

0.06 ... 125 mg / ml against a large spectrum of Gram-

positive and Gram-negative microorganisms. It is 2.6 

to 41.6 times more active toward Gram-positive 

organisms and 2.4 - 10 times more active toward 

Gram-negative microorganisms in comparison with 

furacilinum (Fig. 9). 

  

 

Fig. 9. Antibacterial activity Salicilidentio-semicarbazido-

[6 - (aminobenzensulfamido)-3-metoxipiridazin] nickel 

 

6. Sulphanilamide derivatives  
  

6.1. N-(5-nitro-2-furfuriliden)-4-

aminobenzensulfamide  
Mentioned derivatives are a new group of organic 

biologically active compounds from sulfanilamide class. 

Proximate analogues are known as the class of 

sulphanilamide, which are widely used in medical 

practice.  

The investigations in vitro (6, 7, 8, 13) have 

demonstrated that this organic compound manifests a large 

spectrum of antibacterial activity. The bactericidal activity 

of these compounds towards Gram-positive 

microorganisms occurs at concentrations from 9.35 to 

2000 mg / ml and against Gram-negative microorganisms 

in the concentration of 1000-2000 mg / ml, that is higher 

than prevailing traditional sulfanilamide’s activity from 2 

to 428 times, depending on the species of 

microorganisms (Fig. 10). 

 

6. 3. Naftalidentiosemicarbazidaţi copper (II) 

that contain sulphanilamide  

Fig. 10. Antibacterial activity N-(5-nitro-2-furfuriliden) - 

4-aminobenzensulfamide 
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mg / ml. The toxicity (LD 50) of certain compounds is 

4750 mg / kg (11), (Fig. 11). 

 
Fig. 11. Antibacterial activity of the 

Naftalidentiosemicarbazide of copper (II) which contain 

sulphanilamide 

 

IV. CONCLUSION 

The results of researches have demonstrated that 

various organic compounds or coordinative new 

substances, which are synthesized in diverse scientific 

laboratories, provide bactericidal and fungicidal properties 

and, however, inoffensive, which can serve as a basis in 

obtaining and producinf of antibacterial and antifungal 

remedies. Already developed preparations from these 

substances have been shown to be highly effective, 

practical harmless, and also available for population.  
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I. INTRODUCTION 

Cancer, one of the diseases with the highest rates of 

death, may benefit from the recent advances in 

nanotechnology and targeted therapy. Classic 

chemotherapeutic agents are distributed nonspecifically in 

both neoplastic and normal cells, causing limitation of the 

optimum achievable dose within the tumor and creating 

local toxicity. Targeted drug delivery systems have 

emerged as a key approach to overcome the flaws of the 

conventional therapeutics, such as the low specificity or 

targeting, short circulation time, etc. [1].   

Targeted drug delivery systems operate through two 

types of action: (1) passive targeting and (2) active 

targeting. Both of them enhance the intracellular 

concentration of drugs in cancer cells while avoiding 

toxicity in normal cells. Passive targeting leads to the 

accumulation of the drug delivery carriers in solid tumors 

at much higher concentrations due to the enhanced 

permeability and retention effect (EPR effect) [2-4],  

property most relevant for this type of action, by which 

certain size molecules (typically liposomes, nanoparticles 

and macromolecular drugs) tend to accumulate in tumor 

tissue much more than they do in normal tissues. This is 

due to the extensive tumor vasculature and ineffective 

lymphatic drainage system. Active targeting involves two 

major strategies: (a) stimuli-responsive drug carriers and 

(b) receptor recognition vehicles, based on the exterior 

microenvironment of tumor cells and specific ligand-

receptor interactions, respectively [5]. 

Nanoparticles as drug carriers, polymeric nanoparticles 

included, can enhance the intracellular concentration of 

drugs in cancer cells, while avoiding toxicity in normal 

cells, by using both passive and active targeting strategies 

[6]. Although nanoparticles offer many advantages as 

drug carriers, there are still problems to be solved, such as 

poor oral bioavailability, instability in circulation, 

inadequate tissue distribution and toxicity [7]. 

In order to design appropriate drug delivery systems, 

there are several requirements [8]: high stability as to 

avoid the fast blood clearance, which will yield in longer 

intervals in circulation; accumulation in therapeutic 

dosage at target sites; efficient intracellular drug release at 

the target site; low toxicity; tolerability. Some of these 

features are strongly influenced by both physico-chemical 

characteristics of the encapsulated drug and the 

encapsulation method.  

The design of drug delivery systems for cancer 

treatment has been focused on three main strategies: 

passive drug release [2,3], targeted delivery based on 

receptor recognition [9-12], and triggered release or 

stimuli-responsive release [13-16].  

Polymeric Nanoparticles as Carriers for Stimuli-

responsive Drug Delivery Systems 
Fulga TANASA, Madalina ZANOAGA 

Abstract — Targeted drug delivery systems has emerged from the necessity to overcome the flaws of 

conventional therapeutics, such as poor targeting, lack of specificity, short circulation time, etc. Drug delivery 

systems are required to be nontoxic and biodegradable to normal tissue cells and, at the same time, toxic and 

lethal to the tumor cells. The fast release of drugs may lead to undesired results caused by systemic side 

effects, while a slow rate may reduce the efficiency of the drug at the site of action. Even more, the drug 
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mediators of multidrug resistance and, consequently, contribute to the increase of intracellular drug 

concentration.   

Detailed information on polymers structure and characteristics are required in order to design polymeric 

nanoparticles for stimuli-responsive drug carriers. Typical stimuli include pH, temperature, light, redox 

potential, glucose gradient, magnetic field intensity and concentration of electrolytes. The responses of the 

drug carriers may be different phenomena such as: dissolution/precipitation, swelling/collapsing, 

hydrophilic/hydrophobic transition, bond cleavage, degradation, etc. This paper provides an overview of 

some recent data concerning polymeric nanoparticles used as carriers for stimuli-responsive drug delivery 

systems and future development directions. 

 

Index Terms — drug carriers; polymeric nanoparticles; stimuli-responsive drug delivery systems. 

http://en.wikipedia.org/wiki/Liposomes
http://en.wikipedia.org/wiki/Nanoparticle
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In this review, some recent data concerning polymeric 

nanoparticles used as carriers for stimuli-responsive drug 

delivery systems and future development directions are 

presented, with focus on types of nanoparticles used for 

such applications and types of polymers used as 

nanoparticles for stimuli-responsive drug carriers. 

II. NANOPARTICLES AS CARRIERS FOR             

DRUG DELIVERY SYSTEMS  

Ideal drugs, released from specific delivery systems, 

must reach the targeted tumor cells with minimal losses of 

their volume or activity in the blood circulation. Once on 

the target site, drugs should have the ability to selectively 

kill tumor cells, without affecting normal cells, through a 

controlled release mechanism of the active form. The aim 

is to increase the intracellular concentration of drugs and 

to simultaneously reduce toxicity. Interdisciplinary 

reports indicated that nanoparticles have the potential to 

satisfy both of these requirements, due to their nature and 

properties. 

II.1. Characteristics of Nanoparticles. The efficacy 

of nanoparticles as carriers for drug delivery can be 

evaluated by their ability to remain in the bloodstream for 

intervals long enough to enable the drug release prior to 

their elimination. Conventional surface unmodified 

nanopar-ticles are, usually, captured by the mononuclear 

phagocyte system (also known as reticuloendothelial 

system), depending on their size and surface 

characteristics [17]. 

The time spent in the blood stream, drug release, level 

of toxicity, all these can be controlled by a thorough 

design of nanoparticles size and surface. 

II.1.1. Nanoparticles Size. One of the main 

advantages of nanoparticles is their tunable size. 

Nanoparticles used in drug delivery systems should be 

large enough to prevent their rapid transfer to blood 

capillaries, but small enough to avoid macrophages that 

are lodged in the reticuloendo-thelial system, such as the 

liver and spleen. Since physiological dimensional limits 

are 150-200 nm [18] and 100-600 nm [19], by 

consequence, the nanoparticles size should be up to 100 

nm in order to reach tumor cells. 

II.1.2. Surface characteristics. The surface 

characteris-tics of nanoparticles are an important 

determining factor, influencing their life span in 

circulation and behaviour towards phagocites. In order to 

avoid macrophages capture, nanoparticles should have a 

hydrophilic surface [20], which can be achieved either by 

coating the nanoparticles surface with a hydrophilic 

polymer (such as polyethyleneglicol, PEG), able to 

protect them from opsonization by repelling plasma 

proteins, or by preparing nanoparticles from block 

copolymers with hydrophilic/hydrophobic domains 

[21,22]. 

II.2. Types of Nanoparticles Used as Carriers. 
Nanoparticles used as carriers for drug delivery systems 

have size of 3-200 nm and are obtained starting from 

various materials: polymers (polymeric nanoparticles, 

micelles, or dendrimers), lipid-based systems (liposomes), 

self assembled proteine/peptide cages (viral 

nanoparticles) and even materials with special properties 

(such as carbon nanotubes) [7]. 

Polymer-based Nanoparticles. Depending on the 

compatibility between macromolecular carrier and drug 

and on nanoparticles method of preparation, drugs can be 

either physically entrapped in or covalently bound to the 

polymer substrate [23]. The resulting compounds may be 

capsules (polymeric nanoparticles), amphiphilic core/shell 

structures (polymeric micelles) or hyperbranched 

macromolecules (dendrimers) (Fig. 1).  

Polymers used as drug conjugates may be natural or 

synthetic. Polymer-drug conjugates based on natural 

polymers, such as albumin, chitosan, heparin, have been 

used for delivery of oligonucleotides, DNA, proteins, as 

well as drugs. 

 

 
Fig. 1 Main types of polymer-based carriers 

 

Recently, a nanoparticles formulation of paclitaxel 

with serum albumin has been reported [24] and 

subsequently evaluated in clinical trials, including non-

small-cell lung cancer (phase II trial) and advanced non-

hematologic malignancies (phase I and pharmacokinetics 

trials) [25,26]. 

As for synthetic polymers, there are many formulations 

responding to these application requirements. N-(2-

hydroxypropyl)-methacrylamide (HPMA), polystyrene-

maleic anhydride copolymer, polyethylene glycol (PEG), 

and poly-L-glutamic acid (PGA) are only a few of the 

most used (co)polymers. PGA, the first biodegradable 

polymer to be applied for conjugates synthesis, and its 

conjugates have been obtained and tested with promising 

results [27]. Among them, PGA-paclitaxel [28] and PGA-

camptothecin [29] are now in trials. HPMA and PEG are 

the most widely used non-biodegradable synthetic 

polymers [30]. A conjugate of HPMA with doxorubicin 

was the synthetic polymer-drug conjugate reported to be 

evaluated in clinical trials as an anticancer agent [31].  

Polymeric micelles are, basically, amphiphilic block 

copolymers and their properties enable them to assemble 

in aqueous media to form a nanosized core/shell structure. 

Their hydrophobic core is a reservoir for hydrophobic 

drugs, whereas the hydrophilic shell stabilizes the 

hydrophobic core and endows polymers water solubility. 

This behaviour makes the particle fit for intravenous 

administration [21]. Drugs can be loaded into polymeric 

micelles by two methods: physical encapsulation [32] and 

chemical attachment [33]. The first polymeric micelle 

formulation of paclitaxel was synthesized from PEG-

poly(D,L-lactide)-paclitaxel and tested in patients with 

advanced refractory tumors [34]. Multifunctional 

polymeric micelles containing targeting ligands, as well 

as imaging and therapeutic agents, are being actively 

developed [35] and tested. Such complex structures will 

become the mainstream in terms of micelle model 

formulations in the near future.  
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Dendrimers are synthetic macromolecules of 

nanometer dimensions, composed of multiple highly 

branched monomers that emerge radially from the core. 

Their properties, such as monodisperse size, modifiable 

surface functionality, multivalency, water solubility, 

available internal cavity, make them highly attractive for 

controlled/targeted drug delivery systems [36]. 

Polyamido-amine dendrimer, most widely used as a 

scaffold, was conjugated with cisplatin [37]. The easy-to-

alter surface of dendrimers is the feature that enables 

them to be simultaneously conjugated with several 

different molecules, such as imaging contrast agents, 

targeting ligands, therapeutic drugs, yielding in a 

dendrimer-based multifunctional drug delivery system 

[36]. 

A special mention has to be made concerning the 

carbon nanotubes (CNTs), members of fullerenes family. 

They are carbon-based cylinders composed of benzene 

rings (Fig. 2) and have been used in biology as sensors for 

protein and DNA detection, devices for the discrimination 

of different proteins, carriers for vaccines or protein 

delivery [38].  

 

 
Fig. 2. CNTs structure 

 

CNTs are completely insoluble in all solvents, 

generating some health issues connected to their tissue 

accumulation and associated toxicity. Despite these 

problems, chemical functionalization of CNTs may offer 

a solution in terms of granting CNTs water solubility and 

making them able to react with organic reagents so they 

can link a wide variety of active molecules (such as: 

peptides, proteins, nucleic acids, drugs) [39]. 

Antifungal agents (amphotericin B) or anticancer drugs 

(methotrexate) have been covalently linked to CNTs with 

a fluorescent agent and proved to be more effective into 

cells compared with free drugs alone and to have potent 

antifungal activity [40,41]. The multiple covalent 

functionalization of the sidewall or tips of CNTs allows 

them to simultaneously carry several different molecules 

and this strategy provides a fundamental advantage in the 

treatment of cancer. 

 

III. STIMULI-RESPONSIVE POLYMER-BASED 

DRUG DELIVERY SYSTEMS 

Active targeting concerns, basically, the attachment of 

antibodies, peptides or high affinity ligands to the surface 

of nanocarriers in order to increase their concentration in 

tumors environment or even in tumor cells. Active 

targeting may be obtained through two mechanisms: 

stimuli-responsive delivery and ligand targeting delivery. 

A combination of these two strategies might be 

considered an illustration of the Paul Ehrlich’s “magic 

bullet” concept for diseases treatment [42,43]. Generally, 

there are three destinations used as target sites for anti-

cancer drugs delivery: tumor vascular infrastructure, 

extracellular environment inside the tumor and tumor 

cells.  

Drug delivery systems based on polymers and 

polymeric materials are required to be biodegradable and 

non-toxic toward normal tissue cells, but decisively 

harmful to tumor cells. At the same time, the fast release 

of the drug may lead to systemic side effects, while a slow 

rate of discharge may reduce the drug efficiency at the 

site of action. For medium and long term, this lack of 

control may induce multiple-drug resistance (MDR). 

Therefore, controlled drug release is a key factor to be 

considered in the design of polymer-based carriers, as it 

affects the drug bioavailability and antitumor activity. 

Typical stimuli currently under consideration are the pH, 

temperature, light, redox potential, glucose concentration, 

magnetic or electric field, concentration of electrolytes. 

Polymer-based drug carriers may respond to such stimuli 

through various phenomena: dissolution/precipitation, 

swelling/collapsing, hydrophilic/hydrophobic transition, 

bond cleavage, degradation [44]. Such carriers that 

readily respond to internal stimuli (such as pH, 

temperature, redox potential) attract special attention as 

they are more interesting from the clinic point of view.  

III.1. pH-Responsive Drug Delivery Systems. The pH 

profile of tissues having certain pathology, such as 

inflammation, infection, carcinoma, is significantly 

different from that normal tissues (Table I) [45, 46].  

 
TABLE I. pH VALUES FOR SPECIFIC CELLS AND TISSUES 

Cell/tissue pH value 

Blood 7.35-7.45 

Stomach 1.0-3.0 

Colon 7.0-7.5 

Early endosome 6.0-6.5 

Late endosome 5.0-6.0 

Lysosome 4.5-5.0 

Golgi apparatus 6.4 

Tumor and tumor extracellular 7.2-6.5 

 

In general, the surrounding environment of tumor cells 

tends to display an enhanced acidity (pH=6.5) [47] 

compared to normal tissue cells (pH=7.4) [48]. Even 

more, according to literature data, the drug could be 

released in early or secondary endosomes by (1) pH-

controlled hydrolysis, due to the fact that the pH drops 

from physiological 7.4 to endosomes (pH=5÷6) or to 

lysosomes (pH=4÷5), or, specifically, by (2) enzymolysis 

inside lysosomes [49]. 

Therefore, researchers have devoted considerable 

efforts to design polymer-based pH-responsive drug 

delivery systems able to respond in a controlled manner to 

pH variations and to specifically release the drug to 

targeted intracellular or extracellular sites. Ionisable 

polymers with pKa=3÷10 are good candidates for pH-

responsive systems [50]. The pH-sensitive polymers have, 

usually, reactive groups able to be submitted to titration 

and corresponding typical polymers are polyacids and 

polybases. Polyacids generally have pendant weak acidic 

groups, (e. g., carboxylic acids, sulfonic acids), while 

polybases have pendant weak basic groups (such as 

primary, secondary, or tertiary amine groups, like poly(-

amino ester), etc.) [51]. pH-sensitivity leads to a 

conformational change for the soluble polymers and a 
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change in the swelling behaviour of the hydrogels when 

these ionisable groups are linked to the polymer structure. 

There are mainly two different mechanisms: (a) pH-

dependent hydrophobic-to-hydrophilic transitions and (b) 

labile bonds collapse upon pH-variation. The mechanism 

(a) evolves through the ionization (protonation or 

deprotonation) of the pendant groups upon pH change, 

which alters molecules character from soluble to insoluble 

(or vice-versa). In the case (b), the mechanism is based on 

the break of the weak bonds, such as ester, anhydride, 

hydrazone, acetal/ketal (Table II) [5].  

Classical monomers are acrylic acid (AAc), 

methacrylic acid (MAAc), maleic anhydride (MA), N,N-

dimethyl-aminoethyl methacrylate (DMAEMA), but 

polymers containing phosphoric acid derivatives have 

been also reported [52,53]. The pH-responsive swelling 

and collapsing behavior has been used to induce 

controlled elease of model compounds like caffeine [54], 

drugs like indomethacin [55], or cationic proteins like 

lysozome [56]. 

 

 
TABLE II. TYPICAL pH-SENSITIVE LABILE BONDS  

 

 

 
ester  

and  

ortho-ester 

 

 
 

 
anhydride 

 

 

hydrazone 
 

 

acetal/ketal 

 

 

 

The poly(amido-amine)s [57] are different since they 

combine positive and negative charges within the polymer 

backbone.  A weak acid sulfonamide was investigated as 

trigger for extracellular delivery of doxorubicin [58]. 

Poly(L-histidine)-b-PEG in combination with PLLA-b-

PEG and adriamycin as drug was also studied for an 

extracellular tumour targeting [59]. Most prominent acid-

labile linkers, which have been used in a pH-triggered 

release mechanism, are cis-aconityl acid, Schiff's base 

derivatives [60]. For example, adriamycin has been 

conjugated to IgM via a cis-aconityl linker [61]. 

Extensive studies regarding pH-sensitive liposomes 

[62], nanoparticles [63], capsules and hydro/nano-gels 

[64], micelles [65], and dendrimers [66] used as 

polymeric carriers for pH-controlled drug delivery 

systems were reported. 

Cationic polymers are also used in non-viral gene 

therapy [67]. The polycations can bind nucleotides by 

complexation through electrostatic interactions. The pH-

responsive character of the polymer is important when the 

pH drops during cellular uptake as the polymer becomes 

more and more charged and triggers osmotic, 

endosomolytic or other events subsequently. Various 

amine-based polymers are currently under investigation 

(Fig. 3). The most important feature is the transfection 

(process of deliberately introducing nucleic acids into 

cells) efficiency, which is still below than that of viral 

vectors. In addition, the studied polycations are still too 

toxic. 

 

Therefore, the research is still focused on appropriate 

synthetic vectors with high transfection efficiency, whilst 

having a tolerably low toxicity. Poly(ethylene imine) 

(PEI) is the standard for new polymers [68,69], even 

though a large number of investigated polymers perform 

better in terms of cytotoxicity and transfection efficiency. 

Some other candidates are PAMAM and dendrimers [70–

73], poly(N,N-dimethylaminoethyl methacrylate) [74,75], 

poly(amido-amine)s [76,77], poly(L-lysine) [78], 

modified chitosan [79]. 

 

 
Fig. 3. Amine-based polymers 

 

III.2. Thermo-Responsive Drug Delivery Systems. 

Hyperthermia has been extensively applied to various 

types of solid tumors, as an alternate choice to radio- or 

chemotherapy [5], due to the fact that tumor cells seem to 

be more sensitive to heat than normal cells. Therefore, 

temperature has been widely investigated as a criterion for 

stimuli responsive drug delivery systems [80]. Polymers 

with lower critical solution temperature (LCST), as well 

as upper critical solution temperature (UCST), have been 

considered. The significant changes in the hydration state 

finally lead to the volume phase transition due to the coil-

to-particle transition. Thermodynamically, these 

transitions are governed by entropic effects (due to the 

release of water molecules in the vicinity of the polymer 

and the dissolution process itself) and enthalpy effects 

(due to intra- and intermolecular forces and solvation, e. 

g.,, hydrogen bonding and hydrophobic interactions) [80].  
The literature is not abundant in data on thermo-

responsive polymers or copolymers synthesized for 
controlled drug release in cancer therapy [81-84]. Poly 
(N-isopropyl acrylamide) (PNIPAAm), the polymer most 
extensively investigated, is based on poly (N-
alkylacrylamide) and exhibits a LCST of approximately 
33°C in aqueous solution (below 33°C is water soluble, 
but above it becomes insoluble) [85]. Two categories of 
PNIPAAm-based block copolymers are currently applied 
for thermo-responsive drug delivery systems: (1) 
PNIPAAm as hydrophilic shell-forming segments below 
the LCST (increasing the temperature slightly above the 
LCST, the system reacts towards an accelerated drug 
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release) [86]; (2) PNIPAAm as hydrophobic core-forming 
segments above the LCST (lowering the temperature 
slightly below the LCST, the same effect of accelerated 
drug delivery at the targeted site is obtained) [87]. Other 
studies have been focused on the increase of LCST of the 
PNIPAAm-based systems in order to adapt to the normal 
body temperature (37°C): cholesteryl end-capped thermo-
sensitive amphiphilic polymers [88], elastin-like poly-
peptides [89],  temperature-sensitive liposomes with 
doxo-rubicin via incorporation of poly[2-(2-ethoxy) 
ethoxyethyl vinyl ether] [90]. 

Polymers with UCST, though not yet reported [5], 
could also be extremely interesting and promising for 
tumor-specific intracellular drug delivery systems. The 
main disadvantage of thermo-responsive polymeric drug 
nanocarriers is their inherent inability to treat metastatic 
cancer. 

III.3. Redox-Responsive Drug Delivery Systems. 
Polymeric drug delivery systems containing redox-labile 
linkages are an attractive option to consider when it 
comes to intracellular factors as trigger for cytoplasmic 
degradation of polymer carriers [5]. There is a high redox 
potential difference (about 100-1000 fold) between the 
reducing intracellular space and oxidizing extracellular 
environment. Redox-responsive nanocarriers rely on the 
higher intracellular reduction capacity compared to the 
extracellular medium [91]. Disulfide linkages, unstable in 
a reductive environment as the disulfide bond is readily 
cleaved, are most investigated for biomedical applications 
as redox-responsive drug delivery systems [92]. Disulfide 
bonds tend to be reduced under a low reducing potential 
due to an excess of reduced glutathione (GSH) inside the 
cell, and subsequently release the drug. Oxidation-
responsive polymersomes with an intervening disulfide 
bond [93,94], drug loaded disulfide-linked micelles [95] 
that can undergo destructuration under glutathione effect, 
resulting in rapid drug release, redox responsive micelles 
composed of diselenide block copolymers [96], quite 
stable under ambient conditions, have been reported. 

IV. CONCLUSION 

Expansion of concepts of stimuli-responsiveness is the 
next step the research has to take [97]. Double-responsive 
systems, some of which assembled into micelles, have 
been already reported. Double- or multi-responsive 
systems can be distinguished based, generally, on the 
polymer architecture. Random copolymers may be used to 
tailor the transition point depending on two independent 
parameters, e.g. pH and temperature. In contrast, block-
copolymers tend to self-assemble reversibly and form 
micelles depending on the environmental conditions. 
Other directions are stimuli-responsive polymer–protein 
conjugates, hydrogels, etc.  

Similar to the ongoing trend towards site-specific 
protein conjugation, scientists aim for monodisperse 
systems with all reaction sites known. Besides the better 
control over the purity of products, this may lead to more 
reliable structure–property relationships and potentially 
increases the patient's safety. Synthetic strategies, like 
dendrimer synthesis and controlled polymerisation 
techniques, are now quite well established and ready-to-
employ for achieving these goals.  

All these will allow researchers to design tailor-made 
polymer-based drug delivery systems with superior 

pharmacokinetics, while having all safety questions 
addressed. 
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I. INTRODUCTION 

The hip is a ball and socket joint, formed by the 

articulation of the rounded head of the femur and the cup-

like acetabulum of the pelvis. It forms the primary 

connection between the bones of the lower limb and the 

axial skeleton of the trunk and pelvis. The head of the 

femur attaches directly to the acetabulum and by a thin 

neck region to the shaft.  

A hip joint can realize six different kinds of 

movements: flexion and extension (on or from the spine 

and on or from the thigh), abduction and adduction of the 

femur, internal (medial) and external (lateral) rotation of 

the pelvis, thigh or spine.  

Normal function of hip joints may be disturbed due to 

illness and under the negative influence of other factors 

determined by the mode of human life and professional 

activity. Surgical problems (e.g., problematic orientation 

or problems in wound healing), host abnormalities or 

diseases, infection, material fracture, wear, and corrosion 

are the most common failures of hip prostheses. For this 

reason damaged bones are replaced by total hip prosthesis 

(THP) consisting of (Fig. 1): 

- a cup that replaces the hip socket; 

- metallic encasing; 

- a ball that replaces the fractured head of the femur; 

- a stem that is attached to the shaft of the bone to add 

stability to the prostheses.  

Total hip prosthesis is also a highly requested bio-tribo-

system, on which many mechanical, thermal, chemical 

and biological factors act.  

Durability and stability of this prosthesis depends on 

mechanical stress, movements and heat [1] that support 

artificial hip joint, bone-cement and cement-stem 

interfaces strength for cemented stems [2]. It also depends 

on the growth of bone inside for uncemented stems [3], 

and on the resistance to wear of femoral stems, acetabular 

cups and femoral heads [4]. High superficial pressures 

produced by mechanical movements of the body have an 

important influence on the articular surfaces deterioration. 

Taking into account the hip prostheses components, 

there can be acetabular cup – ball wear and acetabular cup 

– encasing wear. 
 

 
Fig. 1. Components of a total hip prosthesis. 

 

These deterioration processes have a complex 

mechanism, combining abrasive wear, adhesive wear, 

third body wear and fatigue wear [5]. Abrasive wear [6] 

represents the removal of material from one surface by 

the other. Adhesive wear is produced where localized 

bonding of the two surfaces occurs, such that the 

attachment force is stronger than the yield strength of the 

material. A small piece of material is removed from one 

surface and is attached to the other. Third body wear 

refers to the insertion of a wear particle between two 

moving surfaces [7]. Fatigue wear can lead to subsurface 

cracks propagating and flaking off of particles from the 

surface. High subsurface stresses can also be caused by 
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third bodies between the two articulating surfaces leading 

to accelerated fatigue wear. 

Composition of hip prostheses (e.g. ceramic, metals) 

and materials properties have a great influence on the 

period of time that these systems are used. Stainless steel, 

titanium alloys, polymers and ceramic composites 

undergo degradation after 10–15 years of use. 

Metallic materials are resistant to breakage, even if 

they are relatively soft. Generally, pure metals are rarely 

toxic. Metallic biomaterials have different influences on 

the human body, is distinguishing different forms of 

biological reactions, according to: concentration of metal, 

exposure time and route of administration. Two 

compounds of the same metal can induce strong, but 

different responses.  

Titanium and titanium alloys are commonly used for 

THP due to their high mechanical strength, good 

corrosion resistance and biocompatibility. Ti6Al4V is a 

compound with thermo-mechanical processed 

microstructure to create the desired amount of two phases 

with fine particles for optimum mechanical properties. In 

particular, Ti6Al4V alloy has high resistance to stress and 

fatigue, an excellent corrosion resistance, a very high 

biocompatibility and high strength relative to weight. For 

these reasons it is an alloy widely used for advanced 

biomedical applications.  

However, the compounds have poor tribological 

characteristics, especially in abrasive and sliding 

conditions. High friction coefficient and low wear 

resistance occurs frequently when Ti6Al4V alloy is 

sliding against other engineering materials.  

In order to improve mechanical properties of hip 

prostheses, these have been coated with different 

materials, which have superior properties.  

Taking into account the problems regarding THP’s 

deterioration presented before, we are trying to improve 

their tribological properties using nanostructured coatings. 

II. MATERIALS  

We analysed a series of total hip prostheses with 

modular femoral heads of Ti6Al4V alloy and PVD 

coated with TiN. These were recovered following 

revision surgery. All of the studied prostheses had 

acetabular cups made of ultra-high molecular weight 

polyethylene (UHMWPE).  

Wear processes produce different changes in total hip 

prostheses that are impossible to see with the naked eye. 

A methodology of ascending degrees of resolution was 

established using macroscopic (resolution millimeters), 

microscopic (resolution microns) and nanoscale 

(resolution nanometers) measurements. Different 

methods of investigation were used during the years to 

establish the surface topography of total hip prostheses.  

We realized topography of hip prostheses components 

by atomic force microscopy (AFM), because its images 

display high quality and dense nanocrystalline structure 

of the surfaces. An atomic force microscope (NTEGRA 

Probe Microscope – Fig. 2) working in the noncontact 

mode was used in our experiments. It is composed of a 

base unit where we have the sample, a special measuring 

head made of a cantilever with a pointed end, and an 

optical viewing system. AFM images are processed using 

Nova SPM software. In this way, tribological parameters 

that offer information about the uniformity of femoral 

heads surfaces were obtained, like: 

- maximal and average height of surface; 

- roughness of the studied surface describing its 

uniformity; 

- ten point height (Sz) expressing surface roughness 

by the selected five maximal heights and hollows, 

nm; 

- surface skewness (Ssk) characterizing the non-

symmetry of distribution; 

- coefficient of kurtosis (Ska) characterizing the 

distribution spread. 

 
Fig. 2. NTEGRA Probe NanoLaboratory: a) 1 – base unit; 

2 – measuring head; 3 – vibration isolation system; 4 – 

optical viewing system. 

 

In order to improve resistance of femoral heads we 

made studies about deposition of TiN thin films on 

stainless steel disks by physical laser deposition (PLD). 

We used TiN for coatings due to the fact that it is a hard 

biocompatible material with excellent resistance to 

abrasion.  

PLD experiments were realized using a KrF* laser (λ = 

248 nm, τFWHM ≈ 25 ns, ν = 10 Hz), into a deposition 

chamber, with stainless steel reaction chamber to 5000, 

10000 and 20000 pulses. Disks samples (22.5 mm in 

diameter and 10 mm in height), made of 316L stainless 

steel were used as substrates.  

TiN thin layers obtained after PLD have been also 

characterized using NTEGRA Probe Microscope, 

working in the nonocontact mode.  

Adhesion resistance of deposited TiN layers was 

evaluated by scratch testing with the system presented in 

Fig. 3. This system has a diamond spherical tip and the 

movement is pure sliding. The tested body is the 316L 

stainless steel disks coated with TiN. The applied loads 

were in the range of (2.5 – 125) N. Each scratch was 

analysed at the end by optical microscopy (OM) and 

AFM.  

 
Fig. 3. General view of scratch tester. 
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III. RESULTS  

Numerous scratches and some local rubbing were 

observed on the surfaces of hip prostheses extracted from 

the human body. Such scratching may be attributed to 

wear resulting in loss of material or plastic deformation of 

the surface without loss of material. These are possibly 

caused by a hard particle embedded in the cup. 

Microscopic studies of these surfaces revealed that 

femoral heads and acetabular cups suffered damages by 

scratching, cracking, peeling, tribocorrosion and material 

transfer.  

We used AFM for a more clearly identification of the 

damages nature and determination of topographic 

parameters of the investigated femoral heads surfaces. 

Various irregularities more or less pronounced can be 

observed, like particles ripped from the material of the 

femoral head or scratching. There are also some areas 

with uniform surfaces.  

The mean value of the maximum height (Fig. 4) of the 

damages from the femoral heads varies depending on the 

material, in the present case Ti6Al4V (341.19 nm) > TiN 

(198.79 nm).  

 

Ti6Al4V 

 

 

 
 

 

 

 

 

TiN 

 

 

 
 

 

 

 
 

Fig. 4. AFM characterization of femoral heads made up of 

Ti6Al4V and TiN 

 

The roughness values (Fig. 4) also varied in a wide 

range, in different parts of the same femoral head, 

depending on the movements of the body that uses the 

prostheses. The roughness value of the surfaces also 

varied depending on the material making up the studied 

femoral head. This proves the existence of more or less 

pronounced irregularities, which could have emerged 

from the wearing process. Largely uniform surfaces were 

observed, but several pronounced holes left after pulling 

away some particles appeared. A decrease of the 

roughness value depending on the material, thus: 

Ti6Al4V (50.7 nm) > TiN (26.5 nm) was observed from a 

brief analysis of the obtained mean values.  

The mean values of the maximum height and 

roughness obtained prove the strength of material, wear 

producing to a much lower depth and a lower alteration of 

the uniformity. 

After the study of used prostheses, TiN thin layers 

deposited with 5000, 10000 and 20000 pulses have been 

characterized using AFM. The average thickness of 

deposited layers was determined by different methods:  

- by optical microscopy (OM): 1,1 μm for 5000 pulses 

and 1,62 μm for 20000 pulses;  

- by AFM: 1,67 μm for 5000 pulses, 2,11 μm for 

10000 pulses and 2,72 μm for 20000 pulses;  

- by SEM: 0,8 – 1 μm for 5000 pulses, 1,2 – 1,4 μm 

for 10000 pulses and 1,5 – 1,6 μm for 20000 pulses.  

It can be observed that the thickness of the layer 

increases with the number of laser pulses. Considering 

that the surface of the substrate has shown some minor 

defects, an important conclusion is that the layer becomes 

more uniform along with a more complete coating of 

initial defects. 

The values of layers roughness (Fig. 5) vary depending 

on the number of pulses the layer has been deposited to 

(40.013 nm for the sample with 5000 pulses, 26.334 nm 

for the sample with 10000 pulses, 2.527 nm for the 

sample with 20000 pulses). A decrease of roughness 

value with increasing number of pulses was observed. 

 

 5000 pulses 

 

 

 

 

 

 

10000 pulses 

 

 

 

 

 

 

 
20000 pulses 

 

 

 

 

 

 

Fig. 5. AFM characterization of TiN layers deposited at 

5000, 10000 and 20000 pulses. 

 
TiN layer deposited at 5000 pulses has a surface with 

lower uniformity, which could be the result of more 

pronounced irregularity of the substrate. The surface of 

TiN layer deposited at 10000 pulses has a higher 

uniformity than that of the layer deposited at 5000 pulses. 

It can be seen from the images presented small surface 

defects, but their size is reduced. The surface of the TiN 

layer deposited at 20000 pulses has the highest uniformity 
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of the all 3 types of realized samples. It is the lowest 

mean roughness value of these samples, as demonstrated 

by the uniformity of surface coating, visible from AFM 

scanning.  

 

 

5 N 
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40 N 

 
 

Fig. 6. AFM characterization of TiN layers deposited at 

5000 pulses after the scratch test. 
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20 N 

 
 

 

40 N 

 
 

Fig. 7. AFM characterization of TiN layers deposited at 

10000 pulses after the scratch test. 

 

Surfaces of TiN layers have been subjected to scratch 

tests in order to analyse their adhesion to the substrate.  

 

The applied loadings, between 2.5 N and 125 N created 

scratches with different depth and width. Surfaces 

obtained after the scratch tests have been characterized 

using AFM in order to determine different tribological 

parameters (Fig. 6, Fig. 7, Fig. 8). 

 

 

5 N 

 
 

 

10 N 

 
 

 

20 N 

 
 

 

40 N 

 
 

Fig. 8. AFM characterization of TiN layers deposited at 

20000 pulses after the scratch test. 

 
Results showed that the roughness values of the TiN 

layers surfaces varied depending on the applied loads. 

These values increased with the increase of the applied 

load. Lower values of the roughness compared with the 

values of the uncoated surfaces were determined. In this 

way it was demonstrated that TiN layers have a more 

uniform surface even after the scratch tests. This can be a 

prove for a higher resistance of TiN layers.  

Width and depth of the scratches were measured by 

OM and AFM. Graphic variation curves of scratches 

depths depending on the applied normal load were drawn.   

On the OM images were measured in ten places scratch 

traces widths, then were calculated their depths h based 

on a simplified relationship (indent method), which takes 

into account the radius of diamond tip (r) and the means 

values of measured widths of the indent (l):  

h = l /8r.     (1) 

 

Variation curves of scratching depth function of 

applied normal load (Fig. 9) show some "indenter drops" 

due to indentation on voids or other defects of coatings. 
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(a) 

 
(b) 

 
(c) 

Fig. 9. Variation of scratching depth (μm) function of 

normal load applied over the indenter (N), on SS316L 

samples, coated with TiN by PLD, (a) at 5000 pulses, (b) 

10000 pulses and (c) 20000 pulses, respectively. 

IV. CONCLUSION 

Atomic force microscopy was a useful technique to 

characterize the topography of femoral heads surfaces 

made of titanium alloys. Taking into account the results 

obtained after these characterization we deposited TiN 

layers on 316L stainless surfaces in order to improve the 

characteristics of total hip prostheses. 

Following the performed scratch tests and AFM 

measurements, it was observed that the femoral heads 

uncovered surfaces show roughness values higher than 

those of the femoral heads surfaces covered with TiN thin 

films. 

The main conclusion of this study is that TiN 

nanostructured protective coatings deposited by PLD 

technique offer the possibility to improve the properties of 

hip prostheses. Another important thing is that deposition 

of thin films by PLD with 20000 pulses can be an 

alternative technology to ensure scratch resistance of 

femoral heads.  
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I. INTRODUCTION 

Inorganic semiconductor fluorescent particles attract 

great attention in medicine and biology due to unique 

spectral properties: they absorb light in broad spectral 

range, have narrow symmetric emission spectra, possess a 

high fluorescence quantum yield and a large Stokes shift 

[1, 2]. At present different types of nanoparticles (NP’s) 

are already applied for labeling and modulation of cell 

functions, namely for non-invasive imaging of cells and 

tissues both in vitro and in vivo. Particle uptake by cells 

allows one to use them as a fluorescent label for specific 

cell populations, including tumor cells. The nature of the 

shell that stabilizes a core of nanoparticles is extremely 

important for specific targeting. In particular, a coating 

based on polyethylene glycol (PEG) is the most widely 

used among the shells onto NP surface that blocks non-

specific binding [3, 4]. Receptor molecules such as 

antibodies (AB) are used as receptor molecules on outer 

shell of nanoparticles. It is possible to label nanoparticles 

with such receptors and visualize the target cells owing to 

"antigen-antibody" interactions [5]. Therefore, the 

methods for isolating and recording “cell fluorescent 

nanoparticle” complexes ought to be used in medicine for 

diagnosis of various diseases, including oncology, 

bacteriology, and virology. It is extremely important to 

study the nature of the shell of nanoparticles on their 

cellular recognition. That is why the goal of our research 

is to elaborate the methods of modification of surface of 

nanoparticles with different shells and to understand the 

main reasons of the dynamics of cell-nanoparticle 

interactions. 

II. EXPERIMENTAL PART 

Water-soluble CdSe/ZnS NP’s were used. 

Nanoparticles (cadmium selenide quantum dots coated 

with zinc sulfide) that is synthesized according to [6, 7] 

having a size of 1.7, 2.4 and 2.8 nm respectively. 

Hydrophobic shell of TOPO (trioctulphosphin oxide) was 

deleted by changing solvents and stabilized organic 

ligands. Each type of quantum dot was modified by three 

types of organic shells: mercaptoundecanoic acid (MUA), 

cysteamine (CA), and cysteine (Cys), Fig. 1. 

 

 

 

 

Cys 

 

 MUA 

 

CA 

Fig. 1. Chemical structures of stabilizing ligands 

 

Immune cells were obtained from AF line of mice, 

tumor-bearing solid Ehrlich carcinoma at 14–21 days 

after subcutaneous inoculation. 

The animals were euthanized by cervical dislocation. 

The cells were obtained from peritoneal washout, 

homogenates of spleen and lymph nodes, and from bone 

marrow suspensions. Cells were washed with a solution 

of Earl and supernatant was removed and the cells were 

re-suspended in a solution of Earle. Hypotonic shock lysis 

was carried out after the first washing in the case of the 

presence of significant admixture of red blood cells in the 

samples (re-suspension of  precipitate in distilled water, 

and restoration of isotonicity by sodium chloride solution 

40 seconds later), and the cells were washed with Earl 

solution after that. Cell populations of the immune system 

of mice were obtained with the viability of at least 85%, 

heterogeneous both in origin and functions. All 

populations of cells contained macrophages, which were 

proved morphologically. The maximum amount of 
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macrophages, which was found in the peritoneal 

washings, ranged from 20 to 50%. 

Distilled water, the suspension of NP’s, hypertonic 

solution of sodium chloride, and the cell suspension were 

added to the holes of a 96-socket plate to a final 

concentration of the nanoparticles equal to 0.33, 0.1 and 

0.05 mg/ml. 

Cells were incubated with nanoparticles in a moist 

chamber at 37 ºC for 2–3 hours to estimate the entrapment 

and 5 hours - to estimate the cytotoxicity. As a negative 

control, cells were incubated under similar conditions in 

the absence of NP. 

A fluorescence microscope «Leica» was used. 

For fluorescence quenching of unabsorbed NP and 

labeling of dead cells, trypan blue dye was used. 

III. RESULTS AND DISCUSSION 

Three types of nanoparticles with different sizes of the 

core were studied. It is shown that the fluorescence 

intensity of the nanoparticles decreases in the  range from  

small NP’s to big ones. Figure 2 shows the emission 

spectra of the cysteine-stabilized NP’s in distilled water at 

a concentration of 0.01 mg/ml. 

 

 
Fig. 2. The fluorescence spectra of CdSe/ZnS NP’s with 

different size of core covered with cysteine shell. 

 

MUA- and Cys-stabilized NP’s were captured 

primarily by macrophages that present in all cell 

populations. Cysteamine-stabilized NP’s formed 

aggregates and only slightly absorbed by cells.  

There were no significant differences in the entrapment 

of NP’s by cells of various tissue origins. The optimum 

concentration of NP’s for absorption and estimation of the 

cytotoxicity was 0.1 mg/ml, since the concentration of 

0.33 mg/ml showed toxicity of NP, and worse registered 

at a concentration of 0.05 mg/ml. 

NP’s with a core diameter of 1.7 nm are captured by 

phagocytes less than in an hour. The NP’s have been 

localized in sub-membrane vesicles, presumably in the 

phagosomes, after 3 hours.  

 

 

 

 

For phagocytosis of the larger (diameter of 2.4 and 2.8 

nm) nanoparticles require a longer incubation time – for 

at least 2–3 hours. All types of the particles in some 

degree captured by macrophages with longer (3–5 hours) 

incubation. It is established that the cytotoxic effect of 

suspensions of NP’s developed after 3–5 hours of 

incubation. Thus, cysteine stabilized NP, with the core 

size of 1.7 nm reduced cell viability by 12% (5.5–21.5%), 

with core size 2.4 nm and 2.8 nm at 13% (5–18% ) and 

11.5 (3–23%) as compared to the control respectively. 

Cysteine-coated nanoparticles with a core of different 

sizes did not differ in cytotoxicity (Table 1). 

 

 

Table 1: The vitality decrease of immune cells in the 

presence of NP’s as compared with control, median (25-

75%)  

The 

diameter of 

a core, nm 

Covering 

MUA Cystein Cysteamin 

1.7 30% (7–

33.5%)* 

12% (5.5–

21.5%)* 

n.s. 

2 30% (7–

33.5%)* 

12% (5.5–

21,5%)* 

n.s. 

2.4 35% (25–

67% )* 

13% (5–18%)* 11% * 

* p < 0.05 as compared with control. 

 

MUA–stabilized NP’s are more toxic compared to 

cysteine coated NP’s, which is the reason of the reduction 

in cell viability by 30% (7–33.5%), 35% (25–67%), and 

33.5 (19.4–51%) in the presence of nanoparticles with 

core diameter between 1.7 and 2.8 nm, respectively. Here, 

also found no effect of the core size on the toxicity of the 

particles. NP’s coated with cysteamine, with core size 1.7 

nm showed no significant toxicity, while the nanoparticles 

with core  2.4 nm and 2.8 nm in some cases cause 

significant decrease in cell viability of peritoneal cavity 

and lymph nodes at 11 and 34 % respectively. 

Dependencies between the ability of  penetration of NP’s 

into cells and their toxicity was not observed.  

Not only phagocytic cells can entrap fluorescent 

nanoparticles as it was established by studying the 

interaction of nanoparticles with different stabilizing shell 

with different cell cultures, Figs. 3–5.  

It was also found that fluorescent nanoparticles with  

cysteine shell can penetrate inside the cell membrane and 

accumulate in certain areas of  mesenchymal stem cells, 

Fig. 4. Keeping in mind the small size of the 

nanoparticles, it is obvious that the bright spots  recorded 

by fluorescence microscopy, in fact, are aggregates of 

many nanoparticles. 

On the contrary, NP’s adsorb only on the outer shell of 

cell membrane in the case of cancer cells regardless of the 

type of coating on fluorescent nanoparticles, Fig 5. 
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Fig. 3. Fluorescent image of phagocytic cells with 

captured CdSe/ZnS/Cys nanoparticles 

 

 

 
 

Fig. 4. Fluorescent image of mesenchymal stem cell 

labeled with CdSe/ZnS/Cys nanoparticles. 

 

 
 

Fig. 5. Fluorescent image of cancer cells of carcinoma 

Ehrlich painted by CdSe/ZnS nanoparticles with 

stabilizing shell of mercaptoundecanic acid. 

 

Subsequent NP’s modification with such receptor 

molecules as antibodies [5] has lead to target cell labeling, 

Fig. 6.  

 

 
Fig. 6. Schematics of cell that marked with fluorescent 

nanoparticles. 

 

For example, selective recognition of McCoy cells that 

infected by Chlamydia trachomatis was done using NP’s 

modified by specific antibodies, Fig. 7.  

 

 
Fig. 7. Cell population of McCoy cells after treatment 

with CdSe/ZnS/AB marker: bright illuminated cells are 

infected by Chlamydia trachomatis 
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The registration system for fluorescent analysis of 

labeled cell population is under construction. The 

experimental results allowed us to develop the project of 

the system of detection of biological molecules.  

IV. CONCLUSIONS  

Core size of NP’s (with a given type of covering) has a 

significant impact on their uptake by cells. Nanoparticles 

with core size 1.7 nm were entrapped efficiently when 

cysteine and mercasptoundecanoic acid are used as 

coatings. However, the factor of the size of NP is not 

always determinable, as it was confirmed experimentally. 

Indeed, NP’s coated with cysteamine were captured by 

cells to a small extent onto the contrary to fluorescent 

nanoparticles covered with cysteine and 

mercaptoundecanoic acd. 

In contrast to the entrapment of nanoparticles, no 

relation has been revealed between the degree of 

cytotoxicity of NP in vitro and their size. 
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I. INTRODUCTION 

There has been a growing interest in recent years in 

investigation of polymer materials and composites having 

extended medical and antimicrobial properties, antifungal 

properties, and others.
1,2

  
 

The researches from the pharmaceutical field have 

led to the realization of new systems of controlled release 

of biologically active substances, based mostly on their 

targeted action.
2
 In this area there are a number of results, 

and many of them on biologically active polymers. Many 

of these have exceeded the framework of just theoretical 

study and have been implemented in practice.
3
 The 

immobilization of biologically active principles on 

polymeric media is a relatively new field, demonstrating 

encouraging results in the development of new synthesis 

technologies of polymeric drugs. Today, thanks to the 

development of pharmaceutical biotechnologies, 

antibacterial preparations become specific therapeutic 

agents with increased efficiency.
4
  

 

It is known that the development of resistant 

pathogens or even very resistant to a number of 

antibiotics has become a major problem of the modern 

medicine. In this context an important role it is played by 

the polymers chemistry with specific functionality 

concerning the protection against bacteria/fungi and other 

micro-organisms.
4
 One of the benefits of using medical  

 

 

 

polymers is supported by the fact that their 

macromolecular structure could provide effectiveness 

over time of the antibacterial activity for a broad spectrum 

of bacteria, in a short contact time, the duration of the 

prolonged action, plus the absence of toxicity and 

chemical stability. A particular importance presents the 

elaboration of polymeric materials of technical use for the 

production of films for covering, articles of furniture for 

medical clinics, or in household purposes from the need to 

give them antibacterial properties.
4
 

II. EXPERIMENTAL METHODS 

For the engraftment of SBS with methacrylic acid, 

we have carried out its preliminary purification. 

Methacrylic acid purification was achieved via vacuum 

distillation. For this purpose 50 ml of the methacrylic acid 

was placed in a glass tube with the round-shaped bottom, 

and the tube was slowly evacuated to made the acid to 

boil. The pure methacrylic acid is kept in the refrigerator 

not to polymerize. The temperature is kept at Tf = 116-

118 
º
C at the pressure P = 20 mm Hg. The SBS 

copolymer purification has been carried out by its 

precipitation in hexane. The coupling reaction of SBS 

copolymer (M = 89000) with methacrylic acid was 

achieved by the radicalized polymerization method in the 

nitrogen atmosphere at 80 
º
C in the presence of 

azobisisobutyronitrile (AIBN) as initiator.
5
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The engrafted copolymer purification has been 

carried out by repeated sedimentation in the diethyl ether. 

The purification was done for the removal of unreacted 

methacrylic acid.
6
 Fig. 1 illustrates the scheme for 

coupling of support copolymer SBS to ACM.  

 

 

 

Fig. 1. Illustration of the reaction for coupling of support copolymer SBS to ACM 
 
The polymer-analogue transformation of SBS-ACM 

copolymer with ampicillin was realized at 0 
º
C with ethyl 

chloroformate during three hours.  
 

Medicinal polymer was dried out in air and in 

vacuum oven at temperature T = 40 
º
C until obtaining a 

constant mass. The structure of the support polymer SBS-

ACM (I0), as well as the structure of medicinal polymer 

(II0) has been confirmed by IR spectroscopy and 

elemental analysis. The scheme, illustrating the process of 

coupling of support copolymer SBS-ACM to ampicillin is 

represented in Fig. 2. 
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Fig. 2. Illustration of coupling of support copolymer SBS-ACM to ampicillin 

 
 

 

III. RESULTS AND DISCUSSIONS 

The chemical structure of the initial copolymer 

(ST:BD) and the engrafted structure of ST:BD:ACM was 

confirmed using IR spectroscopy. As is observed from the 

IR spectrum of the initial copolymer ST: BD, one can see 

that the frequency band with the vibration of ν = 1087 cm
-

1
 disappears, which is characteristic to the vinyl bond (-

CH = CH2). There are new vibrations in the  

 

 

 

copolymer ST:BD:ACM characteristics for methacrylic 

acid links: ν = 3417 cm
-1

 (for OH groups of acid); ν = 

2568 cm
-1

 (for carboxylic group); ν =1696 cm
-1

 (Carbonyl 

groups > C = O); ν = 2845 cm
-1

, 2921 cm
-1

 (methyl and 

methylene group). The IR spectrum of SBS is represented 

in Fig. 3 and Fig. 4 illustrates the IR spectrum of SBS 

coupled with methacrylic acid. 
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Fig. 3. IR Spectrum of SBS copolymer (1) and IR spectrum of SBS copolymer coupled with methacrylic acid 

(2) 
 
 

Elemental analysis for the C atom in the copolymer 

ST:BT:ACM has been carried out and the results are as 

follows: C (calculated carbon) = 75.4% and C (carbon 

discovered by EA) = 63.65%. From elemental analysis it 

has been established that the number of the methacrylic 

acid links in a fragment constitution of the copolymer, 

represents a functional and structural unit. 
 

IR spectroscopy has been used to demonstrate that 

the ampicillin coupling with the copolymer SBS:ACM 

took place. IR spectrum of SBS-ACM copolymer and of 

the medicinal copolymer SBS:ACM:Ampicillin is 

represented in Fig. 4. From the IR spectrum one can 

observe that there are new vibrations in the medicinal 

copolymer as: ν1 = 3330-3270 cm
-1

 (-CO-NH-linked); ν2 = 

2606, 2534, and 2498 cm
-1

 (characteristic to S-H group); 

ν3 = 1650, 1630 cm
-1

 (characteristic for the phenyl 

radical); ν4 = 1774 cm
-1

 (for group >C=O from 

ampicillin). 
 

The structure of medicinal copolymers was 

confirmed by IR spectroscopy. From the IR spectra one 

can observe the interaction of the rest of methacrilic acid 

from the ST:BT:ACM with the ampliciline. 

 

.  

 

Further there was carried out the elemental analysis 

of nitrogen from the medicinal copolymer (only the 

ampicillin contains nitrogen atoms). The elemental 

analysis results for N in the copolymer ST:BT:ACM 

coupled with ampicillin are as follows: C (calculated 

nitrogen) = 9% and C (nitrogen found through EA) = 

8.3%.  
 

Once more it is confirmed that due to these values 

the ampicillin coupling to the support copolymer 

(ST:BT:ACM) went successfully. Through the elemental 

analysis it was determined that about 80-85% of COOH 

groups have been subjected to processing and we 

conclude that getting of the medicinal copolymer may be 

carried out on an industrial scale.  
 

The bacteriological tests demonstrated the high 

antimicrobial effect towards gram-positive and gram-

negative microorganisms and the fact that the new 

material can be used for shaping objects with clinical 

uses. 
 

Antimicrobial testing of medicinal copolymer were 

comparable to those of N-vinylpyrrolidone standard 
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Fig. 4. IR spectrum of SBS-ACM copolymer (I) and of the medicinal copolymer SBS:ACM:Ampicillin (III) 

 

copolymer with methacrylic acid coupled with 

ampicillin. 
 

Antibacterial activity was tested on reference 

cultures as follows:  

 Staphylococcus aureus (strain 209-P);  

 Enterococcus faecalis (E. faec.);  

 Escherichia coli (strain ATCC 25882);  

 Pseudomonas aeruginosa (strain ATCC 

27853);  

 Proteus vulgaris (strain HX 19222). 

The tests consist in investigation of the following: 

a) The minimum bacteriostatic activities "CMI", 

which indicates the lack of growth of microorganisms in 

the nutrient medium; 

b) The bactericidal activities "CMB" which is 

determined on the basis of lack of growth of micro-

organisms within 24 hours. 

 

Table 1. The results of antimicrobial test for investigated polymers 
Medicinal polymer Test- bactericidal culture (mg/ml) 

S. aureaus E. faecalis E. coli P. vulgaris 

CM I CMB CMI CMB CMI CMB CMI CMB 

I. N- VP:ACM (1:1) 

Coupled with ampincilin 

 

1.17 

 

4.68 

 

9.37 

 

300 

 

15

0 

 

150 

 

9.5 

 

18.5 

IV. CONCLUSIONS 

Engraftment of copolymer styrene: butadiene-1,2 

with methacrylic acid has been obtained. The structure of 

grafted copolymer was confirmed by IR spectroscopy and 

by elemental analysis. It has been demonstrated that a rest 

of methacrylic acid joins the vinyl compound.  

Through an analogue polymer-transformation we 

succeeded the coupling of antimicrobial compounds such 

as ampicillin and others to a St: BD copolymer grafted 

with methacrylic acid. The structure of medicinal 

copolymer as well as the content of ampicillin has been 

confirmed by IR spectroscopy and elemental analysis. It 

has been shown that about 65-70% COOH groups were 

subjected to transformations.  

Antimicrobial tests of medicinal copolymer 

demonstrated almost an identical activity with the 

standard copolymer N-vinylpyrrolidone with metacrilic 

acid. The developed medicinal copolymer can be 

recommended for use in technical needs for preparation of 

household items as well as items of furniture, part of the 

clinical household utensils having the possibility to 

improve the hygienic indices. 
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I.INTRODUCTION 

Nanoparticles have attracted considerable attention 

for their novel physical and chemical properties.  

Nanotechnology will contribute to the creation and the 

development of products with improved mechanical, 

chemical, biological, optical, electronic properties and of 

drugs with distinct therapeutic effect [1, 3].   

Currently the properties of  nanometals are studied 

actively [2, 5]. Iron (Fe) is one of the most abundant rock-

forming elements, constituting about 5% of the Earth's 

crust. It is the fourth most abundant element after oxygen, 

silicon and aluminium, and after aluminium, the most 

abundant and widely distributed metal.  The unique 

properties of nanoparticles, their ability to participate in 

biodegradation and biotransformation, relative prevalence 

and low cost of this metal contributed to initation of 

several studies with nanoparticles of iron and iron oxide 

[4, 7]. 

Iron oxide nanoparticles have been widely used 

experimentally for numerous in vivo applications such as 

magnetic resonance imaging contrast enhancement, tissue 

repair, immunoassay, detoxification of biological fluids, 

hyperthermia, drug delivery, cell separation, treatment of 

iron deficiency anemia etc. [6, 7]. 

The main task of our study was to analyze the 

known of biological properties of nanoiron. 

II. RESULTS AND DISCUSSION 

In last years, scientists in the world pay attention to 

studying the pharmacological properties of nanoiron. It is 

known that microscopic particles of iron oxidize easily. If 

iron oxidation is produced in the presence of xenobiotics 

of organic origin (trichlorethylene, dioxin, carbon 

tetrachloride etc.) these complexes of molecules are 

broken down into simpler and much less toxic structures. 

Similar phenomena are observed at iron oxidation in the 

presence of heavy metals (mercury, lead, nickel, zinc, 

uranium). In this case insoluble complexes stored in the 

soil are obtained, which do not penetrate the plant 

composition, and therefore the food. Thus, the negative 

impact of organic and inorganic xenobiotics on 

environment is significantly reduced [10]. Nanoiron is 10-

1000 times more active than conventional macroscopic 

particles of iron, so his detoxifying effect is much more 

significant. This is due to the easily penetration of iron 

nanoparticles into the polluted environment, and they are 

well tolerated by groundwater in environmental cleansing 

process. The biological property of nanoiron is not 

influenced by pronounced acidity, temperature and the 

presence of other substances in soil [8, 10].  
Reactions involving iron play a major role in the 

environmental cycling of a wide range of important 
organic, inorganic and radioactive contaminants. Due to 
their extraordinary reduction capabilities, small size in the 
range of several tens of nanometers and high reactivity 
with a broad spectrum of toxic substances, these ultrafine 
particles are highly applicable in the reduction 
technologies of ground water remediation and waste 
water treatment. In comparison with other frequently used 
procedures for water treatment, the treatment exploiting 
of Fe(0) nanoparticles represents environmentally friendly 
technology since non-toxic and nature-abundant iron 
oxides (mainly magnetite - Fe3O4) are the products of 
transformation of Fe (0) [8, 11]. 
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In-situ application consists in injection of 
nanoparticles through small boreholes directly into the 
contaminated groundwater. Zero-valent iron nanoparticles 
(nZVI) injection is very fast, reaching significantly lower 
operating costs compared to commonly used remediation 
methods (expensive construction of reactive barriers, 
building of pump&treat stations, excavation of 
contaminated soil etc.). In comparison to other in-situ 
technologies a far lower quantities of nZVImaterial is 
needed due to high efficiency of the product and thus the 
time (and subsequently the price) further reduces costs of 
remediation project [7, 8]. 

Pentachlorophenol (PCP) was extensively used in 
the past for the preservation of wood and wood products, 
and its release into the environment caused extensive 
contamination of subsurface soils [10]. Thus, was 
examinated the enhanced delivery of zero valentnanoiron 
particles amended with surfactant or cosolvent under 
electric field for the remediation of a low permeable 
kaolin soil spiked with pentachlorophenol (1000 mg/kg of 
dry soil). Bench-scale electrokinetic experiment was 
conducted first using bare nanoiron suspension (50-300 
nm particle size; 5 g/L concentration) in anode and 
applying an electric potential of 1 VDC/cm. Results 
revealed that only limited amount of nanoiron could be 
transported into the soil due to aggregation and settlement 
as well as partial oxidation of nanoiron within the anode. 
Additional experiments were conducted using nanoiron 
amended with a nonionic surfactant (5% Igepal CA720) 
or a cosolvent (5% ethanol) in anode and applying the 
same electric potential of 1 VDC/cm.  Results showed 
that the electroosmotic flow was not  influenced 
significantly by the amendment; however, the transport of 
nanoiron was limited similar to the experiment with bare 
nanoiron. PCP was partially degraded in all of the 
experiments not because of nanoiron, but mainly due to 
reductive dechlorination at cathode. The extent of PCP 
reduction was slightly more in the cosolvent system, 
possibly due to enhanced solubilization and transport of 
PCP into cathode. Overall, it is shown that new strategies 
are needed to prevent aggregation, settlement and 
oxidation of nanoiron for effective electrokinetic delivery 
of nanoiron and remediation of PCP in low permeability 
soils [8, 9]. 

Research conducted by Nanobakt Ltd. has led to the 
development of an iron colloid product containing 
iron/iron-hydroxide nanoparticles. Due to the reductive 
properties of ZVI nanoparticles, this dispersion is 
effective in eliminating toxic organic compounds in soil. 
When nano iron particles in the product come in contact 
with polluted soil, they act to reduce halogenated 
pollutants. 

 
2Fe

0
 + 3H2O + XCl → 2Fe

2+
 + 3OH

−
 + H2 + X-H + Cl

−
 

The product contains iron particles with a diameter 
of a few nanometres. An electron microscope image and 
compound analysis are shown in fig. 1. 

Zero-valent iron has been shown to be a strong 
reducing agent capable of reducing many halogenated 
methanes, ethanes, and ethenes and other halogenated 
compounds at ambient temperatures. A permeable 
reactive barrier (PRB) is an engineered zone of reactive 
material, extending below the water table, designed to 
intercept and treat contaminated groundwater. 

 

 
Fig.1. Electron microscope image and compound analysis of 

nanoiron particles. 

 
Zero-valent iron has been shown to be a strong 

reducing agent capable of reducing many halogenated 
methanes, ethanes, and ethenes and other halogenated 
compounds at ambient temperatures. A permeable 
reactive barrier (PRB) is an engineered zone of reactive 
material, extending below the water table, designed to 
intercept and treat contaminated groundwater. Zero-valent 
iron (ZVI) has been used particularly successfully as a 
reactive media in a number of field-scale PRB systems 
[8], particularly those designed to remediate chlorinated 
organic, metal and radionuclide contamination. Zero-
valent iron PRB systems may remove chlorinated 
organics by reductive dechlorination [11], whereas 
metals, metalloids and radionuclides may be removed via 
reductive precipitation, surface adsorption or 
complexation, or co-precipitation with the Fe 
oxyhydroxides that form on the ZVI surfaces. 

Zero-valent iron-based permeable reactive barriers 
are one of the more established so-called “novel” iron-
based treatment tools, however predicting the long-term 
performance of these systems remains problematic due to 
their complex chemistry. There has been much recent 
interest in the use of engineered iron-based nanoparticles 
as an in-situ, relatively non-invasive tool for groundwater 
remediation, particularly for the direct treatment of 
contaminant source zones, but uncertainties over the 
health impacts and environmental fate of these particles 
need to be addressed before their widespread application. 

Nanoiron has attracted a great deal of attention in 
nanomedicine over the past decade. 

Iron deficiency is an important cause of anemia in 
patients with chronic kidney disease (CKD), but 
intravenous iron is infrequently used among patients who 
are not on dialysis. Ferumoxytol is a novel intravenous 
iron product that can be administered as a rapid 
injection. Ferumoxytol has a colloidal particle size of 30 
nm and a molecular weight of 750 kD. Ferumoxytol 
injection is a sterile liquid with a neutral pH, formulated 
with mannitol for isotonicity; each milliliter contains 30 
mg of iron and 44 mg of mannitol. Among patients who 
were not receiving erythropoiesis-stimulating agents, 
hemoglobin increased 0.62 ± 1.02 g/dl with ferumoxytol 
and 0.13 ± 0.93 g/dl with oral iron. Among patients who 
were receiving erythropoiesis-stimulating agents, 
hemoglobin increased 1.16 ± 1.49 g/dl with ferumoxytol 
and 0.19 ± 1.14 g/dl with oral iron. Treatment-related 
adverse events occurred in 10.6% of patients who were 
treated with ferumoxytol and 24.0% of those who were 
treated with oral iron; none was serious. In summary, a 
regimen of two doses of 510 mg of intravenous 
ferumoxytol administered rapidly within 5 ± 3 d was well 
tolerated and had the intended therapeutic effect. This 
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regimen may offer a new, efficient option to treat iron 
deficiency anemia in patients with CKD [12] . 

Due to advances in nanotechnology, exposure to 
particle compounds in the workplace has become 
unavoidable. Assessment of their toxicity on health is an 
important occupational safety issue. This study was 
conducted in mice to investigate the toxicological effects 
of submicron and nano-iron oxide particles on pulmonary 
immune defences. In that purpose, we explored for the 
first time, inflammatory and immune responses in lung-
associated lymph nodes. For each particle type, mice 
received either a single intratracheal instillation at 
different concentrations (250, 375, or 500μg/mouse) or 
four repeated instillations at 500μg/mouse each. Cytokine 
production, inflammatory and innate immune response, 
and humoral immune response were respectively assessed 
1, 2, and 6 days after particle exposures. Both types of 
particles induced lung inflammation associated with 
increased cytokine productions in lymph node cell 
cultures and decreased pulmonary immune responses 
against sheep erythrocytes. Natural killer activity was not 
modified by particles. In comparison to single instillation, 
repeated instillations resulted in a reduction of 
inflammatory cell numbers in both bronchoalveolar 
lavages and pulmonary parenchyma. Moreover, the single 
instillation model demonstrated that, for a same dose, 
nano-iron oxide particles produced higher levels of 
inflammation and immunodepression than their 
submicron-sized counterparts [13].  

In the immediate future, the reviewers see that 
perhaps the most likely application of iron oxide 
nanoparticles (IONPs) will be as an magnetic resonance 
imaging (MRI) contrast agent. This is because IONPs 
offer several important advantages over commonly 
available gadolinium based contrast agents; including, but 
not limited to, lower toxicity. They can be used to 
diagnose a variety of pathologies and biological activities 
such as inflammation, infarction and tissue repair. In 
addition to improved diagnostic outcomes, there can also 
be tailored therapeutic functions, in particular with 
tumour treatment. IONPs can be binded with antibodies, 
drugs, enzymes and proteins. They can be directed to 
specific organs or tissues and can also be guided with 
magnetic fields to target tumours and induce 
hyperthermic effects. Multifunctional iron oxide 
nanoparticles, together with MRI, offer unique advantages 
with diagnostic and therapeutic capabilities. In particular, 
molecular imaging with IONPs and MRI has the potential 
to heavily impact upon early detection of a variety of 
diseases and pathologic processes. It can also be used to 
devise treatment approaches dedicated to individual 
patient circumstances. This should all lead to improved 
patient outcomes. These are areas of high research 
activity and there is no doubt that this will lead to a new 
frontier in magnetic resonanceimaging [1, 5]. 

Thus, it is important to continue the investigations of 
iron nanoparticles pharmacological effects on 
living organisms and to create methods for detection of 
nanoparticles in the environment. 

 
III. CONCLUSIONS 

   Thus, iron nanoparticles produce the following 
novel properties: 

1. Reactions involving iron nanoparticles play a 
major role in the environmental cycling of a wide range of 
important organic, inorganic and radioactive 
contaminants. 

2. Parenteral iron formulations containing iron 
nanoparticles such us Ferumoxytol are among the 
products currently used for the treatment of iron 
deficiency anemia. 

3. The most likely application of iron oxide 
nanoparticles will be as an magnetic resonance imaging 
(MRI) contrast agent to diagnose a variety of pathologies 
and biological activities such as inflammation, infarction, 
cancer and tissue repair. 
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    Abstract  — Theoretical concept about description of the implant integration into the bone on a microscopic 

view remains to be a wide studied subject. The study of the morphological samples with sections on the border 

implant-bone had been done on different depths and sides of the implant using hematoxylin-eosin stain. 

Remarkable result had been observed on comparative analysis of studied groups on administrating TS-2Z and 

TS-1Z,TS-9V that did stimulate bone regeneration. Histological studies confirm the results of improvement of 

biochemical and blood indexes after implant surgery at the laboratory  animals that had received coordinative 

compounds of Zn(L-H)2;  Zn(L-H)etazol; [Vo(L- H)etazol]2SO4. 

 

I. INTRODUCTION 

 One of the most important problems of modern 

implantology is the bone integration of dental implants 

and by default management of its process. The essential 

stage is the surgical one; the insertion of the implant in 

the alveolar socket and obtaining the adherence of the 

bone to the implant and achieve a direct bone implant 

surface without involving connective tissue layer. 

Branemarks concepts of bone integration of the implants 

are based on clinical and experimental studies, describing 

the complexity of the process of bone integration of the 

implants.  His postulates confirm that until now the 

research assures clinical efficacy of implant use, but 

nevertheless require continued research. 

Hystomorpholigical data of ossteointegration process of 

dental implants are in continuous research, this way 

studies of the microscopic structure of the implant-bone 

contact surfaces are required for a fine examination. 

II.   MATERIAL AND METHODS 

The animals were sacrificed at intervals of 2 weeks and 

1 month with light anesthesia overdose. The surgery had 

been performed and the samples of resected mandibles 

and bones of rats within which remains the implants. 

Hemi-mandibular samples were kept 10 days in 10% 

formalin solution and then 2 days in 70% alcohol, 90% 

ethyl alcohol  2 days, 2 days 96% alcohol, absolute 

alcohol one week, 24 hours a mixture of ethanol + 

acetone (1:1) 100% acetone and finally one week with 

daily changes of acetone. After these procedures, the 

portion of jaw bone where the implant had been inserted 

had been placed into a propylene resin solution. 

Solidification of the preparations lasted one week. The 

slice cuts of the preparations on the limit bone-implant 

had been performed at different depths and parts of the 

implant and haematoxylin-eosin staining had been 

performed.  

Purpose of the research  
Comparative hystological examination of potential of 

osseointegrated implants in different groups of rats which 

had been given coordinative compounds Zn (LH) 2, Zn 

(LH) etazol, [VO (L-H) etazol] 2SO4 respectively with 

indices TS-1Z, 2Z-TS, TS-9V,this way getting the 

opportunity to study the contact area between the outlayer 

of the  titanium implant with surrounding tissue 

structures, including the dynamics of their formation. 

III.  RESULTS 

Groups of control. It had been made a film of  

mandibular bone with inserterted implant in 15 days 

.There in (Fig. 1a, b) had been noticed areas of tissue 

regeneration.  
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    Fig. 1 (a, b, c, d). Microphotographs (haematoxylin 

eosin staining). Images of implants with surrounding 

tissue in the control group after  2 weeks (a, b) since the 

surgery of inserting the implant had been performed. The 

formation of new  bone tissue covered the area directly 

bordering the implant. The tissue maturation is a 

continous process, fibrous tissue is noticed on the  

bordering of the implant (a), bone only rarely adhere to 

the implant surface (a, b). 

Histology images (c, d)-images had been taken after 1 

month after surgery. 

 

   The structure of newly regenerated trabecular bone 

surrounds the whole surface of the implant. The tissue is 

partially separated from the implant surface by a few 

elongated cells like fibroblasts (fig.1b). The samples and 

photos made after 30 days do not show any big changes 

than after 15 days, the process of tissue maturation has 

not progressed further. The development and maturation 

of essential components of fibroblast cells is observed at 

the edge of the implant surface and new bone formation, 

but rarely the last more compact adhere to the implant 

surface (Fig. 1c, d). There are incomplete spaces between 

implant and bone is more limited, which highlights rich 

blood vascularity. 
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Fig.2 (a, b, c, d). Microphotographs (hematoxylin eosin 

stain) The group which were given TS-1Z.. Results after 2 

weeks (a, b) after surgery. Bone implant is surrounded by 

fibrous tissue which may be substituted by bone tissue (c, 

d) - histology results after 1 month after surgery.  

 

    Groups of vertebrates with implants inserted into the 

bone which were given TS-1Z.Hystological examination 

at 2 weeks after surgery (2a, b) there can be noticed a 

bone imperfection, the periphery of which is occupied by 

granulation tissue rich in cells and blood vessels. 

Mandible bone is traumatized by 

trepanation of  the bone when cavity for insertion of the 

implant had been performed (Fig2a), but no inflammatory 

phenomenon had been observed. Also, the microscope 

image (Fig. 2, b) highlights the implant-bone postsurgical 

area with bone trabeculae since implant insertion and that 

image show precursors of tissue cells transformed into 

cells recruited osteoblastic bone formation process - 

osteoinduction.  

      After 1 month of surgical intervention (Fig.2c, d) the 

mandible bone defect caused by insertion of the implant 

was regenerated with bone structure, which replaced  

fibrous tissue. The junction between implant and adjacent 

bone is completely renewed and implant is completely 

anchored into the bone. We can notice the thin structure 

of bone trabeculae and newly formed bone, with a 

network which is mostly fibrous tissue. 
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Fig. 3 (a, b, c, d, e, f)  Microphotographs (haematoxylin- 

eosin  stain). Hystological implant-bone samples from rats 

that received the TS-2Z for 2 weeks (a, b) after implant 

insertion. On the implant surface we can notice roughness 

which is due to sandblasting. The tissue is rich in blood 

vascularity. The implant is surrounded by a capsule mostly 

fibrocellular (a, b) in image (b) the right to see the 

regeneration of new bone. Image (c, d)  of samples implant 

+ bone after 1 month since implant insertion. (e,f) -  

another sample from the same group - image after 1 

month-final stage of bone integration. 

 

 

 
Fig.4 (a, b).  Microphotographs  2 weeks since 

implant insertion. Group that was administered TS-9V. At 

the implant-bone boundary is revealed reduced bone 

tissue regeneration (a) on the implant surface there are 

bone trabeculae with irregular outline (b). 
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Fig.5 (a, b, c, d). Microphotographs. Implant-bone group 

samples on mandible, which has been administered TS-

9V.Haematoxylin eosin stain. Osseogenesis after 1 month 

since implantion. The bone which is  anchoring  the 

implant surface flowing uniformly throughout the 

perimeter area of the implant. Osteoconduction of 

osteoblastic cells prevail.  

 

 

   Groups of samples: laboratory animals with  implant 

inserted into the mandibular bone which were given TS-

2Z.  

Administration of coordinative compounds  TS-2Z  

showed that the defect is replaced by spongy bone, newly 

formed bone trabeculae and presence of osteoblasts (Fig. 

3, b). In none of the hystological preparations were 

observed inflammatory processes, changes in the 

prevalence of destructive or fibrous tissue. Analysis of the  

junction - surface bone to implant after 1 month of 

implant insertion (Fig.3c, d) and (Fig.3d, e) shows that 

there are areas where the trabeculaes grow in size and 

regenerate bone in a lamellar structure in comparison to 

ossteointegration  processes after 15 days (Fig. 2, b). 

Formation of direct contact between bone and implant 

with connective tissue layer is considered low as  

 

 

 

 

a morphological manifestation process of 

ossteointegration. The bone appeared directly on the 

surface of the implant,there could be noticed also fibrous 

tissue. 

 

 

   Groups of samples:laboratory animals with  implant 

inserted into mandibular bone of animals which were 

administered TS-9V.  

   Hystological analysis of samples of this studied group 

demonstrated that TS-9V preparation stimulates the 

regeneration of bone tissue comparing to experiment with 

compounds administered in previous groups, but the 

process starts later. The images (Fig. 4 a, b) - in 15 days 

on implant surface there is newly formed bone  present, 

continuing maturation, areas of connective tissue, as 

consequences of posttraumatic cavity formation in the 

stage insertion of the implant. After 1 month implant 

insertion (Fig. 5, b, c, d) - ossteogenesis in evolution. The 

area around postsurgical implant insertion into the bone 

are restored with a new bone structure instead, the 

ossteointegrated implant is formed. 

             

 

IV. CONCLUSIONS 

 

Analyzing the hystological examination with the results 

we conclude that the best indicators of ossteointegration 

process are found in all groups which have been given 

coordinative compounds Zn (LH) 2, Zn (LH) etazol, [VO 

(L-H) etazol] 2SO4.  

    The results of this study also come up with arguments 

of guidance on the use of dental implants with 

administering of coordinative compounds of Zn. There 

are coordinative compounds that can be used  in 

implantology ant there is a necessity to make direct 

studies of implant-bone interface involving molecular 

medicine studies. Hystological analysis of the samples 

from laboratory animals which had bee administeres the  

compounds mentioned abov in comparison  with control 

group, demonstrated success of  guided  tissue and bone 

formation  in intimate contact with implant surface but 

also its penetration into the microstructure of the implant. 

Bone integration of the implants  were observed in most 

unique comparative analysis between group of study and 

the administration of TS-2Z compound, TD-1Z 

compounds, TS-9V that stimulated significant bone 

regeneration. Hystological results confirm the benefic 

results with  biochemical an hematological indexes which 

had been improved after  implant application at the 

animals that had been administered coordinative 

compounds Zn (LH) 2, Zn (LH) etazol, [VO (L-H) etazol] 

2SO4.  
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I. INTRODUCTION 

Microbial infection remains one of the most serious 

complications in medical devices, drugs, health care and 

hygienic applications, general and dental surgery 

equipment, as well as in water purification systems, 

textiles, food packaging and food storage [1-3]. 

Antimicrobials gain interest from both academic and 

industry due to their potential to provide quality and 

safety benefits to many materials. Low molecular weight 

antimicrobial agents have serious limitations and 

disadvantages, such as toxicity to the environment and 

short-term antimicrobial activity. To overcome these 

problems, polymer-based materials with biocide activity 

were employed. The use of such materials offers promise 

for enhancing the efficiency of some existing 

antimicrobials, designing and producing of new biocide 

materials, and minimizing the environmental problems by 

reducing the residual toxicity of these agents, increasing 

their efficiency and selectivity, and prolonging the 

lifetime. Research concerning the development of 

polymeric materials with biocide activity represents a 

great  challenge for both the academic community and 

industry.  

Therefore, there is a definite need for new materials to 

respond to specific challenges. In principle, the ideal 

solution is a method for rendering biomaterials resistance 

towards microorganisms. Antimicrobial polymers can 

provide a very convenient way for achieving this goal. 

An area of polymer and material science research that 

presents great current interest, and yet has received 

insufficient attention, is that of the development of 

polymers with biocide activity. In the field of health care 

and hygienic applications, biocide polymers may be 

incorporated into fibers, or possibly extruded into fibers 

themselves, and used as contact disinfectants and sterile 

materials in many biomedical applications, such as septic 

dressings, bandages and clothing. For example, 

antimicrobial surgical gowns and antifungal polymeric 

coatings (cast on surfaces such as shower walls and 

various piping) can minimize the problems of bio-fouling 

and the release of pathogens into streaming fluids [4]. 

Polymeric materials with biocide activity have the 

advantage that they are non-volatile and chemically stable 

and do not permeate through skin. Therefore, they can 

reduce losses associated with volatilization, photolytic 

decomposition, and transportation [5-9]. In the field of 

polymers used for biomedical applications, infections 

associated with inserted biomaterials [10] are a significant 

challenge and the most common cause of the implant 

failure. The polymer-based materials with biocide activity 

will act towards reducing the rate of such incidents [11]. 

Even more, catheters made of polymers able to slowly 

release an antibiotic could save many patients subjected to 

post-implant infections. Antimicrobial polymers could 

also fight against infections around permanent implants, 

such as pacemakers. In the field of natural and polymer-

based textiles for medical applications, research was 

aiming to develop new products with biocide finishes, 

such as materials sterilized by using dry/wet heat or 

radiation (UV, ionizing radiation) [12].  

Significant progress has been made in the past few 

decades in the design, synthesis and characterization of 

polymers to be used for preventing microbial attack and 

decay in biomedical applications [13]. One very effective 

method of achieving biocide activity in polymer-based 

materials is to add an organic or inorganic biocide to the 

polymers during processing [4, 14]. Another option is to 

endow a biocide activity to the polymer after processing 

[4, 15, 16]. A different approach is the design of polymers 

bearing functional groups with biocide activity starting 

Polymer-based materials with biocide activity 

for biomedical applications 

 Abstract — Polymer and material science has had a major impact on our day-to-day life. 

Telecommunications, automotive and aero-space industry, medicine and health care, agriculture and leisure 

are just a few domains significantly affected by the development of polymeric materials. An area of great 

current interest in terms of polymer R&D is that of polymers with biocide activity designed and produced for 

biomedical applications. For example, in the field of medicine and health care, biocide polymers may be 

incorporated, or even extruded, into fibers and used for contact materials (such as sterile bandages and 

clothing). The use of polymers with biocide activity is promising for enhancing the efficiency of some existing 

antimicrobial agents and for minimizing the environmental problems associated to conventional biocide 

agents by reducing their toxicity, increasing their activity and selectivity, prolonging their lifetime. In 

comparison with low molecular antimicrobials, these biocide polymeric materials have some advantages: they 

are nonvolatile, chemically stable and do not permeate through skin, they can contribute to the reduction of 

losses through volatilization, photolytic decomposition, transportation, etc. This paper offers an overview of 

some recent data concerning the synthesis and characteristics of some polymer-based materials with biocide 

activity designed for biomedical applications. 
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from monomers containing reactive groups able to 

undergo (co)polymerization or (co)polycondensation 

processes [4, 17-22]. The grafting of antimicrobials onto 

natural or synthetic polymers is another pathway toward 

new biocide materials [23-25]. 

The basic requirements to design polymer-based 

materials with biocide activity, factors affecting their 

antimicrobial activity, synthetic strategies to obtain 

biocide polymeric materials and their prospects for future 

development are summarized in the present paper. 

II. PRINCIPLES FOR THE DESIGN OF BIOCIDE 

POLYMERIC MATERIALS 

1. Basic Requirements  

The ideal antimicrobial polymeric material should have 

the following characteristics: (1) it is easily and inexpen-

sively synthesized, (2) displays stability in long-term use, 

as well as for storage, at the temperature of its assigned 

application, (3) it is insoluble in water in the case of the 

water disinfection application, (4) it doesn`t decompose 

and it is not producing toxic by-products, (5) it shows no 

toxicity or irritating effect upon use, (6) it can be 

regenerated after depletion, (7) it has biocide activity 

toward a wide range of pathogens in short intervals [26]. 

2. Factors that Influence the Biocide Activity 

The biocide activity of polymer-based materials 

designed for biomedical applications and their mechanism 

of activity are significantly influenced by structural and 

functional factors (such as molecular weight, distance 

between reactive moieties on the polymer chain, the 

hydrophilic/hydrophobic balance), as well as by vicinity 

(nature of counter ions) [27, 28]. 

2.1. Molecular Weight. Many research groups have 

studied the influence of the molecular weight on the 

biocide activity, due to its important role. The 

antimicrobial activity of acrylate monomers containing 

biguanide groups in the side-chain (Fig. 1) and their 

homopolymers and copolymers with acrylamide was 

investigated [29, 30] and conclusions indicated that 

biocide efficiency against S. aureus strongly depends on 

the molecular weight. 

 

 
Fig. 1. Acrylic monomers with biguanide groups 

 

The optimum was reached for molecular weights 

ranging between 5x10
4
 and 1.2x10

5
 Da. For values below 

5x10
4
 Da, the biocide activity increased with molecular 

weight, but above 1.2x10
5
 Da it decreased sharply. Still, 

the evaluation of antibacterial activity of the polymeric 

biguanides is complicated by the fact that they interact 

with some constituents of culture media. In a clean system 

with no interfering materials (such as negatively charged 

macromolecules), the polymeric biguanides are much 

more active than the monomeric species. The higher 

activity of polymers may be accounted for by their 

stronger interactions with the cell wall and the bacteria 

cytoplasmic membrane, as the primary process of the 

biocide action. 

In the case of poly(trialkyl-vinyl-benzylammonium 

chloride) (Fig. 2) [31], it was found that the antimicrobial 

properties toward S. aureus increased monotonically with 

the molecular weight up to 7.7x10
4
 Da.  

 

 
Fig. 2. Quaternary phosphonium and ammonium salts 

with biocide activity 

 

By comparing the activity against various types of 

microorganisms (S. aureus, B. subtilis, E. coli, A. 

aerogenes, P. aeruginosa), the study revealed that it 

remotely depends on the molecular weight. 

The dependency of biocide activity of poly(tributyl-4-

vinylbenzyl phosphonium chloride) (Fig. 3) on molecular 

weight was also studied against S. aureus in saline 

solutions [32]. Thus, it was shown that the antibacterial 

properties increased with the molecular weight from 

1.6x10
4
 to 9.4x10

4
 Da. 

 

 
Fig. 3. Structure of the monomeric  

tributyl(4-vinylbenzyl)phosphonium salt  

 

As a common feature of biocide activity of polycations 

already presented, a sequence of elementary processes can 

be described: adsorption of polymeric biocide onto the 

microbial cell surface, diffusion through the cell wall, 

adsorption onto the cytoplasmic membrane, disruption of 

the cytoplasmic membrane, leakage of the cytoplasmic 

constituents and, finally, the cell death. Since the bacterial 

cell surface is negatively charged (as evidenced by its 

susceptibility to electrophoresis), the polycations 

adsorption onto cell surface is expected to take place to a 

greater extent than the corresponding monomers [33-36]. 

Dendrimers of quaternary ammonium functionalized 

poly(propylene-imine)s (Fig. 4) were investigated [37, 38] 
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and their biocide activity vary with the molecular weight 

by a parabolic curve.  

 
Fig. 4. Second generation of poly(propyleneimine) 

dendrimer quaternary ammonium biocides 

 

In contrast with these results, it was reported that 

bacteriostatic activity of copolymers of vinylamine, 

methyl acrylate and N-vinyl pyrrolidone with pendant 

quaternary ammonium groups showed no dependency on 

their molecular weight [39]. In order to explain this 

opposite behaviour, it is necessary to consider the bacteria 

structure. It is well known that bacteria are divided into 

two groups, Gram-positive (such as S. aureus) and Gram-

negative (such as E. coli), based on their cell wall 

properties. Gram-positive bacteria have a cell wall more 

susceptible to be penetrated, while Gram-negative 

bacteria have an additional barrier in the cell wall 

structure.  

Most of the above-presented studies were dealing with 

S. aureus and indicated that polymers with molecular 

weight up to 5x10
4
 to 9x10

4
 Da diffused easily across the 

cell wall of this Gram-positive bacterium. For Gram-

negative bacteria, such as E. coli, the diffusion through 

the cell membrane is more complicated due to the cell 

wall supplementary protection.  

2.2. Length of the Macromolecular Chain (spacer 

length). The biocide activity of a polymeric material 

depends on the distance between reactive moieties (spacer 

length) through changes in both conformation and charge 

density of the polymer, which consequently affect the 

interaction with the cytoplasmic membrane [26].  

For a polymeric quaternary ammonium chloride 

biocide, the hydrophilic-lipophilic balance influences the 

antimicrobial properties [27]. Same for poly(trialkyl-

vinyl-benzyl ammonium chloride) for which the biocide 

activity was the highest for the longest chain (12 carbon 

atoms) studied [28]. Other materials, such as perfluoro-

propylated and perfluoro-oxa-alkylated end-capped 2-(3-

acrylamido-propyl-dimethyl ammonium) ethanoate 

(APDMAE) (Fig. 5) were synthesized and characterized 

in relation to S. aureus and P. aeruginosa and proved to 

be more effective toward both pathogens when the 

macromolecular chain was at the maximum extent [40]. 

 

 
Fig. 5. Structure of APDMAE monomers 

 

Copolymers of methacryloyl-ethyl trialkyl 

phosphonium chlorides/N-isopropylacrylamide (METR 

NIPA Am) (Fig. 6) showed increasing biocide activity 

against E. coli along with the increasing of the alkyl chain 

between two consecutive phosphonium groups [41, 42].  

 
Fig. 6. Copolymer METR-NIPA Am 

 

Therefore, it can be stated that the relationship between 

biocide activity and alkyl spacer length depends on the 

binding affinities of short versus long chains at the target 

site, as well as on the different aggregation behavior of 

these long/short spacers [26]. 

2.3. Effect of Counterion. Basically, the biocide 

activity of polymer-based materials depends on their 

vicinity in terms of counterions, due to their ability to 

form ion pairs of different strength and the capacity to 

generate free ions [26]. In the case of some polymeric 

phosphonium salts [21], the activity against S. aureus was 

proved to be low for a counterion which generates strong 

ion pairs. Thus, antimicrobial properties depend on 

various counterions in the following sequence: chloride > 

tetraflouride > perchlorate > hexafluorophosphate, and it 

can be related to the polymers solubility. Still, due to the 

conflicting results in the literature (e. g., homopolymers 

of vinylamine and methyl methacrylate with pendent 

quaternary ammonium groups showed no effect of 

counter anions such as chloride, bromide and iodide on 

their antibacterial activity [37]), the mechanism of 

counterions influence is not yet completely lightened, but 

it can be assumed that they alter the polymers solubility 

[26]. 

  

III. SYNTHETIC STRATEGIES TO OBTAIN BIOCIDE 

POLYMERIC MATERIALS 

Polymeric materials with biocide activity represent a 

serious alternate option in terms of biomedical 

applications, especially when it comes to expected 

benefits: enhancing the activity and lowering toxicity, 

increasing the selectivity and prolonging their active time. 

There are various strategies to obtain such materials, but 

the most used are: synthesis of biocide moieties bearing 

monomers able to undergo subsequent 

(co)polymerization; grafting antimicrobial units onto 

natural or synthetic polymers; synthesis of biocides as 

part of polymers able to be submitted to controlled 

degradation and gradual release of bioactive segments.  

3.1. Synthesis of Monomers Bearing Biocide 

Moieties. Biocide agents that contain reactive functional 

groups, such as hydroxyl, carboxyl or amino groups [26], 

can be covalently linked to a wide variety of monomers 

able to undergo subsequently (co)polymerization 

processes. The most common monomers and their 

corresponding polymers are the acrylic type compounds. 

Their main advantages are: they can be easily 

(co)polymerized; they can bear different 

hydrophilic/hydrophobic segments useful for biomedical 

applications. Some of the recent advances in this field 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

         421 

[43-61], namely monomers containing biocide units, are 

presented in Fig. 7. 

These (co)polymers may be used not only as 

antimicrobials, but as drug carriers as well, even for drugs 

controlled delivery. Different factors, such as structural 

(the nature of the -heteroatom in the biocide unit – P, N, 

S), physical (crystalline character, solubility) or chemical  

(the nature of co-monomers, method of synthesis, reaction  

conditions), are significantly affecting the biocide activity 

of the final compound. 

 

 
 

Fig. 7. Monomers bearing biocide units 

 

 An interesting feature of these materials is the biocide 

activity may be more intense in homopolymers than in the 

corresponding copolymers. 

3.2. Grafting Antimicrobial Units onto Natural or 

Synthetic Polymers. Biocides can be immobilized onto a 

wide variety of pre-formed synthetic (co)polymers, even 

dendrimers or micelles. 

Cross-linked copolymers based on copolymerization of 

vinylbenzyl chloride either with 2-chloroethyl vinyl ether 

or with methylmethacrylate, using divinylbenzene as a 

cross-linker, were reported [62]. The cross-linked copoly-

mers were further modified by quaternization with 

triphenylphosphine and triethyl-amine. Other polymers 

having phenolic moieties were prepared by the reaction of 

amine-functionalized copolymers with p-hydroxybenzoic 

acid, 2,4-dihydroxy-benzoic acid and 3,4,5-trihydroxy-

benzoic acid [63]. Poly(ethylene-co-vinylalcohol) 

containing a 2-benzimidazolecarbamoyl moiety was 

synthesized and its activity against pathogens was studied 

[2]. It was also reported the synthesis of poly (styrene-co-

maleic anhydride) with surface-containing functional 

anhydride groups of different percentage by solution 

polymerization. The biocide compound, containing 

ampicilin, was obtained by a coupling reaction [64]. 

Poly(styrene-co-maleic anhydride) was used as a carrier 

for active agents containing amino- or hydroxyl groups 

[65].  

Polymeric quaternary “onium” salts is the class of the 

antimicrobial polymers that has received, probably, the 

most attention. Water-soluble polymers having a 

phosphonium group were synthesized starting from 

methacryloyloxyethyl trialkyl phosphonium chloride and 

N-isopropylacrylamide [41]. The copolymer with octyl-

containing substituents in phosphonium groups was found 

to have a high antibacterial activity against E. coli. 

However, there is no report about the antimicrobial 

properties of the monomer itself to compare with the 

copolymers. 

A series of statistical copolymers derived from 2-

(dimethylamino)ethyl methacrylate with four different 

hydrophobic monomers (ethyl, butyl, cyclohexyl and 

octyl  

methacrylates) [66] were prepared via free radical 

copolymerization and then modified with 1,3-

propanesulphone. The antimicrobial activity of the 

sulphopropylbetaine copolymers was tested against S. 

aureus and E. coli, it mainly depends on the copolymer 

composition and pathogen. Polymeric phosphonium salts 

with side-chains of different length between the main 

chain and the reactive group were prepared [26]. E. g., 

poly[4-(2-tributylphosphonioethyl) styrene chloride-co-4-

(2-chloro-ethyl)-styrene], poly[4-(3-tributyl-

phosphoniopropyl)-styrene chloride-co-4-(3-

chloropropyl)styrene. Glycidyl methacrylate (GMA)-

based copolymers bearing quaternary ammonium groups 

were prepared by treating GMA-1,4-divinylbenzene 

copolymer beads with hydrogen chloride and then 

reacting with various amines, such as triethylamine, N,N-

dimethyloctylamine, N,N-dimethyl-dodecylamine, and 

N,N-dimethylhexadecylamine) [67]. Similarly, a 
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copolymer system based on GMA and a divinylbenzene-

bearing phosphonium group was prepared [68]. The 

synthesis of quaternary phosphonium salts grafted on an 

insoluble gel-type styrene-7% divinylbenzene copolymer 

was reported [69].  

Recent advances in polymer chemistry provide new 

materials for biomedical applications. Dendrimers are 

novel highly branched three-dimensional [70]. They can 

be tailored as to possess uniform or discrete 

functionalities, tunable inner cavities, surface reactive 

moieties, different size and molecular weight and solvent 

interactions. 

The fourth generation 4 poly(propyleneimine) 

dendrimer bearing -NH2 end groups (Fig. 8) has attracted 

much attention as a potential biocide due to its compact 

structure and availability of many end groups. 

 

 
Fig. 8. The structure of the poly(propyleneimine) 

amine-terminated dendrimer (4-th generation) 

 

Polymers with general structure of polystyrene 

triazinediones were synthesized from commercial 

polystyrene [71-73] and it was found they are highly 

effective against S. aureus. 

Recently, a very interesting comparison between some 

polymeric materials containing quaternary ammonium 

moieties and N-chlorinated polymers has been reported 

[73]. The results showed that N-chlorinated polymeric 

beads were much more effective against S. aureus and E. 

coli than polymeric quaternary ammonium salts. 

A series of hydantoinyl/quat siloxane biocide 

copolymers containing both N-halamine and quaternary 

salt groups simultaneously [74] were synthesized and it 

was proven copolymers are adequately soluble in water as 

to be used for coating cotton swatches. 

Polyelectrolites were also considered for such 

applications. Thus, it was reported on the antimicrobial 

behaviour of polyelectrolyte multilayer films, based on 

polyethyleneimine (PEI), poly(acrylic acid) (PAA), 

containing cetrimide and silver (AgNO3) [75]. 

Other antimicrobial materials resulted from modified 

polyacrylamide by introducing an amino group in the side 

chain of the polymer through the reaction with 

ethylenediamine [76]. The corresponding polymer was 

reacted with two different classes of reagents: aromatic 

aldehydes containing active groups (such as p-hydroxy-

benzaldehyde, vanillin, p-chlorobenzaldehyde, anisalde-

hyde) and phenolic ester derivatives (such as p-hydroxy-

methylbenzoate, 2,4-dihydroxymethylbenzoate, 2-

hydroxy-methylbenzoate, 3,4,5-

trihydroxypropylbenzoate). 

Various copolymers were prepared by the 

copolymerization of 2-chloroethylvinyl ether with vinyl-

benzyl chloride [77]. Subsequently, copolymers were 

quaternized by reaction with triethylamine, triphenyl-

phosphine and tributylphosphine. The phosphonium-

containing polycationic biocides were more effective than 

quaternary ammonium salts. 

As for the naturally occurring polymers, chitosan, 

alginate, dextran were considered for biomedical 

applications, as well as natural fibers. Chitosan, a de-

acetylated product of chitin, has many interesting 

properties, such as antimicrobial activity and nontoxicity. 

It contains an amine group at C2, which is important 

because amino groups are nucleophilic and readily react 

with electrophilic reagents. Chitosan modified under mild 

conditions is regioselective. Many attempts have been 

made to use chitosan in the alimentary, cosmetic, textile, 

medical and pharmaceutical industries [78].  

Hydrogel membranes with biocide activity were 

obtained from a chitosan-alginate sponge with high 

stability and superabsorbent properties [79] able to be 

used to effectively suppress bacterial proliferation to 

protect wounds from bacterial invasion. 

N-alkyl chitosan derivatives were prepared by 

introducing alkyl groups into the amine groups of 

chitosan, via a Schiff’s base intermediate [80]. 

Quaternization of the N-alkyl chitosan derivatives with 

methyl iodide produced water-soluble cationic 

polyelectrolytes. The antimicrobial activities of the 

chitosan quaternary ammonium salts increased with the 

increase in the chain length of the alkyl substituent and 

this may be ascribed to the contribution of the increased 

lipophilic properties of these derivatives. Chitosan and 

quaternized chitosan were functionalized by grafting onto 

acrylic acid modified poly(ethylene terephthalate) [81]. 

Their high biocide efficiency against S. aureus is 

attributed to the possibility of the chitosan release from 

the PET surface, which also become a limit of these 

materials activity. 

Two anionic monomers, mono(2-methacryloyloxy-

ethyl)acid phosphate and vinylsulfonic acid sodium salt 

(VSS), were grafted onto chitosan to obtain copolymers 

with zwitterionic properties [82]. These polymers showed 

antimicrobial activity dependent on the pH: when the pH 

varied to 6.2, the biocide activity decreased to 10-15%. 

Another modified chitosan, N-(2-hydroxy)propyl-3-

trimethylammonium chitosan chloride, synthesized by the 

reaction of glycidyl trimethylammonium chloride and 

chitosan [83], showed excellent antimicrobial activity, 

higher than the unmodified chitosan, due to the 

quaternary ammonium groups.  

New polymeric materials, derivatives of dipyridyl, 

were synthesized by the reaction of chloroacetylated 

cross-linked dextran microparticles with dipyridyl 

compounds (such as 4,4’-dipyridyl, N-n-octyldipyridinum 

chloride, N-benzyldipyridinum) [84]. 

Ion exchange fibers, containing quaternary ammonium, 

phosphonium or thiol groups, were prepared by graft 

copolymerization of vinyl monomers on loofah natural 

fibers [85]. They displayed high absorption capacity 

toward silver ions, so, silver modified loofah fibers were 

also obtained. The biocide activity of these materials was 

tested against E. coli and S. aureus. The effect is expected 

to be a combination of mechanisms due to the quaternary 

ions and silver ions adsorbed on fibers.  
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Biologically active moieties were reacted with the 

aminic groups of chitosan to yield antimicrobial 

chitosans. Specifically, vanillin, p-hydroxybenzaldehyde, 

p-chloro-benzaldehyde, anisaldehyde, methyl 4-

hydroxybenzoate, methyl 2,4-dihydroxybenzoate, propyl 

3,4,5-trihydroxy-benzoate and 2-hydroxymethylbenzoate 

were attached [86]. Their biocide activity may be due to 

the presence of phenolic hydroxyl groups. 

3.3. Biocides as Products of Polymer Hydrolysis. 
Biocides can be included into polymers main chains using 

different synthetic approaches in order to obtain bonds 

able to be submitted to controlled hydrolysis and gradual 

discharge of fragments with antimicrobial activity. 

Polymers fit for such strategy are, as a general rule, the 

polycondensates (polyamides, polyesters, polyurethanes) 

[26, 87]. Still, polyketones, prepared by reacting benzene, 

chloroacetyl chloride, 1,2-dichloroethane and dichloro-

methane [88], proved to be effective biocides. Drugs can 

also be incorporated into polymers backbone, as shown 

with a drug-polymer model compound [89] synthesized 

using 1,6-hexane diisocyanate (HDI), polycaprolactone 

diol (PCL) and a fluoroquinolone antibiotic, namely 

ciprofloxacin. The degradation products with 

ciprofloxacin bonded to fragments of PCL and HDI did 

not display biocide activity. Another known antimicrobial 

agent, bithionol [2,2’-thio-bis(2,4-dichlorophenol)] [90], 

reacted with phosgene and yielded in bischloroformate; 

then, it was used to synthesize alternating 

copolycarbonates, polyurethanes or 

copolycarbonate/polyurethane. There was no specific 

antimicrobial study reported for these polymers. Therefore, it 

is necessary to continue research in this field. 
 

IV. PROSPECTS FOR FUTURE DEVELOPMENT 

Polymeric disinfectants are ideal for water purification 

applications because they can be fabricated by various 

techniques and made insoluble in water. Antimicrobial 

polymers are powerful candidates for polymeric drugs 

with high activity. Quaternary ammonium compounds act 

like polycations and have high absorption and biocide 

properties. Implants of cross-linked amylase starch 

containing various ratios of ciprofloxacin were already 

used. Natural fibers or electrospun polymer-based fibers 

with biocides were prepared to be used as antimicrobial 

wound dressings (Fig. 9). 

 

 
Fig. 9.  Antimicrobial wound dressings 

 

Textiles and fibrous materials are subjected to various 

finishing techniques to afford: (a) protection for the user 

of against bacteria, yeast, dermatophytic fungi, and other 

related microorganisms for aesthetic, hygienic or medical 

purposes; (b) protection of the textile itself from biodegra-

dation caused by mold, mildew and rot-producing fungi; 

(c) protection for textiles from insects and other pests 

(Fig. 10).  

 

 
Fig. 10. Prophylactic biocide materials 

 

Prophylactic medical shoes for diabetes and arthritis 

use biocids in order to avoid bacteria and fungi growth, 

control microorganisms contamination and proliferation, 

prevent infections and bad odours, protect shoes from 

degradation under microorganisms attack.Antimicrobial 

substances incorporated into packaging materials can 

control microbial contamination by: reducing the growth 

rate and maximum growth population, and/or extending 

the lag phase of the target pathogens, or by inactivating 

the microorganisms by direct contact. 

Future work should focus on the development of new 

polymeric materials with biocide activity to be used not 

only for biomedical and health care applications, but for 

soil sterilization also, in order to replace the toxic 

materials currently in use, such as methyl bromide. 

Participation and collaboration of research institutes, 

industry and government regulatory agencies will be the 

key factor for the future success of these polymeric 

materials. 
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I. INTRODUCTION 

The mimicry of mechanized macroscale functions at 

the nanoscale is important for nanomanufacturing and 

nanorobotics. However, even simple macroscopic tasks 

are extremely challenging at these small size scales, since 

it is hard to achieve and control nanoscale actuation 

reproducibly, reversibly and especially in a wireless 

manner.  

The creation and implementation of dynamic micro- 

and nanoscale mechanized structures with advances in 

micro/nanotechnology are believed to revolutionize 

minimally invasive surgery (MIS). The first step towards 

enabling this vision is to create small tools that can mimic 

the functionality of larger tools utilized in surgery [1]. In 

addition, it is necessary to develop methods so that these 

tools can be guided and implemented in a tether-free 

manner. One class of tools in surgery is the sharp surgical 

instruments that are widely utilized for making incisions. 

Some of these surgical instruments are enabled by 

electromagnetic motors on the macroscale, but it can be 

very challenging to harness the energy in a tether-free 

manner required to perform drilling at smaller size scales.  

One approach to power micro- and nanoscale tools 

involves the catalytic conversion of chemical energy 

(energy-rich molecules in solution) into mechanical 

energy [2]. Catalytically constituted micro- and nano- 

structures can accelerate the decomposition of hydrogen 

peroxide and enable the self-propulsion of micro- and 

nanomotors, pumping of fluids, and transport of colloidal 

particles and cells [2d-f]. 

Such miniaturized and remote-controlled microtools 

may have high potential for in vivo applications in the 

near future in the circulatory, the urinary and the central 

nervous systems [3]. However, to fabricate cost-effective 

and operative MIS devices, scientists need to make use of 

fabrication techniques that enable mass production of 

non-trivially shaped three dimensional structures, often 

with multiple classes of materials [4]. In this context, 

rolled-up nanotechnology –previously envisioned for 

nanodriller applications [5]– meets the above described 

requirements. 

II. RESULTS AND DISCUSSION 

We fabricated catalytic tubes with diameters in the sub-

micrometer range and investigated control over their 

catalytic motion. By using molecular beam epitaxy 

(MBE), thin films of InGaAs/GaAs were deposited on 

sacrificial AlAs layers and bulk GaAs substrate, and a 

thin catalytic Pt film sputtered on top. By rolling up those 

nanomembranes, we fabricated catalytic nanotubes with 

diameters approximately 20 times smaller than previously 

reported rolled-up microjets [6] and half the size of the 

recently designed nanojets (Figure 1) [7]. Consequently, 

we reported the smallest man-made catalytic jet engines. 

 

 
Figure 1: Left panel. Scalability of the diameter of rolled-up 

nanotubes consisting of hybrid heteroepitaxial catalytic InGaAs 

(3 nm)/GaAs (3 nm)/Pt thin films. Bottom inset shows the rolled 

up fabrication process by selective underetching of the 

sacrificial AlAs (20 nm) layer. Top inset depicts a SEM image 

containing a focused-ion-beam (FIB) cut of an individual tube 

composed of InGaAs/GaAs/Pt (0.5 nm). Right panels: A) SEM 

image of an InGaAs/GaAs/Cr/Pt (3/3/1/1 nm) nanotube with 

average diameter 600 nm. B-D) Motion and speed of cylindrical 

catalytic rolled-up nanotubes (nanojets) in different 

concentrations of fuel solution. Scale bar in (B) and (C) is 15 

µm and in (D) is 30 µm. 

 

The catalytic nanojets are powered by the 

decomposition of H2O2 into molecular oxygen which 

accumulates in the small cavity and eventually gets 
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released from one end of the nanotube as visible bubbles 

(Figures 1). Figures 1 illustrate the motion and trajectories 

of InGaAs/GaAs/Cr/Pt (3/3/1/1 nm) nanojets immersed in 

different concentrations of peroxide fuel. These results 

demonstrate that bubble driven catalytic nanojets can 

indeed overcome Brownian diffusion as well as the high 

viscous forces of the fluid at low Reynolds numbers. 

Many of the fabricated nanotubes present a sharp tip 

clearly seen in Figure 2C and Figure 3A (b-c). The release 

of bubbles from these rolled-up structures is asymmetric 

in nature, thus the catalytic nanojets move either in curved 

trajectories (Figure 1B, C and D) or in a corkscrew 

fashion (Figure 2A). 

 

 

 
Figure 2. (A) Corkscrew-like motion of a rolled-up microjet. 

Schematic (B) and SEM images (C) of a rolled-up microjet 

embedded into cells. 
 

 

We exploited the corkscrew propulsion (Figure 2A) of 

the nanojets to drill into biomaterials such as those 

constituting Hela cells, which are an immortal cell line 

derived from cervical cancer. It should be noted that we 

utilized paraformaldehyde to fix the cells prior to the 

drilling experiments for two reasons; (a) we wanted to 

remove the influence of any chemically induced 

deformation of the cell during drilling in the H2O2 fuel, 

(b) These fixed cells represent a cross-linked version of a 

realistic cellular biomaterial, so we rationalized that if the 

nanotools could generate enough force to drill into fixed 

cells, they would likely have more than enough force to 

drill into un-cross-linked cells. The type of motion needed 

for drilling is clearly shown in Figure 2 by optical 

microscope sequences of an individual nanojet which 

self-propels in a screw-like motion during 200 ms at a 

rotational frequency of 10 Hz (fuel composition: 20 % v/v 

H2O2, 10 % v/v surfactant). Straight arrows in the images 

indicate the linear displacement of the nanojet during the 

studied time. The inset of Figure 2A depicts a schematic 

of the rotation of the nanojet during translation. The 

schematic image in Figure 2B displays nanotools which 

self-propel and embeds itself into a fixed Hela cells. Once 

the cellular boundary is reached, the nanotools stick to it 

and start drilling into the cellular biomaterial over several 

minutes (Figure 2C). 

 
Figure 3. Magnetic microdrillers. A) SEM images of a sharp 

microtube. B) Schematic of the motion and drilling of 

microtubes into tissues ex-vivo using rotating magnetic field. C) 

(upper panel) SEM image of a microdriller embedded into the 

pig liver section after drilling; (lower panel) SEM image 

showing the drilled hole in the pig liver section after extracting 

the microdriller by a strong permanent magnet (500 mT). Scale 

bar: 1µm in (A), 5µm in (B) and (C). 

 

Although the fuel employed for self-propulsion is still 

toxic to sustain viable mammalian cellular functions, 

alternative mechanisms of powered motion and working 

conditions foresee the use of this concept in diverse 

applications such as biomedical engineering, biosensing 

and biophysics. While hydrogen peroxide may be 

acceptable for applications in nanomanufacturing and 

nanorobotics, biocompatible fuels need to be developed 

for live-cell applications. Nonetheless, due to the reduced 

dimensions but yet the high propulsion power, our results 

suggest strategies of using shape, size and asymmetry of 

catalytic nanostructures as tools to realize mechanized 

functions at the nanoscale. 

To circumvent the limited applications of toxic fuel in 

vivo, an attractive approach relies on the fabrication of 

“fuel-free”, e.g. those powered by external magnetic 

fields. Recently, the enzymatically-triggered and 

tetherless thermobiochemical actuation of miniaturized 

grippers and tools, magnetically guided into liver tissues, 

was demonstrated.[1a,b]  

 With the same rolled-up technology, we fabricated 

tubular Ti/Cr/Fe micro-drillers containing sharp tips 

(Figure 3A) that can be applied for mechanical drilling 

operations of porcine liver tissue ex vivo (Figure 3B). An 

external rotational magnetic field is used to remotely 

locate and actuate the micro-drillers in a solution with a 

viscosity comparable to that of biological fluids (e.g., 

blood). Changes in the frequency of the rotating magnetic 

field results in the switching of the rotational orientation 

of the micro-driller from a horizontal to a vertical one, 

which lifts the tubes and makes them suitable for drilling 

purposes. When microtools are place on hard planar 

surfaces (e.g. glass or silicon) and re-orient to the upright 

rotation, they are able to “walk” towards the center of the 

rotational magnetic field. 

To demonstrate the drilling operation (Figure 3B), a pig 

liver section was placed at the centre of the magnetic field 

in a petri dish containing microtools in the working 

solution (soap-water, 50 % (v/v)). The angular frequency 

was increased to 1150 rpm at which the microtools 

switched their orientation from horizontal into vertical  
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one. Thereafter, the microtools were guided to the desired 

locations and start the drilling operation from tens of 

minutes to few hours. It was observed that the microtools 

retain upright orientation and the initial rotation frequency 

(~1150 rpm) immediately after reaching the tissue, but 

significantly slowed down in rotation frequency to few 

hundreds rpm (~400 rpm) after several minutes standing 

on the tissue. However, that is not the case for microtools 

rotating on rigid glass surface, where they rotate at 

frequencies similar to the applied external rotation field 

(~1150 rpm). 

Using these micro-drillers, we show that magnetic 

rolled-up microtubes can be used for directed drilling 

holes in soft matter using porcine liver tissue as a model 

system. 

III. CONCLUSION 

We demonstrated the fabrication of 3D ferromagnetic 

microdrillers with sharp tips for drilling operation of soft 

biomaterials. The rolled–up microtools were formed from 

2D nanomembranes of trapezia geometry. It is possible to 

dynamically switch the orientation of the microtool from 

a horizontal to a vertical position by changing the 

frequency of the external processing magnetic field and 

the viscosity of the solution. We presented magnetic 

control, drilling and guidance of fuel free microtools 

toward tissue samples ex-vivo. We also demonstrated that 

such incision can be performed in a fluid with viscosity 

similar to blood, which is ideal for future use in the field 

of microrobotics for minimally invasive surgery. The 

surface friction between the sharp ends and the tissue is 

believed to facilitate the drilling operation. The advantage 

of the tubular structure of the microtools is that the hollow 

structure might be utilized in the future for filling up with 

drug carrying gels for site directed drill and delivery 

systems, e.g., cholesterol degrading enzymes for clearing 

the arterial blockages and plaque removal nanorobots for 

minimal invasive surgery. 
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I. I. INTRODUCTION 

Experimental results gathered by measuring 

equipment, which was developed and produced in The 

Belarus State University of Informatics and 

Radioelectronics, are outlined. In the first part of the 

paper, the hemodynamics of dental pulp at different 

stages of caries treatment is examined. The speckle 

structure of light field reflected by a tooth is used as a tool 

for the investigations. A number of statistical parameters 

of the random light field were studied as indicators of the 

changes in blood flow. Their variability as a function of 

the frequency of the Fourier transform of optical signals is 

examined. The second part of the paper is dedicated to the 

choice of a light source for photodynamic therapy while 

one treats caries. Special attention is paid to the search of 

the optimal exposure power, wavelength, and exposure 

time of tooth tissues. 

II. EXAMINATION OF DENTAL PULP 

HEMODYNAMICS 

Blood flow in dental pulp is studied experimentally by 

using the designed speckle-optical system «Speckle-

SCAN» [1]. The time dependence of a light signal 

backward scattered by the multi-layered tooth tissue is 

measured at different stages of caries treatment. After 

making the Fourier transform W(f) (f is the frequency) of 

this signal, the following integral characteristics of the 

transform are calculated: spectral power 
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Here fmax is the maximal frequency of the spectrum, f1, 

f2, flow и f3, f4, fhigh are the frequencies taken, respectively, 

in the low- and high-frequency regions, and f is the fixed 

increment. The said parameters were measured before and 

after the tooth anesthesia, before and after the tooth 

preparation, after the etching, after the tooth filling, after 

the irradiation, and after the polishing. 
Figure 1 shows the diagrams of changes of some above 

parameters observed in experiments before (histograms 1) 

and after the anesthesia (2). 

From the preliminary knowledge that blood flow is 

reduced during the tooth anesthesia, and should recover 

after it, one note the following: 

– at reduced blood flow, the spectral power and 

coefficient m increase, 

– at reduced blood flow, the parameters Kb and <f> 

decrease. 

The above integral parameters, except for the spectral 

power, studied for the case of teeth behave similarly to 

the corresponding parameters for skin. The power 

increase considerably while blood flow reduces, whereas 

for skin there is observed the decrease in the spectral 

power. 

Figure 2 illustrates the changes in the considered 

integral parameters of the speckle structure at various 

stages of caries treatment, namely before and after the 

preparation, after etching, after tooth filling, after 

irradiation, and after polishing. These stages are 

correspondingly listed from the top in the legends of Fig. 

2. 
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Fig.1а. Changes in spectral power at frequency ranges 10 

to 600 Hz and 10 to 700 Hz before (1) and after the 

anesthesia (2) of tooth 1 and 2 

Fig. 1b. Changes in Kb at f1 = 50, f2 = 100 (or 150), f3 = 

900, and f4 = 1000 Hz before (1) and after the anesthesia 

(2) of tooth 1 and 2 

 
 

 

Fig. 1c. Changes in coefficient m at flow = 100 (or 50), fhigh 

= 900 Hz before (1) and after the anesthesia (2) of tooth 1 

and 2 

Fig. 1d. Changes in mean frequency of the spectrum in 

frequency range 10 to 800 Hz before (1) and after the 

anesthesia (2) of tooth 1 and 2 
 

 

 

Fig. 2а. Changes in spectral power at frequency ranges 10 

to 600 Hz and 10 to 700 Hz for 6 stages of caries treatment 

(see text) 

Fig. 2b. Changes in Kb at f1 = 50, f2 = 100 (or 150), f3 = 

900, and f4 = 1000 Hz for 6 stages of caries treatment 

(see text) 
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Fig. 2c. Changes in coefficient m at flow = 100 (or 50), fhigh 

= 900 Hz for 6 stages of caries treatment (see text) 

Fig. 2d. Changes in mean frequency of the spectrum in 

frequency range 10 to 800 Hz for 6 stages of caries 

treatment (see text) 
 

All the studied statistical parameters show the similar 

dynamics while treating caries. So, on the base of earlier-

made conclusions, one can describe changes of blood 

flow through the pulp at all stages of the treatment by the 

following way: 

– there is observed an increased blood flow after the 

preparation, which is the response on the mechanical 

actions; 

– blood flow sharply decreases after the etching, 

because the chemical acid action strongly depresses the 

hemodynamics; and 

– after the tooth filling, irradiation, and polishing, the 

hemodynamics increases, blood flow gradually grows, but 

does not achieve the original level. Due to this, one can 

conclude that to restore the blood flow requires some time 

interval, and during the treatment one should monitor the 

blood flow some time after the procedure. 

The results obtained with using the speckles correlate 

reliably with data on the blood flow gathered by the 

Doppler method. 

III. SELECTION OF LIGHT SOURCE PARAMETERS 

FOR PHOTODYNAMIC THERAPY 

Photodynamic therapy (PDT) is one of the most 

perspective medical technologies. It is based on the 

abilities of photosensitizers (PS) to be selectively 

accumulated in certain cells. Under local irradiation by a 

wavelength corresponding to the maximum of PS 

absorption, active oxygen forms are generated, which 

have a cytotoxic effect on target cells. Thus PDP can be 

also used for removing cariogenic bacteria from damaged 

tooth tissues with the help of singlet oxygen. In 

comparison with usual antiseptic remedies, PDT provides 

a more vivid removal of pathogenic microorganisms from 

dentinal tubules that circle the carious cavity. When 

activating a PS with laser light, the heating of hard tooth 

tissues and pulp takes place. The temperature increase 

inside the pulp cell higher than some threshold causes 

microcirculation breakdown and finally leads to the loss 

of the pulp. With the purpose of development the methods 

of PDT while treating uncomplicated caries, one needs to 

define the maximum power and the duration of laser light 

exposure that are safe with accounting for the thermal 

parameters of the oral cavity. Under PDT the alternative 

to a laser light is a diode emission with the wavelength 

that corresponds to the maximum of PS absorption. It can 

also be used for PS activating only with the adherence of 

an emission safe mode, under which the pulp heating will 

be minimal. 

The purpose of this investigation was the design of a 

procedure for measuring the temperature inside the pulp 

chamber while comparing the action of laser and light 

diode light of the blue spectral range that is utilized 

during the PDT. 

Five intact molars removed owing to orthodontic 

indications were selected for making the experiments. 

Cavities with thickness of 1 mm of over-pulp dentine 

were created on the occlusive surface of the teeth. 

Through holes to the pulp chamber with diameter 2 mm 

were formed in the side surfaces of the teeth near the 

enamel – cement boundary. 

The pulp chamber and the tooth root canal orifice were 

filled with the heat-conducting paste KPT-8. As this paste 

is considered to provide an X-ray contrast, the X-ray 

examination made it possible to control the over-pulp 

dentine thickness of 1 mm and the uniform filling of the 

tooth chamber with the paste. Then the thermocouple of 

the precision thermometer TRDA 202 (Oven, Minsk) was 

set into contact with the paste into the hole in the tooth 

surface. The thermocouple isolation was heat isolated 

with base wax. A special digital device measuring the 

light power monitored the emission power of the laser and 

light diode. A laser diode with maximal output power 250 

mW, wavelength 660 nm and light diode lamp LEDEX 

WL-070 emitting ultraviolet at 460 nm with power 1000 

mW were used as light sources. Exposure time was 8 min. 

To create the same conditions that exist in the mouth 

cavity, teeth samples were placed into a thermostat with 

temperature kept at 37
o 
C and air humidity 90%. 

The tooth specimens were irradiated by laser light with 

wavelength 660 nm and power 50, 75, 100, 120, or 150 

mW and by light emitting diode at 460 nm with light 

power 1000 mW. The temperature values were recorded 

on the base of four sequential measurements, each of 
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which was made in 5 s intervals during 4 min exposure. 

This was implemented by applied dedicated software of 

the computer. 

The threshold temperature value of 40°С (temperature 

rise t = 3°C) was achieved at output laser light power 

120 to 150 mW. At 150 mW, the temperature inside the 

pulp chamber was equal to the threshold of 40°С in 379 ± 

3.5 after the irradiation start, and at 120 mW it did in 415 

± 3.2 s. The action modes at 50, 75, and 100 mW in all 

the measurement series did lead to the temperature rise in 

the tooth cavity less than by 3°C during 8 min exposure. 

So, at laser output power values of 100, 75, and 50 mW, 

the temperature rises by 2.4 ± 0.1, 1.9 ± 0.06, and 0.88 ± 

0.04°С were observed. In all the experiments of tooth 

heating by the irradiation, the temperature was stabilized 

in some time duration after the irradiation start. This is 

due to the balance between the thermal energy generated 

in the teeth specimens and the heat transfer from the 

specimens to their surroundings. 

Under the action of the light emitting diode at 

wavelength 460 nm with output 1000 mW during 60 ± 4 s 

exposure, there was observed the temperature rise in the 

pulp chamber up to 40°С (t = 3°C). 

IV. CONCLUSIONS 

1. Investigation of the speckle structure of scattered 

light enables the changes in blood flow through tooth 

tissue to be evaluated. The most informative statistical 

parameters are the spectral power, the band coefficient, 

the m coefficient, and the mean frequency. There were 

selected the optimal frequency rages of 10 to 600, 10 to 

700, and 10 to 500 Hz (this range is not shown in the 

Figures, but it gives satisfactory results too) for the 

spectral power, of 50 to 100 and 900 to 1000 Hz for the 

band coefficient, of 50 to 150 and 900 to 1000 Hz for the 

m coefficient, and of 10 to 800 Hz for the mean frequency. 

2. The reduction of blood flow leads to the increase 

in the spectral power, contrast, and m coefficient, and to 

the decrease in the mean frequency and band coefficient. 

3. During dentine caries treatment, blood flow 

responses vividly to mechanical and chemical actions. 

According to the gathered data, the most noticeable effect 

is by the etching that strongly depresses the tooth 

hemodynamics. 

4. From all the considered modes of laser light action 

during PDT, the maximally safe should be assumed the 

irradiation by light power 50 mW, since the temperature 

rise in the tooth chamber remains tolerable to show a 

tendency to the stabilization. Under the irradiation by 150 

mW laser power, the expose time should be limited to 379 

s, and at 120 mW – to 415 s. When using a light emitting 

diode with wavelength 460 nm and light power 1000 mW, 

the expose time should be limited to 60 s. 
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I. INTRODUCTION 

Metal nanoparticles have received considerable 

attention in recent years because of their unique properties 

and potential applications in catalysis, plasmonics, 

optoelectronics, biological sensor and pharmaceutical 

applications [1-3]. Various microorganisms (bacteria, 

yeast, fungi) are known to synthesize silver nanoparticles 

[4, 5]. The ability of microalgae, Sprirulina platensis and 

Nostoc linckia to produce silver nanoparticles was 

studied. The preliminary results of the study are 

presented.  

II. MATERIALS AND METHODS 

To carry out the experiment, algological pure cultures 

of Spirulina platensis CNM-CB-02 strain and 

Nostoc linckia from the Institute of Microbiology and 

Biotechnology, Academy of Sciences of Moldova were 

used. Cells of microalgae were grown as described 

elsewhere [6]. The harvested mycelial mass was then 

resuspended in 250-ml Erlenmeyer flasks in 100 ml of 

100 mg/L aqueous AgNO3 solution at room temperature, 

shaking for different time intervals (1−3 days). 

 

UV-vis Spectrometry 

The UV-vis spectra of the samples were recorded on a 

“T80
+” 

spectrophotometer (GBC Scientific Equipment Pty 

Ltd, Australia, wavelength range 190-1100 nm). 

 

III. RESULTS AND DISSCUTIONS 

Addition of microalgae biomass to a silver nitrate 

solution led to the appearance of red brown color in the 

 

 

 

solution after 24 hours for Nostoc linckia and yellowish 

brown for Spirulina platensis indicating formation of 

silver nanoparticles.  

The UV-Vis absorption spectra of the studied 

microalgae are shown in Fig. 1 and Fig. 2. The presence 

of the silver surface plasmon resonance (SPR) peak at ~ 

438 nm confirms the silver ion reduction from Ag(0) to 

Ag(0). The intensity of the peak increased as a function of 

the reaction time. As it is known, the position of the 

plasmon adsorption of silver nanoclusters strongly 

depends on the particles size, dielectric constant of the 

medium and the surface-adsorbed species. According to 

Mie´s theory, only a single SPR band is expected in the 

adsorption spectra of spherical nanoparticles, whereas 

anisotropic particles could give rise to two or more SPR 

bands depending on the shape of the particles [7]. In the 

present case a single band was observed that gives 

evidence for spherical shape of silver nanoparticles 

 
Fig. 1. UV-Vis spectra of Nostoc linkia suspension 

after 24 hours of reaction with  
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Fig. 2. UV-Vis spectra of Spirulina platensis 

suspension after 24 hours of reaction with  

The cell wall of microalgae contain functional groups 

within biomolecules (amino, carboxylic, phosphate, thiol 

and other) the main binding sites of metal ions.  

IV. CONCLUSION 

The preliminary results of the performed 

investigations show that the studied microorganisms are 

capable of producing silver nanoparticles. In the near 

future obtained biological samples will be analyzed using 

SEM, EDAX AAS and NAA techniques.  
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I. INTRODUCTION 

A lot of diseases are closely related to the presence of 

body parasites, as a result of agents’ activity of bacterial 

or viral origin, being infectious or bacteria permanently 

located in different organs in a symbiosis state with the 

tissue. In order to suppress the activity of these agents, it 

is not necessarily to administer antibiotics or use 

chemotherapy, which is not inoffensive to human body. 

Knowing the metabolic activity frequency of some agents, 

it is possible to influence them using certain frequencies, 

which disturb the agents’ own frequency and inhibit the 

normal metabolic activity. Corresponding research shows 

that such influence is completely inoffensive to human 

body. 

Principles, techniques and devices had been elaborated 

after years of research conducted in Russia, Canada, 

USA, Germany and other countries for curing efficiently 

a wide range of diseases using some electric signals. This 

direction was named as “active bioresonance therapy”. 

Such treatment is extremely efficient for curing as acute 

as chronic diseases, being inoffensive to human body, 

there were no adverse effects and there are no 

contraindications except pregnancy and in case if the 

patient has a "pacemaker" – cardiac stimulator [1]. 

II. ZAPPING PRINCIPLE  

In a new approach to treating chronic diseases the 

etiologic factor in the development of multiple latent 

diseases is recognized the hidden parasitic infection and 

the presence of mentioned parasites in human body. 

Hidden parasitic infections are not clearly shown and 

therefore remain out of sight of the therapist. The essence 

of this approach is found in the works of the famous 

clinician and scientist Hulda Clark Regher. The main 

provisions of his work were confirmed by clinical 

experience in the United States and Germany, including 

the participation of independent experts from Germany 

such as M. Keymer, A.E. Baklayan, etc. 

 

In cells of internal organs parasites are difficult to handle, 

and when entering the blood are destroyed. It was found 

that blood parasites can be destroyed with a frequency of 

30 kHz, and the exposure time must be 7 minutes, which 

corresponds to the total blood circulation time in the 

body. After such a cycle of influence a break for 20-30 

minutes is needed and then a second session can be run to 

kill pathogens which multiplied again and those who got 

back in circulation. Some intestinal parasites are carriers 

of bacteria and viruses, which get back in circulation with 

the "host’s" death. Therefore, we need another third round 

of exposure. 

Devices that reach these objectives are called Zapper 

and are used to kill bacteria, viruses, and intestinal 

parasites in the human body. Any infection in the 

formation phase - the flu, acute respiratory diseases, and 

acute respiratory infections can be easily treated within 

one day without using medicinal preparations. A small 

part of the body's own microflora dies during the 

procedure, but this does not affect the whole body in any 

way and is restored quickly. 

Bioradiation spectrum 
All living things emit their own range of inherent 

frequencies. In general, as the organism is more primitive 

as its frequency range is lower. Advanced creatures emit 

higher frequencies and their range is wider. 

Frequency range emitted by humans is between 1520 - 

9460 kHz. Pathogens such as molds, viruses, bacteria, 

worms, mites have a range of 77 - 900 kHz. Sensibility 

spectra of some parasites are presented in Fig.1. 

Fortunately, we can use zapping against pathogens at 

frequency levels lower than human own frequencies. 

Small organisms with a narrow frequency range are 

destroyed very quickly (3 minutes at a voltage of 5V). 

Increased frequencies can kill a number of 

microorganisms (viruses, bacteria, parasites) in just seven 

minutes. 

Examples of different types of diseases, methods of 

treatment and disposal of parasite using herbs, which is 

recommended for complementary to zapping method, can 

be found in paper [1]. 

Active Bioresonance Therapy Device  

Abstract — At the moment studies had proved that a lot of actual and well known diseases are conditioned 

by the presence of parasites of different etiology in human body. The present paper describes a device 

elaborated and manufactured in the Laboratory of Micro-Optoelectronics, TUM, which contributes to 

unmedicated, noninvasive curing method named “zapping”. The device is elaborated basing on a 

microcontroller and possesses a large operating frequency diapason, the frequencies being either dynamic or 

fixed. The device is consisted of operating regime indicators, which represent electroluminescent diodes, an 

audible signal for delimiting the procedures, and an integrated timer, which facilitates the device exploitation. 

 

Index Terms — active bioresonance therapy, zapping. 
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Fig. 1 Sensibility spectra of some parasites.  

 

III.  ELABORATED ZAPPER МF DEVICE  

The Zapper MF device is designed for anti-parasitic, 

anti-bacterial, and anti-viral nonmedical therapy, using a 

method of the american clinician N. R. Clark. It allows 

treating effectively acute and chronic diseases, in which 

the etiology and pathogenesis play an important role in 

parasitic, bacterial, and viral infections. For example, any 

form of liver cancer is assisted by the intestinal parasite 

"fasciolopsis Buski". Clinical efficacy of the device is 

very high (over 90%). Respecting the method of its 

application it can be combined with any other therapy 

such as drug therapy, physiotherapy, homeotherapy, 

acupuncture, etc. 

 

Technical specifications and options are as follows: 

 

 The device generates voltage pulses of fixed and 

floating rectangular frequency; 

 5 positions of fixed frequency or the following 

frequency range: 

o fixed 25 kHz; 

o 50-100 kHz diapason; 

o 100-300 kHz diapason; 

o 300-500 kHz diapason; 

o fixed 434 kHz sinusoidal frequency to 

combat "fasciolopsis Buski”, which is 

responsible for cancer; 

 LED indication of the frequency chosen by the 

user; 

 3 output voltages: 

o 5V – children; 

o 10V – adults; 

o 15V – adults with a height of 2 m and 

higher; 

 LED indication of the voltage chosen by the 

user; 

 Operating timer 7-20-7-20-7 minutes; 

 Beep at the end of each procedure and the 

beginning of a new procedure; 

 The device is powered by the battery or power 

supply unit; 

 Passive filter for attenuating frequencies above 

500 kHz; 

Power consumption is of no more than 50mW. 

 

Operating method of the device 

 

The start / stop of the device can be done using "II" 

(ON) or "I" (OFF) switch. When connecting the device all 

the LEDs light up for 2 seconds, indicating the 

initialization of data and a tone is produced for speaker 

verification. Next, the user must choose the desired 

voltage and fixed frequency or frequency range of work. 

The electrodes needed for therapy are connected to the 

device. It is recommended wrapping the electrodes with 

paper and wetting in salt water. The electrodes are taken 

in hand and after each procedure of 7 minutes the polarity 

is changed (+ red, - black). The device can be started by 

pressing for 2 seconds one of the buttons “Start” or 

“Voltaj”. The treatment takes about 21 minutes, with a 

total pause interval of 40 minutes, according to 7-20-7-

20-7 scheme. 

IV. TECHNICAL DESCRIPTION OF THE DEVICE 

AND SOFTWARE  

In the context of the above principles, it is proposed the 

block diagram of the developed device (Figure 2) and the 

connection method (Figure 3). 

As shown, a microcontroller is used as the core around 

which is built the entire functioning algorithm. 

The device is powered using an external supply block 

or battery and is connected to a 3.3V stabilizer, which 

supplies directly the controller. 

 

 
 

Fig.2 Block diagram of the device. 

 

Voltages of 5, 10 and 15V are created using the DC / 

DC converter guided by the controller. We used the "logic 

voltage converter" block to switch 5, 10 and 15V voltages 
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with 3.3V signal using the controller. Otherwise, the 

scheme is clear and has no difficulty in perceiving. 

Organization of the microcontroller’s operating 

software in module topology has been proposed from the 

start for easy performance of necessary adjustments and 

updates. The microcontroller has the function of forming 

the output frequency selected by the user depending on 

the desired operating regime. 

It also has the function of generating beeps of different 

frequency. A check block of output voltage and current 

was implemented to protect the interior scheme. We also 

split the keyboard query block and the block, which 

indicates the operating regime, supplied additionally with 

a special block, which forms the indicators’ voltage. 

As a result we obtained two similar schemes, which 

allow much easier to check and update the device with 

new features.  

Figure 4 shows the principle circuit diagram of the 

developed device. Atmega 48 microcontroller was used 

because it provides all the necessities as program memory 

as well as the number of inputs / outputs. P1 connector is 

used only for programming the controller. 

 

 
 

Fig.3 Block diagram of software operation. 

 

 

  

 

Fig. 4 Principle circuit diagram of Zapper MF device. 

 

 

The components L1, VT1, VD1 and C2 form the DC / 

DC converter, with which 5, 10 and 15V voltages are 

obtained. The choice of operating regime is performed 

using the SB1, SB2 buttons. SB3 switches on the device. 

The U1:B cell together with D1, R12-R13 creates the 

operating voltage of indicator LEDs VD2-VD12, where 

VD2-VD6 indicate the operating frequency,  VD7-VD9  

 

 

 

indicate the output voltage, VD10-VD12 indicate the 

procedure. Otherwise, all items are auxiliary and are part 

of practically any device which uses the EMS 

implementation structure.  

Figure 5 (front), 6 (back) shows the PCB of the circuit 

presented in Figure 4. 
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Fig. 5 PCB – front. 

 

 

 
 

Fig. 6 PCB – back. 

 

 

 

Fig. 7 View of the device, power unit and electrodes. 

 

 

Figure 7 shows the view of the device Zapper used for 

active bioresonance therapy, the supply block and the 

electrodes. Any supply block which assures 5-20V, 

continuous current can be used. The figure also shows the 

connecting method. 

 

V. CONCLUSION 

The elaborated active bioresonance therapy device 

proposes high reliability, easy setup of procedures, and 

wide mode of operation. The device can be easily rebuilt 

for   portable mode. Due to accessible components the 

bioresonance therapy device is ready for mass production. 
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During the last 10-20 years electromagneto-biology 

with millimeter waves is considered to be one of the main 

new technologies that are utilized nowadays on a large 

scale in medicine, pharmaceutical biotechnology and 

modern agriculture. 

 Extremely high frequency and low intensity 

electromagnetic radiation has a specific role in clinical 

medicine, especially in diagnosis, prophylaxis and 

treatment of various diseases.  Extremely high frequency 

waves or millimeter waves are situated in the frequency 

range between 30 and 300GHz, corresponding to the 

wavelength interval from 1 to 10 mm. 

  The problem of millimeter wave’s and interaction 

with biological environments has a fundamental 

character. This is due to the fact that cosmic millimeter 

waves are absorbed by the Earth’s atmosphere. At a first 

glance, it seems that the living matter evolved without the 

participation of electromagnetic millimeter waves. Living 

organisms use everything that is useful from external 

factors, and millimeter waves can conduct and contribute 

to processing of a high volume of information, fact that is 

not characteristic for other wavelengths (frequencies). 

This fact generated hypothesis according to which living 

organisms generate their own extremely high frequency 

waves.  

  One of the first researchers that proposed a possible 

mechanism of millimeter wave generation by living 

organisms was Nobel Prize Award winner, physicist, H. 

Fröhlich (1968). The generation of extremely high 

electromagnetic waves is also conditioned by the 

metabolic energy. These waves are coherent and therefore 

are characterized with the same frequency, phase, 

polarization and well determined wave vector. 

The energy of vital processes in living cells is 

transformed in local dipole excited oscillations. Due to 

non-linear phenomena at the interaction of dipole 

oscillations and their link with elastic waves, takes place 

the transition of the system from a metastable state with a 

single type of oscillations to a fundamental state, and 

takes place the organizations of a collective giant dipole, 

that represents a coherent state of the biological object. 

This cooperative state conditions the creation in 

biological systems of bose phonons – condensed in the 

frequency region of 10
11

 Hz, far from the thermodynamic 

equilibrium zone.  

The idea of bose phonon formation – condensed in 

biological systems is of a major importance for 

understanding of processes conditioned by the interaction 

of millimeter waves.  It led to understanding of functional 

control mechanisms of the main systems (nervous, 

humoral) that assure the homeostasis of living organisms, 

including the human body, and also to explanation of 

diverse non-linear and cooperative phenomena that take 

place at the interaction of electromagnetic millimeter 

waves with biological objects. From the methodological 

point of view, Fröhlich’s idea is in a close correlation 

with the model of soliton propagation in developed 

biological systems of A. Davydov (1973-1982) and 

developed cooperative phenomena developed by 

Moscalenco (1979-1980). 

 Experimental research in this domain began only in 

late 60’s and early 70’s of XX
th

 century, when the 

millimeter wave generators were developed. Experimental 

investigations demonstrated a number of new peculiarities 

in the interaction processes of electromagnetic millimeter 

wave fields with biological environments. It was 

established that biological effects of millimeter wave 

coherent radiation is observed in densities of the power 

flux density lower than 10 mW/cm
2
 (N. Deveatcov, M. 

Golant 1991). 

In such small densities, integral temperature growth 

of the targeted biological object doesn’t  exceed 0,1 
0
C 

due to the fact that the quantum energy of millimetric 

wave radiation  is lower than the athermic energy, 

h kT  , where h ,  , k  and T are Plank’s constant, 

radiation frequency, Boltzman’s constant and absolute 

temperature. In such a case takes place the so called 

athermic or informational biological effect where 

character and intensity of biological effects do not depend 

on the variation of the millimetric electromagnetic field 

intensity and are determined predominantly by the 

frequency, wavelength and polarization of incident 

radiation. 

Interaction of the Extremely High Frequency 

and Low Intensity of Electromagnetic Radiation 

with Living Objects  

Abstract — The usage of electromagnetic radiation in medicine in general and oncology in particular, 
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First generators of millimeter waves were elaborated 

by the Institute of Radioelectronics of the Academy of 

Sciences of the former USSR under the administration of 

academician N. Deveatcov (1991) and prof. M Golant, 

and used in military purposes: radiolocation, 

communication etc.  

Informational actions have a fundamental role in life 

existence. In was concluded that living objects not only 

generate electromagnetic waves but these assure the 

information transmission from one cell to another, 

contributing in such a way to cell communication in 

plants, microorganisms and animals. 

We will mention that in the elaboration of various 

mechanisms regarding the processes that take place in 

alive biological objects and millimeter waves, it is 

necessary to separate electromagnetic fields: one 

electromagnetic field is external and generated by the 

respective generators and the other is internal, that we will 

call it Fröhlich field, generated by the alive biological 

media itself. 

A special interest, represents the study of the 

interaction of external millimeter radiation with different 

hierarchical structures such as biomacromolecules, cells, 

tissues and finally the whole living organism. As a result 

of this action, in alive media take place diverse biological, 

physiological, genetic, biochemical and biophysical 

effects. Millimeter electromagnetic fields provoke 

biological effects at all organization levels of living 

matter. 

  An undeniable interest represents the experimental 

research regarding the action of millimeter waves on 

microorganisms and laboratory animals. After a series of 

investigations the following were concluded: 

1. The resonance character of the biological effect 

dependence on the frequency of the external 

electromagnetic field. 

2.  Threshold character of the biological effect 

dependence on the density of the power flow of the 

millimetric electromagnetic field. The biological 

effect appears at a certain level, until it reaches the 

saturation level, after which radiation intensity 

increase doesn’t lead to effect increase.  

3. Dependence of the biological effect on the time of 

irradiation, after a time threshold the electromagnetic 

field doesn’t lead to effect increase. 

4. Dependence of the biological object on its initial 

state. 

We will mention that the interaction of 

electromagnetic millimeter waves with alive organisms is 

an extremely complicated issue, conditioned first of all by 

the complexity of the biological objects and by the 

processes that take place in biological media.  

The existence of internal electromagnetic and acoustic 

fields, generated by biological media itself and also 

external electromagnetic fields have a fundamental 

importance in explaining the electromagneto-biological 

effects of alive biological objects.  Their confusion lead to 

wrong interpretation of the interaction mechanisms 

between external electromagnetic fields with studied 

biological media (irradiated). After an impressive number 

of fundamental, theoretical, experimental and applicative 

researches that took and take place in Russian Federation, 

Ukraine, Italy, Japan, France, China, Romania regarding 

the action of millimeter electromagnetic fields on 

microorganisms and lab animals, app. 30 years ago began 

massive usage of millimeter waves in clinical medicine. 

Nowadays the millimeter wave therapy is widely used in 

the most famous clinics and scientific medical centers in 

the treatment of over 120 diseases. 

Even if till now, wasn’t identified the physical, 

biophysical, biological and biochemical interaction 

mechanism of low intensity millimeter waves with the 

human body, with the help of millimeter therapy were 

successfully treated millions of patients. Millimeter waves 

are used in almost all pathologies: cardiology, neurology, 

oncology, gynecology, urology, gastroenterology, 

surgery, pharmacology, pediatrics, etc.  

 In millimeter wave therapy are used generators with 

coherent and stochastic radiation of low and very low 

intensity that do not lead to the heating of the human 

tissue, an important difference between other 

physiotherapeutic devices. Experimental researches 

proved that no side-effects appear at the interaction of 

these electromagnetic fields with biological objects. After 

a series of investigations was concluded: 

5. Cumulative character of the curative effect. 

Dependence of the curative effect on the surface, 

localization and used irradiation time. 

6. Electromagnetic radiation propagation at substantial 

distances from the place of irradiation Propagation of 

millimeter waves take place only in alive organisms, 

and their reception takes place only when the 

organism is ill. 

7. Stimulation of non-specific body resistance by the 

millimeter radiation. Mobilization of the 

compensatory body reserves. The dependence of the 

therapeutic effect on the external electromagnetic 

millimeter field frequency. Development of 

therapeutic processes without toxic, allergic reactions 

or other side-effects.  Complementation with other 

types of treatment: drugs, physiotherapeutic etc. 

8. Possibility of millimeter waves utilization as 

monotherapy. Dependence of the therapeutic effect 

on the place of radiation application (biological 

active points, Zaharin-Ged zones). Millimeter therapy 

possesses anti-stress action, leads to the increase of 

body immunity, decrease of allergic reactions. 

Increase of the therapeutic effect in conditions of 

combined administration of millimeter, physio and 

chemotherapy. 

Among the most common methods of cancer treatment 

are surgery, chemo- and radiotherapy. Combined 

treatment is commonly practiced, where surgery is 

supplemented by chemotherapy or radiation. Note that in 

general, these methods are not effective enough.  

In oncological practice the microwave range of 

electromagnetic waves and laser therapy is widely used. 

Microwave treatment is applied in destruction of tumor 

cells as a result of local temperature increase of the tumor 

cells. The depth of the optimal heating is of 

approximately 4-5 cm. Chemotherapy is usually used for 

the treatment of disseminated cancer sites, when the body 

protective mechanisms are significantly reduced. 

Hyperthermia increases the damage of tumor tissues, 
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therefore it significantly increases the antitumor activity 

of chemotherapeutic drugs.  

The laser therapy is used in the prevention and 

treatment of radiation injuries that usually appear during 

radiotherapy, for the treatment of various complications in 

the postoperative period, during rehabilitation and 

palliative care. 

Low-intensity laser radiation is used in oncology to 

treat the complications of chemoradiotherapy, as an anti-

inflammatory and immunomodulatory remedy, was 

proved to be effective in pain relief and increases the 

speed of wound healing.  

Cancer treatment was proved to be more efficient 

when several physical factors are used during treatment, 

the effect of which achieves greater efficiency when 

combined. Lasers are also used in thermotherapy and its 

advantage, in this case, in comparison to other energy 

sources, is connected to the monochromatic and coherent 

proprieties of laser irradiation, thus providing a local 

irradiation with high energy and intensity, which leads to 

the death of cancer cells.   

Given the continuous increase of cancer incidence 

and as a consequence an increase in mortality through 

oncological diseases, in recent decades were undertaken 

research, targeted to identify fundamentally new 

technologies in cancer treatment. 

In the early 70s of the twentieth century on the 

initiative of the academician Devyatkov in a number of 

medical institutions of the USSR, was adopted a program 

of clinical testing using millimeter waves in the treatment 

of various diseases. This fundamentally new method, 

which at the initial stage was classified as secret, was first 

tested in more than 60 clinics, including such major 

medical centers as the All-Union Oncologic Scientific 

Center of the Russian Academy of Medical Sciences and 

Central Institute of Traumatology and Orthopedics. 

As a result of the above mentioned researches was 

identified that millimeter wave therapy has a high 

efficiency in the treatment of many diseases: 

cardiovascular, neurological, urological, skin, 

gastrointestinal, dental, gynecological, oncology, etc. 

Clinical trials of the millimeter wave therapy led to 

the conclusion that this method has no side-effects in 

medicine. 

Millimeter wave therapy has no side effects and its 

specific features are:  

 Can be used in the treatment of various diseases  

 Non-invasive 

 Can be used as monotherapy 

 Anti-stress effect 

 Analgesic effect  

 Other 

Currently, low-intensity millimeter radiation is 

widely used in medicine to treat more than one hundred 

diseases and has been successfully applied in various 

countries from Europe, Asia and North America 

Note that the millimeter therapy has been widely used 

in the treatment of cancer. 
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I. INTRODUCTION 

 Stem cells are immature, unspecialized cells that 

have the potential to develop into many different cell 

lineages via differentiation. By the conventional 

definition, these cells can renew themselves indefinitely 

through ‘‘self-renewal’’ [1], and they vary in terms of 

their location in the body and the type of cells that they 

can produce. Recent studies have revealed that the oral 

tissues, which are easily accessible for dentists, are a rich 

source of stem cells. Given their unique abilities, stem 

cells are particularly important for developing innovative 

technologies for tissue engineering strategies [2] to 

regenerate or replace damaged, diseased or missing 

tissues and even organs by in vitro cell manipulation and 

design of the extracellular environment. In dentistry, 

tissue engineering is also considered to be a new frontier 

in the regeneration of missing oral tissues/organs [3, 4]. 

For example, various degrees of alveolar bone resorption 

occur after tooth loss/extraction because of periodontal 

disease, severe caries, root fractures or accidental trauma 

[5]. In addition, the bone resorption in the residual ridge, 

particularly in the mandible, continues throughout life in 

many edentulous patients [6]. The severe bone resorption 

in edentulous areas makes it difficult to restore the 

missing teeth with dental implants or denture treatment 

[7–9]. Therefore, stem cell and tissue engineering 

therapies are expected to provide a novel capability to 

regenerate large defects in periodontal tissues [10] and 

alveolar bone [11–13], and to ultimately replace the lost 

tooth itself [14, 15]. The tissues and organs targeted for 

such regenerative medicine strategies in dentistry include 

the salivary gland [16], tongue [17] and craniofacial 

skeletal muscles [18], as well as the condylar cartilage of 

the temporomandibular joint [19, 20]. Many basic and 

translational studies with stem cells and the other key 

elements of tissue engineering, i.e., bioactive factors and 

extracellular matrix scaffolds [21, 22], have been 

conducted in animal models to develop the concept of 

oral tissue and organ regeneration for clinical application 

in dentistry. In addition, stem cell-based tissue 

engineering has already been applied to clinical trials with 

demonstrated efficacy in orofacial bone tissue 

regeneration [11–13]. Despite these promising successes, 

recent findings that various types of stem cells can be 

obtained from the oral and maxillofacial region may lead 

to confusion regarding the role of stem cells and 

regenerative biology in dentistry, particularly with regard 

to the optimal type of stem cells for oral tissue and organ 

regeneration. There are two primary sources of stem cells: 

adult stem cells and embryonic stem (ES) cells. In 

addition to these stem cells, which are naturally present in 

the human body, induced pluripotent stem cells have been 

recently generated artificially via genetic manipulation of 

somatic cells [23, 24]. Embryonic stem and induced 

pluripotent stem cells are collectively referred to as 

pluripotent stem cells because they can develop into all 

types of cells from all three germinal layers. In contrast, 

most adult stem cells are multipotent, i.e., they can only 

differentiate into a limited number of cell types. We 

herein outline the different types ofstem cells under 

consideration for applications in dentistry in terms of their 

clinical availability. Stem cells can be defined as self-

replicate cells that are able to differentiate into at least 

two different cell types.  Both conditions must be present 

for a cell to be considered a stem cell.  For example, 

osteoblasts are not stem cells.  Although osteoblasts 

differentiate into osteocytes, they typically do not 

differentiate into other cell types except osteocytes.  

Osteocytes are not stem cells; they are end-lineage cells 

that typically neither self-replicate and not differentiate in 

to another cells type . Mesenchymal stem cells (MSC) 

can be isolated from different sources.  First described in 

bone marrow, MSC have been extensively characterized 

in vitro by the expression of markers such as STRO-1, 

CD146 or CD44. STRO-1 is a cell surface antigen used to 

identify osteogenic precursors in bone marrow, CD146 a 

pericyte marker, and CD44 a mesenchymal stem cell 

marker.  MSC possess a high self-renewal capacity and 

the potential to differentiate into mesoderm lineages thus 

forming cartilage, bone, adipose tissue, skeletal muscle 

and the stroma of connective tissues.  The potential of 
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dental MSC for tooth regeneration and repair has been 

extensively studied in the last years.  Below, we will 

present the mesenchymal progenitors that have been 

assessed for tooth engineering purposes, such as 

progenitors derived from teeth (adult dental pulp, apical 

part of papilla, dental follicle, periodontal ligament) and 

bone marrow .Stem cells from human exfoliated 

deciduous teeth (SHED). The isolation of post-natal 

stem cells from an easily accessible source is 

indispensable for tissue engineering and clinical 

applications.  Recent findings demonstrated the isolation 

of mesenchymal progenitors from the pulp of human 

deciduous incisors.  These cells were named SHED (Stem 

cells from Human Exfoliated Deciduous teeth) and 

exhibited a high plasticity since they could differentiate 

into neurons, adipocytes, osteoblasts and odontoblasts.  In 

vivo SHED cells can induce bone or dentin formation but, 

in contrast to dental pulp, DPSC failed to produce a 

dentin-pulp complex .Adult dental pulp stem cells 

(DPSC).  The possibility that tooth pulp might contain 

mesenchymal stem cells was first suggested by the 

observation that severe tooth damage that penetrates both 

enamel and dentine into the pulp stimulates a limited 

natural repair process, by which new odontoblasts are 

formed, which produce new dentine to repair the lesion 

(Smith A. J., Lesot H., 2001).  Putative stem cells from 

the tooth pulp and several other dental tissues have now 

been identified.  The first stem cells isolated from adult 

human dental pulp were termed dental pulp stem cells 

(DPSCs) .  They were isolated from permanent third 

molars, and exhibited high proliferation  and high 

frequency of colony formation that produced sporadic, but 

densely calcified nodules.  Additionally, in vivo 

transplantation into immunocompromised mice 

demonstrated the ability of DPSCs to generate functional 

dental tissue in the form of dentine/pulp-like complexes 

[2].  Further characterization revealed that DPSCs were 

also capable of differentiating into other mesenchymal 

cell derivatives in vitro such as odontoblasts, adipoctyes, 

chondrocytes and osteoblasts (Koyama N., et al., 2009).  

DPSCs differentiate into functionally active neurons, and 

implanted DPSCs induce endogenous axon guidance, 

suggesting their potential as cellular therapy for neuronal 

disorders (Arthur A. et al., 2009).Stem cells from the 

apical part of the papilla (SCAP).  Recently was 

discovered another type of MSCs in the apical papilla of 

human immature permanent teeth termed stem cells from 

apical papilla (SCAP) (Wataru Sonoyama, Yi Liu, 

Takayoshi Yamaza, 2008).  Was found that apical papilla 

is distinctive to pulp in terms of containing less cellular 

and vascular components than those in pulp. Cells in 

apical papilla proliferated 2- to 3-fold greater than those 

in pulp in organ cultures.  Both SCAP and DPSCs were as 

potent in osteo/dentinogenic differentiation as MSCs from 

bone marrows while weaker in adipogenic potential.  The 

immunophenotype of SCAP is similar to that of DPSCs 

on the osteo/dentinogenic and growth factor receptor gene 

profiles.  Double staining experiments showed that 

STRO-1 co-expressed with dentinogenic markers such as 

bone sialophosphoprotein (BSP), osteocalcin (OCN) and 

growth factors FGFR1 and TGFβRI in cultured SCAP.  

Stem cells from the apical part of the human dental 

papilla (SCAP) have been isolated and their potential to 

differentiate into odontoblasts was compared to that of the 

periodontal ligament stem cells (PDLSC).  SCAP exhibit 

a higher proliferative rate and appears more effective than 

PDLSC for tooth formation. Importantly, SCAP are easily 

accessible since they can be isolated from human third 

molars.Stem cells from the dental follicle (DFSC). 

DFSC have been isolated from follicle of human third 

molars and express the stem cell markers Notch1, STRO-

1 and nestin.  The dental follicle is a loose of 

ectomesenchyme-derived connective tissue sac 

surrounding the enamel organ and the dental papilla of the 

developing tooth germ before eruption (Ten Cate, 1998).  

It is believed to contain progenitors for cementoblasts, 

PDL and osteoblasts.  Dental follicle cells (DFC) form the 

PDL by differentiating into PDL fibroblasts that secrete 

collagen and interact with fibres on the surfaces of 

adjacent bone and cementum.  DFC can form 

cementoblast-like cells after transplantation into SCID 

mice (Handa K. et al., 2002).  Dental follicle progenitor 

cells isolated from human third molars are characterized 

by their rapid attachment in culture, expression of the 

putative stem cell markers Nestin and Notch-1, and ability 

to form compact calcifiednodules in vitro (Lin N. H. et 

al., 2008).  DFC were transplanted into 

immunocompromised mice, however, there was little 

indication of cementum or bone formation (Lin N. H. et 

al., 2008).  DFC, in common with SCAP, represent cells 

from a developing tissue and might thus exhibit a greater 

plasticity than other dental stem cells.  However, also 

similar to SCAP, further research needs to be carried out 

on the properties and potential uses of these cells. 

Periodontal ligament stem cells (PDLSC).  The PDL is 

a specialized tissue located between the cementum and 

the alveolar bone and has as a role the maintenance and 

support of the teeth.  Its continuous regeneration is 

thought to involve mesenchymal progenitors arising from 

the dental follicle.  PDL contains STRO-1 positive cells 

that maintain certain plasticity since they can adopt 

adipogenic, osteogenic and chondrogenic phenotypes in 

vitro.  It is thus obvious that PDL itself contains 

progenitors, which can be activated to self-renew and 

regenerate other tissues such as cementum and alveolar 

bone.  It was shown that cultured PDLSCs proliferate in 

higher rate on the rough surface especially at the 75μm 

Al2O3 particle treated surface than other surfaces.  Also, 

osteocalcin was highly expressed on the rough surfaces 

treated with 75μm and 125μm Al2O3 particles (Heo Y. Y., 

Um S., Kim S. K., Park J. M., 2011). Bone marrow 

derived mesenchymal stem cells (BMSC). BMSC have 

been tested for their ability to recreate periodontal tissue.  

These cells are able to form in vivo cementum, PDL and 

alveolar bone after implantation into defective periodontal 

tissues.  Thus, bone marrow provides an alternative 

source of MSC for the treatment of periodontal diseases 

(Kawaguchi H., 2004).  BMSC share numerous 

characteristics with DPSC and are both able to form bone-

like or tooth-like structures. However, BMSC display a 

lower odontogenic potential than DPSC (Yu J. et al., 

2007), indicating that MSC from different embryonic 

origins are not equivalent.  Indeed, DPSC derive from 

neural crest cells, whereas BMSC originate from the 

mesoderm.  Furthermore, the comparison of the 

osteogenic and adipogenic potential of MSC from 
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different origins shows that, even if cells carry common 

genetic markers, they are not equivalent and are already 

committed toward a specific differentiation pathway 

(Musina R. A. et al., 2006).  Commitment could arise 

from conditioning of stem cells by their specific 

microenvironment or stem cell niche. 

II. MATERIAL AND METHODS 

The study was effectuated on 25 extracted 

Vietnamese pigs teeth aged between 2-3 months. The 

cells were obtained from dental pulp by digestion in 

0,25% dispase I (SIGMA) for 10 min at 37 
0
C. The cells 

were cultivated in 24 well in triplicate, in DMEM 

(HiMedia), 10% FBS (SIGMA), 5%CO2, 96% humidity 

and temperature 37
0
C. 

III. RESULTS AND DISSCUTION 

The cells were cultivated in 0,5x10
6
 cells per well, 

in 3,0cm diameters culture dish during seven days. The 

half media was changed by fresh one every two days. At 

the end of this period cells were colored by Romanovski 

and counted under the light microscope. The number of 

the cells after seven days cultivation were: 4,5±0,3x10
6
 

per well. 

With regard to accessibility, bone marrow 

aspiration from the iliac crest and liposuction from extra-

oral tissue is not an easy operation for dentists because of 

the limitations of the dental license and the dental 

specialization. In contrast, orofacial bone marrow, 

periosteum, salivary glands and dental tissues are 

accessible stem cell sources for dentists; however, the 

isolation of stem cells from these locations may still not 

be convenient because it requires surgical procedures or 

tooth or pulp extraction. Additionally, even if impacted 

wisdom teeth could be a cell source, not all adults require 

the extraction of the wisdom teeth. Furthermore, these 

adult stem cells are present in small quantities and can 

therefore be difficult to isolate, purify and expand 

homogeneously. In contrast, the gingiva, which is a 

tissue that is easily obtainable by dentists and whose 

cells can be easily expanded from patients with minimal 

discomfort, seems to be a promising source of adult stem 

cells [98–100] and iPS cells [101] in dentistry. More 

studies are necessary to determine the regenerative 

abilities of gingival-derived stem cells in oral tissues. 

Research on all available stem cells in dentistry should 

be continued to permit their manipulation for the 

regeneration of oral tissues. Based on the accumulated 

knowledge, the type of stem cell to be used for a given 

application will be decided by considering a balance of 

the differentiation capacity with accessibility/availability, 

which may vary on a case-by-case basis. 

Conclusions 
The teeth’s could be a rich source of adult stem 

cells. Many intra-oral tissues, such as deciduous teeth, 

wisdom teeth and the gingiva, are not only easily 

accessible from the oral cavity but can also often be 

obtained as a discarded biological sample. Therefore, 

dental professionals should recognize the promise of the 

emerging field of regenerative dentistry and the 

possibility of obtaining stem cells during conventional 

dental treatments that can be banked for autologous 

therapeutic use in the future. The discarded oral tissues 

can also be used to generate induced pluripotent stem 

cells that can be used not only for the autologous cell-

based regeneration of complex oral tissues but also for the 

patientspecific modeling of oral diseases and the 

development of tailor-made diagnostic and drug screening 

tools for alveolar bone augmentation and oral cancer 

treatment. 
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I. INTRODUCTION 

Chronic otitis media with effusion (COME) is one of 

the most common diseases of early childhood. Majority of 

children - 90% develop some form o otitis media with 

effusion before school age. OME means the presence of 

middle-ear effusion (MEE). MEE decreases tympanic-

membrane (TM) mobility and impedes the transfer of 

energy via the middle ear, resulting in hearing losses, 

commonly between 15 and 40 dB HL. A hearing loss 

associated with recurrent episodes of OME during critical 

learning phases can lead to long-term consequences 

including deficits in language development, auditory 

processing, binaural hearing, speech perception, sound 

localization, cognitive ability, and academic success. [1, 

2, 3]  

Middle ear effusion (MEE) is characterized by the 

accumulation of fluid in the middle ear. This effusion can 

be serous, thin or sero-mucous, viscous, or mucous, thick, 

or, in some cases, purulent, muco-purulent. These 

characteristics are evident during surgical intervention – 

myringotomy or tympanotomy.  

The information of MEE presence and characteristics 

is essential for correct treatment.    

Myringotomy or tympanotomy is the gold standard 

for identifying MEE, and, combined with applications of 

clinical decision theory, can be used to evaluate the 

performance of noninvasive alternative techniques in 

predicting of MEE presence.  

Pneumatic otoscopy is a method of visualization of 

tympanic membrane and assessment of it mobility, widely 

used for diagnostics of OME. Checking of tympanic 

membrane mobility is recommended as a very important 

tool for ear examination in pediatric and family doctors 

practice.  [2,3,4,5] 

 

 

Otomicroscopy has several benefits over pneumatic 

otoscopy. The higher magnification and brighter light of 

otomicroscopy allow a more detailed exam of the 

tympanic membrane and the middle-ear space. The 

accuracy of otomicroscopy has rarely been evaluated for 

diagnosing OME. [2] 

Both methods – pneumatic otoscopy and 

otomicroscopy are subjective (depend of quality, 

experience of specialist and sometimes are problematic in 

small children without sedation. [3] 

The confirmation of OME-diagnostics in early 

childhood needs objective audiological tests. [2,3,4] 

Clinical guidelines of OME management 

recommends tympanometry 226-Hz or reflectometry 

additionally to pneumatic otoscopy for diagnostics of 

OME. Clinical 226-Hz tympanometry, which measures 

middle-ear admittance across a pressure change in the ear 

canal, is a reliable and objective measure characterized by 

good inter-tester agreement. [3, 4, 5, 6] 

The measurement of otoacoustic emissions (OAEs) 

in the patients with MEE showed the markedly decreased  

otoacoustic emissions on various types of OAEs. In 

patients with OME, TEOAE and DPOAE can be altered 

significantly or may even be completely absent. [2, 3, 4,5] 

The precision of auditory function in childhood and 

differentiation of middle ear pathology from hearing loss 

of other genesis is possible with the Brainstem Electrical 

Response Audiometry (BERA). [2, 3, 4, 6] 

This summary demonstrates that there is a need to 

improve the current methods ability in characterization of 

MEE.  

II. OBJECTIVES 

The primary goal of the present study is to evaluate 

our methodological complex in predicting MEE and its 

characteristics in children using tympanotomy as the gold 

standard.  

Diagnostics of Otitis Media With Effusion 

Abstract — Background. Chronic Otitis media with effusion (COME) is characterized by presence of 

effusion in the middle ear behind an intact tympanic membrane during 3 months or more. This study 

was conducted to evaluate the influence of middle ear effusion on Pneumatic Otoscopy, Otomicroscopy, 

Impedance Audiometry, Distortion product otoacoustic emission (DPOE) and Brainstem Electrical 

Response Audiometry (BERA). 

Material and methods. This is a prospective comparative study. Children with COME established 

on the basis of Otomicroscopy, complete Audiologic examination underwent tympanotomy with 

collection of effusion from the middle ear. Presence and character liquid were compared with the results 

of preoperative examinations.   

Results. We found the substantial inter-tool agreement between tympanotomy and otomicroscopy, 

impedance audiometry with the detailed analysis, and BERA with hearing thresholds level and latencies 

I analysis. 

Conclusion. Detailed analysis of all characteristics of the electro-acoustical and electro-physiological 

tests is able to improve our knowledge of ME content what is important for our understanding of the 

stage of pathological process in the middle ear and for indication of comprehensive management.  

SMPhU “N. Testemitanu” Department of  ORL 
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III. MATERIAL AND METHODS 

Subjects. 

Children aged 2 to 5 years who visited the 

Republican Hospital for Children and s howed otoscopic 

and (or) tympanometric findings of middle ear effusion 

were included in this study. All patients received medical 

treatment of nasopharyngeal pathology according to 

indications. The absence of stable normalization of 

middle ear function during 3 mo after the treatment was 

indication for including in the Project. A total number of 

68 ears from 34 children corresponded to our were 

examined by the complex of Audiological assessment 

(screening tympanogram, DPOAEs, Impedance 

Audiometry, pure tone audiograms and BERA were 

performed on each ear a day before tympanotomy and 

tube placement.  

Methods 

A pneumatic otoscope (Beta 200 Diagnostic 

Otoscope; Heine, Germany) with a 3.5 V XHL Halogen 

illuminator was used. Otomicroscope was also used. The 

tympanic membrane was evaluated for color, position and 

mobility. In this study, the appearance of the typical 

normal tympanic membrane was defined to be 

translucent, pearl-gray, fully mobile and with no evidence 

of effusion. OME was diagnosed when one or more of 

following findings were seen: an opaque tympanic 

membrane, the TM was yellow or amber color, the TM 

with decreased mobility, the presence of an air fluid level 

or bubbles, and a retracted tympanic membrane. [9, 10] 

The Impedance audiometer with a probe tone 

frequency of 226 Hz and a positive and negative pressure 

sweep between +200 and -400 daPa was used for the 

tympanogram. The sweep speed was 600 daPa/s except 

near the tympanogram peak where it slowed to 200 

daPa/s, and the compliance range was 0.1–0.6 ml. Three 

consecutive tests were performed to get a reliable curve 

for interpretation. The tympanometric curve results were 

classified according to classification by Jerger in 

modification by М. Tos [2] as type A, B, C1 and C2. The 

type A and C curves were interpreted as no middle-ear 

effusion, and type B was interpreted as a predictive of 

middle-ear effusion. 

 
Fig.1. Tympanogram types by Jerger in modification 

by М. Tos. 

Type A: pressure +50 - -99 daPa                        Type 

C1: pressure -100 -   -199 daPa                  Type C2: 

pressure <-200 daPa                            Type B: 

pressure no peak of compliance 

 

Because of different shapes of tympanograms 

registered in one type (Fig.2) we decided to analyze and 

other characteristics of every curve. [4, 5, 6]   

 
Fig.2. Different shapes of the tympanograms of the 

same type. 

 

Compliance and absolute gradient as well as relative 

gradient were calculated according to Brooks (Fig.2).  

 

 
Fig.2. Schema of compliance characteristics calculation. 

W – width 

V – volum 

½ V – ½ volum 

C – compliance 

Ga – absolute gradient 

Gr – relative gradient    Gr=C/Ga 

 

OME was suspected if the compliance was less than 

0.21 ml, or absolute gradient less than 0.06 ml, or relative 

gradient less than 0.25. [9, 10, 11, 12] 

The presence or absence of an acoustic reflex was 

tested ipsi laterally at 1000 Hz and 95, 100. 105, 110 dB 

SPL, using automatic impedance audiometry. Absence of 

acoustic reflex is suspicious for otitis media. 

Brainstem Electrical Response Audiometry. 

recordings were obtained under commonly used 

conditions. BERA were recorded from cup electrodes 

applied at C, A1 and A2 (international 10 - 20 system). 

Clicks 0.1 ms in duration were presented through TDH - 

39 earphone at 7 intensity levels in 10 dB steps (70 - 

10dB)  until BERA threshold was established. Peak 

Latencies (I, III, V) and BERA threshold levels were 

registered; Function Latency-Intensity (V) was analyzed. 

 The registration of potential electrical activity on 20 

dB or more was considered as significant for conductive 

hearing loss, characteristic for OME. 

Additionally, wave PL I prolongation in serial 

recordings and the shortness of I - V inter-peak latency 

were checked as an indicator of OME. [10, 12] 

DPOAE results were divided into positive and 

negative. 

Collection of effusion was performed in all cases 

under general anesthesia during surgical intervention 

which was conducted by the clinical reasons. Surgery was 

performed using otomicroscope. Collection of fluid was 

analyzed visually and gradated on 3 grades: 1. no 

+/- 50 mm H2O 

C 

Ga 

P 
mm H2O 

V 

W 

½ V 

0 -100 -200 
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effusion, 2. thin liquid serous or sero-purulent effusion, 3. 

thick viscous content of tympanic cavity.  

The sensitivity and specificity of the 5 diagnostic 

tools were calculated. Accuracy was calculated as the 

proportion of true results (both true positives and true 

negatives) in the study population. The sensitivity and 

specificity of the four diagnostic tools and the 

tympanotomy were compared.  Inter-tool agreement for 

the detection of OME was assessed by using kappa-

statistics. K values lower than 0.4 meant low agreement, 

between 0.41 and 0.60 meant moderate agreement, those 

between 0.61 and 0.80 meant substantial agreement and 

those between 0.81 and 1.0 meant almost perfect 

agreement. 

IV. RESULTS 

The total participants were 34 children (15 boys and 

19 girls). The mean patient age was 38.8 months 

(standard deviation: 13.8 months, range: 24–60 months). 

The results of the 5 diagnostic tools in prediction of 

MEE were compared with that of tympanotomy.  

The inter-tool agreement between otomicroscopy and 

tympanotomy was substantial (kappa = 0.76), pneumatic 

otoscopy showed moderate agreement with tympanotomy 

(kappa = 0.51).   Tympanogram analysis using 

classification by Jerger in modification of Tos showed 

moderate agreement (kappa = 0.45), but after the 

enlargement of analysis and including of characteristics 

details it was substantial (kappa = 0.80); even for 

prediction of thin/thick effusion this agreement was 

substantial (kappa = 0.68). The inter-tool agreement 

between reflectometry and tympanotomy was low (kappa 

less than 0.3, because of low specificity of this method. 

But its very high sensitivity together with tympanogram 

results improves the inter-tool agreement between 

impedance audiometry and tympanotomy to almost 

perfect (kappa = 0.82). The inter-tool agreement between 

DPOAE and tympanotomy was moderate (kappa = 0.46), 

but with the adjustment for the effusion characteristics 

(thin or thick), it showed better agreement - substantial 

(kappa = 0.73). The inter-tool agreement between BERA 

hearing thresholds level and tympanotomy was moderate 

(kappa = 0.47); the enlargement of analysis and including 

of latencies I details improved the agreement to substanial 

one (kappa = 0.76). 

V. DISCUSSION 

This study surveyed the accuracy of several 

diagnostic tools, such as pneumatic otoscopy, 

otomicroscopy,  tympanometry, reflectometry, DPOAE 

and BERA for making the diagnosis of OME in a 

pediatric population. The specific purpose of this study 

was to determine the ability of these noninvasive methods 

to predict presence of effusion and to predict even quality 

of effusion (thin or thick).    

Clinical practice guideline for managing OME 

developed by 2004 by the Agency for Healthcare 

Research and Quality with the American Academy of 

Pediatrics (AAP), the American Academy of Family 

Physicians and the American Academy of 

Otolaryngology-Head and Neck Surgery. It was based on 

evaluating diagnostic studies which compared the ability 

of different noninvasive methods to diagnose MEE in 

patients with OME preoperatively. According to this 

guideline pneumatic otoscopy and tympanometry are the 

primary diagnostic complex for OME. 

Current clinical practice guidelines for treating MEE 

are based primarily on pneumatic otoscopy, which 

enables visual inspection of TM mobility in response to 

pressure changes in a hermetically sealed ear canal. 

Studies have evaluated the ability of pneumatic otoscopy 

to predict the presence of MEE as validated by surgical 

findings at myringotomy. A meta-analysis showed that 

pneumatic otoscopy was the best of eight methods for 

diagnosing MEE in children (sensitivity and specificity of 

94% and 80%, respectively). Separate studies report 

sensitivity values from 85% to 91% and specificity from 

58% to 89%. Recent analysis demonstrated correlation 

value = 0.111 between pneumatic otoscopy and 

myringotomy, which is relatively low. Although 

pneumatic otoscopy has potential in predicting MEE it is 

not enough for diagnostics of OME. The procedure needs 

some conditions, such stillness of the patient during 

several minutes and his patience on pressure changing in 

external auditory canal. The interpretation of test results is 

characterized by subjectivity and depends on quality and 

experience of specialist.  For obvious reasons, 

myringotomy cannot be used with subjects for whom 

there are no indications of middle-ear dysfunction, 

therefore not all cases are controlled by surgery.  

We performed pneumatic otoscopy in all patient 

which were planned for tympanotomy by the analysis of 

complex examination of middle ear and clinical reasons. 

The pneumatic otoscopy test was performed in all cases 

under general anesthesia before surgery, therefore we 

excluded any anxiety of the child and any inconvenience 

in achieving of hermetical closure of the external auditory 

canal by the ear speculum. Even in this conditions the 

agreement between pneumatic otoscopy and 

tympanotomy was moderate. Realization of this 

procedure in early childhood and evaluation of the results 

by pediatrician or family doctor in everyday practice is 

questionable.   

Otomicroscopy before surgical intervention reveals 

much more information and we confirm substantial 

agreement between otomicroscopy and tympanotomy. 

Tympanometry is widely used for a clinical purpose 

to diagnose OME. When compared to tympanotomy, 

tympanometry predicts MEE with sensitivity from 80% to 

90% and specificity from 74% to 100%. This large range 

of values is the result of differences in the components of 

the tympanogram across studies that were used to make 

predictions of MEE. Some authors report a single 

predictive value of 89% when using flat tympanograms to 

predict MEE. Using several tympanometric parameters 

(i.e., gradient, width, peak pressure, and admittance), give 

possibility for others to conclude, that width is the most 

accurate predictor of MEE, with a sensitivity and 

specificity of 81% and 82%, respectively. [2, 4, 6] 

We analyzed the ability of all characteristics of the 

tympanogram in MEE prediction. Our results 

demonstrated high sensitivity and specificity of the 

complex – compliance, absolute gradient and relative 

gradient.  The enlargement of analysis and including of 

characteristics details improved inter-tool agreement from 
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moderate to substantial; even for prediction of thin/thick 

effusion this agreement was substantial. High sensitivity 

of reflectometry despite the relatively low specificity 

together with tympanogram results improves the inter-tool 

agreement between impedance audiometry and 

tympanotomy to almost perfect. 

Some recent reports about the measurement of 

otoacoustic emissions (OAEs) in the patients with MEE 

showed the markedly decreased otoacoustic emissions on 

various types of OAEs. In patients with serious middle ear 

disorders, TEOAE and DPOAE can be altered 

significantly or may even be completely absent. Chronic 

otitis media with effusion (OME) had no measurable 

evoked OAEs in 50 % of cases, the type of effusion in the 

middle ear affected the presence or absence otoemissions. 

Others demonstrated that MEE resulted in a significant 

reduction in TEOAEs and mucoid effusion reduced the 

emissions more than nonmucoid. [2, 4, 6] 

In our study the inter-tool agreement between 

DPOAE and tympanotomy was moderate, but with the 

adjustment for the effusion characteristics (thin or thick), 

it showed better agreement – substantial.  

Sensitivity and specificity of BAER in detection of 

OME varies from 79 % to 83 % and 69 % to 72 % 

respectively. [2, 4]  By our opinion, BAER hearing 

thresholds level are sensitive to thick mucous effusion, 

but othes characteristics, such as wave PL I prolongation 

in serial recordings and the shortness of I - V inter-peak 

latency are sensitive even to thin serous MEE.  

VI. CONCLUSION 

These preliminary data demonstrate the possibility to 

precise the diagnostics of OME by noninvasive tools.  

 

Detailed analysis of all characteristics of the electro-

acoustical and electro-physiological tests is able to 

improve our knowledge of ME content what is important 

for our understanding of the stage of pathological process 

in the middle ear and for indication of comprehensive 

treatment.  
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I. INTRODUCTION 

The issues posed by chronic tonsillitis have surpassed 

the limits of ENT science. This disease is increasingly the 

object of study by representatives of theoretical medical 

science and various specialties of clinical medicine such 

as: pediatrics, rheumatology, nephrology, immunology, 

allergology, etc. Inflammatory processes located in 

tonsillar lymphatic tissue encourage development of 

human systemic complications and worsen their 

pathogenesis. 

Human health is formed as a result of a complex 

interconection between hereditary-constitutional 

peculiarities of the human body, the surrounding 

environment and society. The variation in the norm of 

human pathology by ethnic and geographic factors1 has 

already been ascertained. The prevalence of chronic 

tonsillitis in a population, according to various local and 

foreign sources, varies widely from 5 percent to 50 

percent. Timely diagnosis and adequate treatment of 

chronic tonsillitis in children decreases the number of 

possible complications resulted from a source of chronic 

infection.  

An epidemiological study of chronic tonsillitis in 

children from rural and urban regions of the Republic of 

Moldova conducted in year 2010 concluded that the 

average prevalence of this disease is quite high – 7.7 

percent. Chronic tonsillitis is encountered more often after 

the age of 12-13. A chronic or recurrent inflammatory-

microbial pathology is a manifestation of general or local 

immunological abnormalities.   Today, the  polietiologic 

aggression on the respiratory mucosa is continuously 

growing and expanding.  Given the modification of 

microbial flora and its lack of sensitivity to antibacterial 

therapy, palatal tonsils are under increasing pressure to 

adjust and act as defense agents.  

Considering the role of palatal tonsils in the human 

body, medical professionals exercise cautiousness when 

considering tonsillectomy, especially in children, when 

the tonsil’s physiological function is at its highest2, 3, 4, 

5. Use of new diagnosis methods for measuring local and 

systemic immunity reactions, in correlation with a clinical 

evolution of the disease, will allow us in the future to gain 

in-depth knowledge about  certain etiopatogenetic aspects 

of chronic tonsillitis. This will also enable medical 

professionals to develop new complex conservative 

treatment methods in order to stimulate healing and 

sanation of local inflammatory processes. As a result, we 

will be able to witness a distinct difference between 

current treatment outcomes and future treatment outcomes 

as a result of local and general immune stimulation, which 

would probably ensure a faster and more complete 

evolution of reparative processes.  

Stimulation of the antiinflammatory and reparative 

processes in chronic tonsillitis is possible, but needs 

continuous research aimed at standardizing the new 

immunostimulatory and immunomodulatory drugs. It also 
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requires research of the mechanisms at work on cellular 

levels during this stimulation.   

Serious immunity changes are determined by primary 

(congenital) or secondary (acquired) immunodeficiency. 

Secondary immunodeficiency develops as a result of 

various exogenous factors (infections, avitaminosis, 

stress, environment pollution etc.). Immunoregulatory 

modifications6   are one of the leading causes of chronic 

tonsillitis pathogenesis. 

The  risk of a secondary immune deficiency is higher 

during the immunity formation period in children, when 

as a result of an antigenic action, the immune system may 

react inadequately. This reaction may be either 

insufficient or excessive, hyperactive. In triggering this 

reaction, both humoral and cellular factors are at play7. 

The Ig A deficiency in local (secretory Ig A) and 

general (serum Ig A) immunity8 is  one of the most 

frequent humoral insufficiency factor, which favors the 

development of chronic disorders of the upper respiratory 

tract. Secretory Ig A deficiency increases mucous 

permeability, amplifying penetration of alergens and 

bacteria in tissues9, 10, 11. 

Reasearch conducted to date has confirmed the role of 

cytokines (IL -1β, IL-4, IL-6, IL-8, interferon, etc.) in 

influencing the severity of inflammatory processes, as 

well as their effect on immune mechanisms6, 8, 12, 13. 

Consequently, we consider that a priority direction in 

the ENT pediatric field is the continuous study and 

development of prognostic criteria regarding the evolution 

of inflammatory processes in children with chronic 

tonsillitis. Another important direction is the justification 

of complex conservative treatment in order to maintain 

palatal tonsils as an important organ for local and 

systemic immunity.. 

II. AIM OF THE STUDY  

1. To explore some aspects of systemic immunity 

reactions in chronic compensative tonsillitis. 

2. To compare systemic immunity reactions in children 

and adults with chronic tonsillitis.  

3. To explore the efficacy of complex conservative 

treatment of  children with chronic compensative 

tonsillitis.. 

III. MATERIAL AND METHODS  

24 children aged 2 to 14 y.o. (average age– 7.7±0.6 

y.o.)  and 13 patients aged 16 to 28 y.o (average age – 

20.1±1.2 y.o)  with chronic tonsillitis, have been 

examined, 180 children who were treated  with 

conservative  methods. 

Immunologic examination included: total levels of 

leukocytes; absolute and relative levels of lymphocytes in 

patient blood; estimation of nonspecific protection factors 

in blood serum – C reactive protein (CRP), 

antistreptolysin O (ASO), rheumatoid factor; investigation 

of humoral immune factors – absolute and relative levels 

of B lymphocytes, serum immunoglobulins – A, M, G 

(IgA, IgM, IgG), circulatory immune complexes (CIC), 

determinaiton of  interleukin levels - IL-4, IL-8, IL-1β in 

blood serum. 

IV. CONCLUSION 

A comparative analysis of the outcomes from 2 groups 

of patients, showed a series of differences among a 

number of indices. In children with chronic compensated 

tonsillitis  increased levels of B-lymphocytes and total 

lymphocytes, increased levels of C reactive protein and 

rheumatoid factor, as well as elevated levels of 

interleukins – IL-4, IL-8, IL-1β  were observed. In adults, 

a quantitative increase of total leukocytes, antistreptolysin 

O titre and Ig A levels were noted. The data confirmed 

that children with chronic tonsillitis develop a higher 

immune reaction than adults, however not all the results 

were valid (Table 1). 

In Table 1, we can see that, despite the absence of 

significant statistical correlation between the groups, 

activation of nonspecific immunity factors is greater in 

children with  chronic tonsillitis than in adults. Changes 

in nonspecific immunity indices in chronic tonsillitis 

depend on the phase of the  inflammatory process, on the 

onset and the  length of the disease. These indices are 

higher during the acute period of the disease than during 

the reparative period. In a prolonged onset of the disease, 

it has been observed that these indices are decreasing, as a 

result of immune exhaustion. 

Significant statistical correlations were observed in the 

children group where an increase in the absolute levels of 

lymphocytes (p = 0.04), interleukin – 8 (p= 0.047) and 

interleukin – 1 β level (p=0.045) were noted. Average 

levels of interleukin-8 and interleukin - 1 β  in children 

are 6.5 and, respectively,  17.4 times higher than in adults. 

Interleukin - 8 and interleukin - 1 β represent 

antiinflammatory cytokines, which induce  activation of 

nonspecific immunity factors, thus supporting the 

amplification of specific immune response2, 13. 

Interleukin -1 β is one of the most important cytokines 

that control the inflammatory process. It acts first of all on 

the inflammatory portion fo the tissue where antigenic 

stimulation takes place. It also increases the functional 

state of neutrophils and activates the complement 

components etc. The biological effect of interleukin-1 β 

on a systemic level is manifested through fever, 

leukocytosis and increase of lymphocyte functional 

activity,  etc. Interleukin -8 also plays an important role in 

increasing the nonspecific immune response by 

supporting neutrophilic migration to antigen invading 

zone.  

According to the data obtained, we can clearly see the 

interconnection between antiinflammatory cytokine 

synthesis and increases in the nonspecific defense factors 

in children with chronic tonsillitis. This is  a normal 

process in case of an inflammatory reaction. However, 

immune reactions resulting from the inflammatory 

process  were not characteristic for adults with a similar 

diagnosis. There can be few explanations for this 

occurence. First, considering the slow and lengthy nature 

of the disease, the visible decrease of antiinflammatory 

cytokines may be a result of immune exhaustion. Second, 

these patients could have displayed cytokine insufficiency 

from the start, which led to a chronic evolution of the 

inflammatory process.  
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Despite the fact that the average level of serum IgA in 

adults and children with compensated chronic tonsillitis 

was within normal limits, the levels were statistically 

significantly higher in adults than in the children group 

(p=0.038). These results demonstrate that in case of 

chronic tonsillitis, a specific immune response prevails in 

adults. A higher antistreptolizin – O titre  in adults (1.4 

times higher) than in  children also proves the presence of 

this specific immune response.           

Taking into account immunological changes that 

develop in case of chronic compensative tonsillitis in 

children in our childrens clinic immunomodulator 

preparations lik Ribomunil, IRS – 19, imudon are 

administered in addition to common local treatment of 

chronic compensative tonsillitis in children that allows to 

stimulate both specific and non-specific immunity. For a 

century a special attention has been paid to the 

development of new biomaterials to be used in 

regeneration of tissues. Cellular cultures are used to 

stimulate suppressed regenerative processes and they 

reduce local inflammations. 

Taking into consideration the above mentioned a new 

method of local immunostimulation in case of chronic 

tonsillitis treatment was implemented in the childrens 

ENT Clinic. The method consists in the administration of 

autolymphocytes in the peritonsilar space. Being 

introduced autolymphocytes produce antiinflamatory 

cytokines and activate ather immunocompetent cells in 

the respective region. The local immunity becomes better 

and the inflammatory process decreases that is correlated 

with a patients positive clinical state. No side-effects were 

noted after this method of treatment. We obtained positive 

results after the  selection of conservative treatment 

modalities in 85% of cases. 

V. CONCLUSION 

The  research has shown that nonspecific defense 

factors play an important role in children who suffer from 

chronic tonsillitis, while in adults the main role is played 

by a specific immune response. Comparative analysis of 

antiinflammatory cytokine synthesys by 

immunocompetent cells in chronic compensative 

tonsillitis demonstrated that this synthesis is much higher 

in in children than in adults. In this regard, we 

recommend that studies of interleukin – 1 β and  

 

 

interleukin – 8 levels should be conducted already at 

incipient stage of the disease in patients suffering from 

chronic tonsillitis. The dispanserisation of the children 

with  chronic compensative tonsillitis and the complex 

conservative treatment, that include local and general 

immunostimulation, will decrease the number of 

complications and will improve the quality of life. 
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I. INTRODUCTION 

       Nanotechnology products such as metal nanopowders 

[1-6] began to be used more and more intensively in 

various fields of engineering, medicine and agriculture in 

the last decade. These nanomaterials arouse great 

scientific and practical interest in selectionists and plants 

geneticists as they have distinctly expressed antifungal 

effect on a vegetable object. Besides, they acts as 

microelements for  mineral nutrition of plants of 

prolonged action increasing the adaptive potential of a 

vegetable organism (its efficiency and ecological 

stability) [2-6]. 

    Metal nanopowders thanks to their extremely large 

specific surface area (about several hundred square meters 

per 1 g) can be effectively used in micro-doses. Thus, for 

a presowing processing of 1 t of seeds it is utilized only 

several milligram of nanopowder [3-5].  It provides the 

ecological safety both of the environment and of the 

bioproduct.  Metal nanopowders toxicity is 10-40 times 

less than toxicity of salts of the same metals [3].   

     The impact of dispersed solutions containing metal 

nanopowders upon seeds of various plants leads to an 

essential increase of seed germination energy, their field 

viability, growth activity of sprouts and plants survival 

rate that positively affects all elements of crop structure. 

In this case wheat can increase its crop yield up to 15% 

and its green mass up to 25% and potatoes crop capacity 

rises up to 30%. Moreover sunflower, colza and mustard 

significantly raise their phospholipid concentration [1-6]. 

     The biological effect depends on many factors: 

concentration of nanoparticles, nature of metal, duration 

of a single effect of nanoparticles on a vegetable object, 

form and size of nanoparticles, genotype of the object and 

its status, phase of plants ontogenesis, etc. 

     The optimal mode of stimulating effect of metal 

nanopowders  on seeds and vegetating plants are little-

investigated. None of the listed factors has been studied in 

greater detail and methodically competently. In this 

regard many questions concerning the mechanism of 

metal nanoparticles impact on a vegetable object still 

remain unanswered. In this work there was set the task to 

study how different concentrations of a dispersed solution 

of silver nanoparticles as well as different durations of a 

single effect of this solution influence on seed viability of 

some grain and vegetable crops. 

II. MATERIALS AND METHODS 

Objects of research: seeds of grain crops: winter 

triticale (Ingen-93 variety), winter wheat (H335 variety) 

and spring wheat (Arnautka 7 variety); seeds of vegetable 

crops:  tomato (varieties Iubileiny, Mikhaela, Surpris). 

Plant varieties were created at the Institute of Genetics 

and Plant Physiology of the Academy of Sciences of 

Moldova and zoned in Moldova. 

  Factors of impact on the seeds: dispersed solutions of 

nanosilver at different concentrations:             ,  
           ,              ,            ,    

         ;  water suspension of Helminthosporium 

avenae (fungoid pathogen for seeds of cereals) and water 
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suspension of Alternaria alternata (fungoid pathogen for 

seeds of vegetable crops). These fungi are main pathogens 

for seeds of cereals and vegetable cultures. They cause 

root rots at sprouts that significantly reduces crop yield 

and crop quality. Durations of pre-soaking the seeds in 

water suspension of fungi was 18 hours. As a disinfectant 

it was used 1% solution of potassium permanganate 

during 1 hour of pre-soaking the seeds. After pre-sowing 

processing the seeds were germinated in distilled water in 

Petri dishes at the temperature of 18-25° C in a 

thermostat. In each embodiment of the experiments 100-

200 seeds were used. The following parameters were 

taken into consideration: the number of germinated seeds 

(that is, seed germinating ability), the sprout length, the 

main root length, the total dry mass of the sprout. 

    Nanoparticles of silver (NPAg) were obtained by 

reduction of silver ions in tea leaf extract at room 

temperature. The element analysis of the NPAg powder 

was implemented using an atomic absorption 

spectrometer  Kvant-Z. The average silver grade in the 

nanopowder was 95-98%.  Sizes of nanoparticles were 

defined with the help of a probe nuclear power 

microscope. NPAg nanoparticles were 35-60 nanometers 

in diameter.  

III. RESULTS AND DISCUSSION 

1. Assessment of the impact of the dispersed solutions 

of NPAg at different exposure concentrations and 

different exposure duration   

 The impact of NPAg nanoparticles on seeds of winter 

wheat (H335 variety) at different concentrations and at 

different exposure durations (expositions) didn't lead to 

any essential increase of seed viability and sprout lengths, 

but it was noticed some increase in the total dry mass of 

sprouts in some variants. Moreover, in a number of 

embodiments there was observed an essential decrease in 

the parameters. In our opinion, the low temperature 

during the sprouting process (+18
о
С) could be a negative 

factor on the results. 

 In the next experiment with tomato seeds (Mikhaela 

variety) the same experimental conditions were applied 

but this time, the sprouting temperature was +25
о
С. As it 

is seen from Table 1, the root length of has significantly 

increased as compared to the control at concentrations: 

          ,             ,                and at   

expositions of 3 h., 1 h. and 30 min., respectively. These 

variants exceeded the control experiment by 7.6%, 10.0% 

and 9.8%, respectively. 

Therefore, dispersed solutions of NPAg  at different 

exposure concentrations and exposure duration had a 

positive impact on the bioeffect. In terms of technological 

effectiveness and profitability the best variant of NPAg 

concentration may be considered to be equal to:    

            at 1 hour exposition.  

 

2. Assessment of antifungal effect of NPAg 

nanoparticles on seeds of different varieties of grain and 

vegetable crops  

  Taking into account the above data, we used in the 

second part of the experiment one hour exposure duration 

and three exposure concentrations of NPAg:     

        ,              and              .  The 

temperature of seed germination was 25
о
С. In this part of 

experiment we first treated the seeds with the dispersed 

solution of nanosilver and then with the water 

suspensions of fungi culture.  

In the experiment with triticale and wheat seeds (tab. 2) 

it has been revealed the influence of the genotype 

(variety) of the object on the bioeffect. The stimulation of 

growth by 11% was observed at the concentration of 

            at a separate impact of the dispersed 

solutions of NPAg on triticale seeds. In the embodiment 

with winter wheat the growth stimulation was evident at 

two concentrations:             (by 25%) and    

          (by 25%). The stimulation was completely 

absent at seeds of spring wheat. The fungus negatively 

affected only the seeds of spring wheat (29.5%). 

After a combined action of the dispersed solution of 

NPAg and of the water suspensions of fungi culture we 

have received some unexpected results. The growth of 

triticale sprouts after processing the seeds with fungal 

infection by nanosilver has even increased in comparison 

with control at all concentrations (by 4-15%). The 

intensification effect was also typical for the sprouts of 

winter wheat at two concentrations (by 18-26%). At the 

same time the dispersed solutions of nanosilver helped to 

overcome inhibiting action of the fungus in the seeds of 

spring wheat and the activity of sprout growth in the 

variant                    exceeded control by 12%. 

Table 1. Length of the root of the eight-day sprout of tomato (Mikhaela variety) after the impact on its seed of the 

dispersed solution of NPAg nanoparticles in different concentration and at different exposure duration (exposition) 

 

Exp., 

min 

Concentration, 

mg/l 

Root length, 

mm 

Exp., 

min 

Concentration, 

mg/l 

Root length, 

mm 

0 control 45.29 ± 0.85 0 control 45.29 ± 0.85 

 

5 

2х10
-4

 45.58 ± 0.78 

 

60 

2х10
-4

 37.89 ± 1.12*** 

4х10
-5

 45.74 ± 0.88 4х10
-5

 46.79 ± 0.78 

8х10
-6

 45.30 ± 0.68 8х10
-6

 44.40 ± 0.75 

16х10
-7

 43.54 ± 0.74 16х10
-7

 49.86 ± 0.82*** 

 

30 

2х10
-4

 49.74 ± 0.79*** 

 

180 

2х10
-4

 46.96 ± 0.83 

4х10
-5

 45.58 ± 0.84 4х10
-5

 48.74 ± 0.82*** 

8х10
-6

 46.93 ± 1.69 8х10
-6

 45.20 ± 0.73 

16х10
-7

 44.06 ± 0.86 16х10
-7

 41.32 ± 0.87** 

 

Note: **, *** - distinctions are essential in comparison with control at significance values of 1% and 0.1%, respectively 
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Thus, sprouting of seeds of winter wheat at a higher 

temperature than in the first part of the experiment 

allowed to reveal a positive influence of the dispersed 

solution of nanosilver on the growth of sprouts and an 

evident stimulation was observed even at the lowest 

concentration of NPAg that is a prerequisite for 

continuation of the experiment with the use of still lower 

exposure concentrations of NPAg. It should be noted the 

existence of clearly expressed antifungal effect of NPAg 

on seeds of grain crops. At the same time, the traditional 

method of seeds’ disinfecting by means of the solution of 

potassium permanganate turned out to be absolutely 

inefficient for the same seeds. 

In the experiment with the seeds of different tomato 

varieties we got the following (tab. 3): 

By the parameter seed viability it was revealed a 

pronounced influence of the genotype on the bioeffect. 

Viability of the seeds of Iubileiny variety has been 

considerably stimulated in all embodiments of the 

experiment, i.e. there was exhibited a favorable effect of 

the dispersed nanosilver solutions at three concentrations, 

of the water suspensions of fungi culture and of the 

solution of potassium permanganate as well as of the 

combined influence of the factors (excess over the control 

up to 90%). Viability of the seeds of Mikhaela variety has 

not changed significantly at the action of all the factors on 

the seeds. Viability of the seeds of Surpriz variety was   

stimulated in two variants:             and    

               . 

The root length of the sprouts of Iubileiny variety was 

stimulated at the impact of the dispersed nanosilver 

solutions on seeds at two concentrations:            and 

            . The root length of the sprouts of Mikhaela 

variety was even a little inhibited. The root length of the 

sprouts of Surpriz variety has increased by 18% at the 

concentration of             of the dispersed nanosilver 

solution.   

The fungus negatively affected seed viability of all 

three genotypes. The solution of Potassium permanganate 

had a positive effect on the seeds of Iubileiny variety. The 

impact of the dispersed nanosilver solutions and the 

solution of potassium permanganate on the seeds before 

their infection by the fungus was inefficient. The length of 

the sprouts roots was very short in comparison with 

control and was at the level of the separate influence of 

the fungus. 

Thus, it has not been revealed any correlation between 

the values of parameters seed viability  and root length  of 

the sprout. It becomes particularly obvious when 

comparing the impact on the seeds of fungus in separate 

and combined embodiments with NPAg. It is obvious that 

regardless of growth activity and resistance of the object 

to the pathogen root length parameter is more functional. 

The absence of inhibition in the embodiments with the 

fungus at initial germination of the seeds may be 

explained by the fact that a sprout uses the seed 

Table 2. Length of the sprouts of cereals at separate and combined influence on their seeds of the dispersed solution of 

NPAg, the solution of potassium permanganate and the water suspensions of Helminthosporium avenae, mm  

 

№ Variant 
Triticale  

( Ingen-93) 

Wheat 

(Н335) 

Wheat 

( Arnautka 7) 

1 control 101.94 ± 3.49 75.47 ± 3.26 94.88 ± 2.90 

2 fungus 96.56 ± 4.24 79.40 ± 3.06 73.30 ± 3.48 

3 8х10
-6 

mg/l 91.53 ± 2.38 92.41 ± 3.10 96.83 ± 4.55 

4 16х10
-7 

mg/l 113.13 ± 3.85 78.67 ± 2.79 98.22 ± 3.34 

5 32х10
-8 

mg/l 81.43 ± 2.14 94.00 ± 5.90 90.09 ± 2.70 

6 КМnО4 97.67 ± 3.08 84.60 ± 3.48 88.60 ± 3.00 

7 8х10
-6 

mg/l + fungus 107.60 ± 2.68 89.19 ± 3.78 111.54 ± 3.98 

8 16х10
-7 

mg/l + fungus 117.02 ± 2.17 94.95 ± 2.85 101.89 ± 3.06 

9 32х10
-8 

mg/l + fungus 105.60 ± 2.78 77.02 ± 2.81 69.78 ± 3.49 

10 КМnО4 + fungus 101,55 ± 2,81 106.50 ± 4.23 84.62 ± 2.24 

Table 3. Seed viability and root length of sprouts of tomato varieties Iubileiny (I), Mikhaela (M) and Surpriz (S) after the 

seeds presoaking in the dispersed nanosilver solutions, in the solution of КМnО4 and in water suspension of Alternaria 

alternate   

  

№ Variant 
Seed  viability, % Root length, mm 

I M S I M S 

1 control 29 69 66 44.33 45.15 54.26 

2 fungus 49 64 65 7.78 8.25 12.64 

3 8х10
-6 

mg/l 44 56 69 48.94 44.23 50.29 

4 16х10
-7 

mg/l 45 65 63 51.14 40.14 58.40 

5 32х10
-8 

mg/l 51 62 78 46.84 39.31 54.61 

6 КМnО4 33 61 62 48.46 47.67 53.08 

7 8х10
-6 

mg/l + fungus 40 67 65 9.61 7.90 8.60 

8 16х10
-7 

mg/l + fungus 48 58 63 7.65 8.28 8.92 

9 32х10
-8 

mg/l + fungus 56 51 77 10.69 7.69 10.31 

10 КМnО4 + fungus 55 60 62 15.47 13.31 12.05 
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nourishing substance during this period. The impact of the 

fungus manifests itself later when roots are being formed. 

Therefore the number of the sprouted seeds in this 

experiment cannot be regarded as an indicator of 

resistance to this particular fungus. The dispersed 

nanosilver solution in lowered concentration    

         had a positive effect on the number of sprouted 

seeds. This parameter is very important when evaluating 

seed viability according to its germinating capacity. 

Therefore it would be rational, as with the seeds of 

cereals, to carry out experiments using still lower 

concentrations of the dispersed nanosilver solutions. The 

effect of fungus on the tomato seeds turned out to be so 

strong that we did not succeed in increasing of seed 

resistance with the help of the dispersed solutions of 

NPAg. 

The experiences should be probably continued using 

shorter exposure duration of these funguses on seeds or 

using some other pathogens, some other concentrations of 

dispersed nanosilver solutions, other temperature 

experimental conditions, etc. 

IV. CONCLUSION 

1. It was observed an essential influence of the 

dispersed solutions of silver nanopowders on processes of 

seed germination and sprout growth of some grain and 

vegetable crops which is consistent with much of the data 

that has been reported earlier.  

 2. For the first time there were observed the following 

effects: stimulation of germination energy and of seed 

viability, growth of aerial and underground parts of 

sprouts after pre-soaking the seeds in the dispersed 

nanosilver solution with concentration of silver 

nanopowder up to         . There are, apparently, still 

lower stimulation concentrations of nanofactor that should 

become a subject for further research. 

3. It was noticed an evident antifungal effect of the 

nanofactor. As this takes place almost a complete 

disinfection of the seeds pre-processed with pathogenic 

fungi, specific for grain and vegetable crops (restoration 

of growth activity of experimental plants to initial 

control).   

4. The obtained data can be used in developing of a 

perspective, cost-effective and ecologically pure method 

of pre-sowing stimulating treatments of seeds with 

dispersed solutions of metal nanopowders at low 

concentrations. 
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The wavelength range around 2 μm covered by the 

mid-IR laser systems is part of the so called “eye safe” 

wavelength region which begins at about 1.4 μm. Until 

recently, advances in fiber laser technology have 

primarily focused on Yb-doped fibers operating around 1 

μm. Much of the motivation for development of high-

power 2 μm fiber laser systems has been for applications 

which would benefit from operating at eye-safer 

wavelengths, where permissible free space transmission 

levels can be several orders of magnitude greater than at 1 

μm. Laser systems that operate in this region offer 

exceptional advantages for free space applications 

compared to conventional systems that operate at shorter 

wavelengths. This gives them a great potential for the use 

in LIDAR and gas sensing systems and for direct optical 

communication applications.  

The favorable absorption in water makes such lasers 

extremely useful for medical applications. As it can be 

seen in Fig. 1, there is a strong absorption peak near 2 μm 

which reduces the penetration depth of this wavelength in 

biological tissue to a few hundred microns. 

 

 
Fig. 1. Absorption and penetration depth in water and 

other biological tissue constituents for different 

wavelengths [1]. 

 

Due to the strong absorption in water, the main 

constituent of biological tissue, substantial heating of 

small areas is achievable. This allows application of the 2 

μm lasers for highly efficient and precise ablation of soft 

and  

hard biological tissue. Additionally, bleeding during laser 

cutting is suppressed by coagulation and this makes 2 μm 

lasers ideal for many surgical procedures. 

 In modern medical practice laser technologies have a 

wide range of potential urological applications, including 

laser enucleation of the prostate and intracorporeal 

lithotripsy of urinary calculi. Laser lithotripsy is the most 

advanced and sparing method for treatment of urinary 

stones and can be performed under direct visual control 

through a flexible urethroscope [2, 3]. Effectiveness of 

fragmentation depends on stone size, mechanical 

properties, localization, as well as parameters of laser 

pulses and features of interaction of laser radiation with 

matter. Mechanical and strength properties are largely 

determined by composition and structural characteristics 

of stones. The change of micro-mechanical parameters of 

stones strongly depends on the following factors: 

wavelength of laser radiation, pulse energy and pulse 

duration, repetition rate, number of pulses in a train, 

features of radiation focusing conditions on the sample 

[3]. 

 In laser lithotripsy, in dependence on laser pulse 

duration, fragmentation of concrements is due to two 

mechanisms. For Q-switched lasers (pulse durations < 

500 nsec) stones fragment in result of photomechanical 

effects due to creation of shock waves inside the stone 

with instantaneous water vaporization and expansion of 

plasma bubbles produced while the interaction of laser 

radiation with the stone’s surface. For the long pulse 

lasers (> 1µsec) stones fragment in  result of photothermal 

effects and ablation of material takes place directly due to 

the interaction of laser radiation with water-containing 

matter of surface layer of stone. Experience showed that 

the difference between laser lithotripsy devices that use 

photomechanical and photothermal mechanisms is 

derived primarily from the pulse duration and repetition 

rate, and not from differences in the wavelength [4].  

 For the long pulse 2 µm lasers, the mechanism of 

stone fragmentation is mainly photothermal, implicating a 

process of thermal drilling and less a shockwave impact 

(obtained using ultrasonic lithotripters), thus the risk of 

retrograde stone propulsion can be minimized.    

       Nowadays, the dominant tool commonly used for 

intracorporeal laser lithotripsy, i.e. urological stone 
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fragmentation, is flash-lamp pumped Ho:YAG laser (λ= 

2.12 µm) [5]. We propose diode pumped Tm fiber laser as 

a viable alternative for the Ho:YAG laser.  

The Tm-doped fiber laser was designed in a MOPA 

(Master Oscillator-Power Amplifier) configuration, being 

composed, as can be seen in Fig.2 from two basic 

modules: master oscillator and amplification stage. For 

delivery of the laser radiation after amplification the 

output optical system is used. 

The innovative diode pumped all-solid state design 

ensures highly reliable operation and thus no 

maintenance. Furthermore, considerably less waste heat is 

produced and therefore the thermoelectric cooling system 

generates negligible vibration and noise, compared to the 

well established water cooled flash-lamp pumped laser 

systems. The optional fiber-guided beam provides a 

convenient source for every day work. 

The master oscillator produces a highly coherent 

beam, and the amplifier has the role to increase the 

oscillator laser output, but also to maintain the beam’s 

properties. The global efficiency is mostly determined by 

the optical amplifier. 

  

Fig. 2. MOPA Tm-doped fiber laser configuration 

  

Fiber lasers are characterized by a very low 

oscillation threshold, therefore by a pumping threshold 

much lower than the nominal pumping level, absorbed in 

the active fiber. The active Tm doped fiber is sensitized 

with co-doping elements to ensure higher overall optical-

to-optical efficiency and is optimized for the most 

efficient optical transfer of the 793 nm pumping radiation 

with a conversion ratio ≥ 50%. The pumping diode 

wavelength is 793 nm, thus the emission spectra of the 

diodes coincides with maximum of absorption spectra of 

the Tm doped fiber. 

The master oscillator contains the following main 

elements:  

  - Tm-doped double clad fiber SM-TDF-10P/130-HE 

from NUFERN with diameters and numerical apertures 

equal to 10.0 ± 1.0 µm / 130.0 ± 1.0 µm and 0.15 / 0.46 

for the core and first cladding, respectively.   

  - high-brightness fiber-coupled 793 nm, 4 W pump 

diodes from INTENSE.  

  - fiber optic power combiner (LightComm Technology 

Ltd), high reflective back (R ≥ 99.8%) and output 

(R=30%) fiber Bragg gratings from TeraXion.  

  - fiber coupled visible pilot laser (635 nm, 5 mW), 

spliced with signal input fiber of the combiner. 

Small core active fiber facilitates highly efficient 

single-mode operation. Due to high peak core absorption  

(3.0 dB/m at 793 nm), the output power from master 

oscillator was about 3W at 12W pumping power.  

The amplifier comprises Tm-doped double clad fiber 

LMA-TDF-25P/400 with large effective mode area also 

from NUFERN, fiber coupled pumping diode modules 

(LIMO,  793  nm,  35 W),  power  combiner,   mode  field  

adaptor that expands the mode field of the master single 

mode fiber to match the size of the fundamental mode of 

the multimode fiber in amplifier, cladding power stripper 

for removing residual pump light and angled end cap to 

reduce back reflected signal. Between the two stages the 

fiber optical isolator is used, a necessary passive 

component for prevention of unwanted light feedback into 

the high sensitive components of the master oscillator.  

The active fibers feature low numerical aperture and 

high concentration Tm-doped core design.  They are fully 

optimized for high slope efficiency (composition has 

demonstrated > 130% quantum efficiency) when pumped 

at 793 nm. This extraordinary efficiency is due to 

composition enabled cross relaxation of Thulium ions in 

the fiber core.  The high Tm concentration allows short 

device lengths and high pump conversion efficiency while 

the low NA core design is ideal for applications where 

single-mode beam quality is critical. The high NA ≥ 0.46 

pump cladding waveguide allows for efficient coupling of 

high pump powers.  The large core diameter maintains a 

large effective mode areas and short cavity length, 

thereby minimizing non-linear effects such as stimulated 

light scattering, one of the major limiting factors on the 

amount of power that can be transmitted via optical fiber.  

The fiber optic components were connected in all-

solid state design with fiber fusion splicer FSM-100M 

from Fujikura which provides as low as 0.05 dB splice 

losses for dissimilar multimode fibers. The end faces of 

the fibers were preliminarily prepared with 3SAE liquid 

clamp cleaver with completely torque-free clamping 

system, which uses a metal alloy ingot. The cleaver 

produces very flat cleaves with angle offset 0-0.5 deg. for 

improved splice loss and beam quality. The second 

cladding coating around fusion spliced sections of the 

fibers was restored with protective UV cured low 

refractive index polymer. 
Fiber lasers have a net advantage than all the regular 

solid state lasers from thermal management point of view, 

and so they represent a much better option in medium or 

high power operations. The fiber itself must be cooled to 
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maintain the laser in efficient operating state and to avoid 

thermal damage of the low index coating polymer [6]. 

This is obtained by wrapping the fiber around cooled 

aluminum spool with a U-shaped groove cut around it. 

The groove keeps the fiber in place and helps cooling it 

better. For additional heat transfer the wrapped fiber is 

coated with highly thermally conductive (2.3 W/mK) 

silicon adhesive sealant.  

Tm fiber laser has several advantages than the 

Ho:YAG lasers, mostly used until now in laser lithotripsy. 

It is more efficient, provides much higher repetition rate 

and average power and much better quality of the output 

laser beam. The Tm laser is light, compact and easily 

movable from one operating room to another. 

The used laser diode drivers ensure CW operation of 

pumping diodes and 100% output power modulation with 

repetition rate of up to 0.5 kHz, therefore the laser can be 

used both in CW and modulated mode of operation with 

rise and fall times of <1 msec for ensuring a variable 

thermal coagulation or evaporation conditions of tissue 

based on the specific medical procedure. Due to the 

extraordinary high quality of the beam and better 

focusing, the 2 µm wavelength Tm fiber laser produces 

four times less thermal damage to the tissue than the 2.1 

µm Ho:YAG laser, an important fact in high precision 

medical applications. The quality and small diameter of 

the beam permits better coupling in a surgical fiber with 

low core dimension for using it in extreme bending 

conditions in flexible endoscopes. The laser energy is 

transmitted trough ultra low OH
-
 quartz optical fiber 

guided by an endoscope to be in direct contact with the 

tissue or urological stone’s surface. The most powerful 

effect takes place exactly at the end of the fiber. While 

emitting the laser radiation through the liquid 

environment, a microscopic bubble of water vapor with 

low absorption creates at the tip of the fiber, which allows 

delivering of all of the laser beam energy to the object, 

avoiding dispersion in the liquid medium around [4]. 

 
Fig.3. Output power versus input pumping power. 
 

At maximum available total pumping power of 72 W 

and diode module base plate temperature 18 °C a 

maximum output power of 24 W was achieved, resulting 

in optical conversion efficiency about 33%.  

Fig. 4. Output power versus temperature of the diode 

module base plate. 

 

The dependence of the output power on temperature 

of the diode module base plate was measured (Fig. 4). 

With rise of temperature a monotonous decrease in laser 

output power was observed. This is due to lower 

efficiency of laser diode at elevated temperature of 

heterostructure but mainly is caused by the wavelength 

mismatch between fiber absorption and diode emission 

bands due to 0.3 nm/°C shift of the diode wavelength 

towards lower energies. Application of thermoelectric 

cooling system with temperature repeatability ≤ 0.1 ºC 

ensures stable temperature regime of pumping laser 

diodes and absence of unwanted oscillations of laser 

output power. 

It is further planned to optimize the cavity parameters 

in order to increase the output power. 
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I. INTRODUCTION 

    The investigation of the nonlinear cooperative 

phenomena in complex system is one of the most 

important and up-to-date problems of the modern science. 

During recent years the interest for the investigation of 

the interaction of the millimeter range coherent 

electromagnetic radiation with medical-biological objects 

has attracted much attention, due to many applications of 

the millimeter waves in the applied medicine, 

biotechnology and agriculture [1-8].  

     The concept of generation of phonons in alive media 

was proposed by Fröhlich [9]. He suggested theoretically 

that biological systems can generate collective vibrational 

modes (phonons) in the GHz frequency range and these 

phonons might play a basic role in the active biological 

systems. The idea is based on the assumption that if the 

generated energy is supplied to the phonon with a rate 

greater than a certain critical value, then the phenomenon 

of Bose condensation to the lowest excitation of a single 

mode can occur. Such kind of condensation that occurs at 

the lowest excitation mode can serve as method for 

energy storage as well as channel for specific bio-

processes like cell division or macromolecule synthesis. 

This idea stimulated further investigations in the domain 

with an aim of studying and prediction of new biophysical 

phenomena and their effective use in biomedicine [10-

15]. 

     Even the number of experimental and theoretical 

papers in the field continuously grows up to present there 

is no a clear understanding of the mechanism of 

generation and interaction of the millimeter radiation with 

the biological media. Thus, a consistent theory of the low-

intensity millimeter wave interaction with biological 

media was not elaborated, and a lot of cooperative 

nonlinear phenomena are not investigated yet. It is well 

known that due to the metabolism processes in the 

organisms, the excitation of the polarizing coherent waves 

is possible in the frequency range 10
11

-10
12

 Hz. Such 

oscillations are supposed to cover parts of biological 

membranes and as was demonstrated, it can be equivalent 

to Bose-Einstein condensation of phonons in such a 

media. For example, Dovydov investigated the possibility 

of the collective state excitation in one-dimensional 

molecular structures and in 2-spiral protein molecules in 

the form of solitons [16, 17], further developed for 

dissipative structures [18]. Nonlinear, collective and 

stochastic phenomena of Bose-type quasiparticles in 

condensed media and in particular the nonlinear dynamics 

of the immune system interaction with the bilocal cancer 

tumor were developed in [19]. A new simple model of 

local interaction between two spaced cancer cells and 

cytotoxical T-lymphocytes is proposed. 

     This paper is devoted to the investigation of nonlinear 

cooperative phenomena at the interaction of Bose-

condensed phonon with the millimeter electromagnetic 

radiation generated in a biological object. We start in 

Section II with a Hamiltonian of the interaction of 

millimeter electromagnetic radiation with coherent 

phonons in the square form for the low concentrations of 

Bose-condensed phonons. The collective nonlinear 

properties of the coherent phonons are determined, in 

particular, by the phonon-phonon interaction character, 

the energetic spectrum of the coherent phonons and their 

interaction with the non-condensed quasiparticles. Section 

III is devoted to the study of the real and imaginary parts 

of dielectric susceptibility and permeability, refraction 

and reflection indexes determined by Bose-condensed 

phonons. This study represents a major interest in modern 

biophysics. In Section IV the numerical results on 

calculations of system characteristics are presented. The 

possibility of polariton occurrence is also discussed. 

Conclusions are given in section V.  

II. MODEL  

In what follows based on the Fröhlich idea that coherent 

phonons excited in biological objects turn into coherent 

internal photons and form the self-correlated interval 

millimeter electromagnetic field we derive a set of 

equations that describe the evolution of such photons and 

phonons. As was demonstrated previously, the coherent 

state of the phonon in the biological objects can be similar 

to the coherent state of the exciton in the condensed 

media [20-23]. These coherent states of the elementary 

excitations can appear in different regimes; i.e. in regime 

of ultrashort pulses existing a time period shorter that the 
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relaxation times, as well as in conditions of Bose-Einstein 

condensation during a time period longer that the 

relaxation times, but shorter that the quasiparticle life 

time. In both cases the corresponding elementary 

excitations are characterized by certain phase, wave 

vector and macroscopic value of the single-particle state, 

i.e. the number of excitations in condensate VNV ~ , 

where  V  is the system volume. 

    The Hamiltonian of the system has the form  
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where   is the dipole-active phonon energy. 
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dielectric and magnetic permeability of the biological 

medium.  kg


  is the phonon-phonon interaction 

constant. 
k

d   is the dipole momentum of the transition 

into phonon state.  

     In the Hamiltonian (1), both the field and the Bose-

condensed phonons are supposed to have the same wave 

vector 0k


, polarization and phase. The amplitudes 

are considered to be macroscopically large, i.e. 

proportional to the system effective volume V . We 

mention that the effects of spatial dispersion were 

neglected being insignificant in the actual spectrum range. 

Thus, we consider the case of phonon mass m ≈ ∞. 

     The Heisenberg motion equation for the operator 
k

a   

has the form 
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where the wave vector indexes are omitted. We mention 

that, we introduced phenomenologically in (2) the term 

i a , which takes into account the Bose-condensed 

phonons leaving from condensed state. On the other hand 

we mention that the attenuation term can be considered 

strictly within the framework of the quantum theory of 

attenuations and fluctuations using the Fokker-Plank 

master equation [24]. 

   The polarization of the biological media is given by  
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V  , and dN   is the atomic dipole number.  

Taking account the Hamiltonian (1) and (3) we obtain for 

polarization the following form  
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     We assume that the Fröhlich electromagnetic 

millimeter field is spread along the axe х. Thus, the 

equation of the positive frequency component of the 

electromagnetic field is equivalent to  
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where c is the light velocity in the biological media.  

     Equations (2) and (5) describe completely the spatial – 

temporal evolution of the Bose-condensed phonons in the 

biological media, taking into account self-interaction and 

the interaction with the Fröhlich field. 

     We write the macroscopic amplitudes of the phonons 

and the field in the form of modulated plane waves with 

the frequency   and the wave vector k  
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Taking into account the above assumption, the equation 

of motion (2) is transformed in  
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where    is the resonance detuning between 

the Fröhlich field frequency and the phonon frequency. 
2~an  represents the concentration of the Bose-

condensed phonons. 

 

STATIONARY STATES  

In this Section we consider the steady states ( 0/~ dtad
) of the equation of motion (7). We obtain the dependence 

of amplitudes of phonons on photons    
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The dielectric susceptibility of the biological media is 

given by the relation
 EP / . Taking into account 

(4) and (8) for the real and imaginary parts of the 

dielectric susceptibility we obtain  
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1 022k .                        (18) 

According to (12), for the small values of the field 

intensities, the dependence of the phonon concentration 

and the field is linear. While excitation increases, the 

phonon-phonon interaction processes play an important 

role. It is easy to observe that the relation between N  

and f is linear for 3  (see Fig.1).   

 
Fig.1 (color online) The dependence of the phonon 

concentration on the field intensity for different values of 

resonance detuning:  (1) for  =-5.0, (2) for  =1.7, (3) 

for  =5.0, (4) for  =10.0 and (5) for  =20.0. 

 

For 3 , the dependence  fN  is not any more 

linear and is characterized by hysteresis region where 

three values of the dipole-active Bose-condensed phonon 

density correspond to one values of the Fröhlich field 

intensity. Figure 1 shows the dependence of phonon 

concentration on the field intensity for different values of 

resonance detuning  . As it is shown in the figure, the 

growth of the field intensity leads to a jump increasing of 

the Bose-condensed phonon density at 3 . While 

field decreases along the upper curve, a jump fall of 

phonon density occurs at 3 . Thus, when the 

resonance detuning value is larger than the critical one 

3c , the forward and backward alteration of the 

Fröhlich field intensity leads to the jump changes of the 

phonon density and to the formation of the amplitude 

hysteresis loop in the  fN  dependence. The frequency 

hysteresis can be shown to occur also when one resonance 

detuning value corresponds to three values of the phonon 

density, values that are larger than the critical field 

intensity value   4/3
3/4cf , one of which is unstable. 

We mention that that the phenomena of nonlinear 

hysteresis present in the dependency of the Bose-

condensed phonon density on Fröhlich field intensity 

influences all dielectric function: the real and imaginary 

parts of the dielectric susceptibility and permeability the 

refraction, absorption and reflection indexes. Figure 2 

shows the dependences of the real (left) and imaginary 

(right) parts of the dielectric permeability of the biological 

object on field intensity, caused by Bose-condensed 

phonons, for 0.5 ,2.5    and different values of 

the resonant detuning. When the resonance detuning 

values are smaller than the critical c , the real and 

imaginary parts of the dielectric permeability are single-

valued functions of the field intensity. With increasing of 

the resonance detuning, the curves   ,f   and  f   

become deformed, and hysteresis dependences 

   ff   ,  appear at C  . 

 
Fig.2 (color online)The dependences of the real and 

imaginary parts of the dielectric permeability on the 

amplitude of the field for  =5.2,  =5.0 and the values 

of the resonant detuning similar to that of Fig. 1 

 

Figure 3 shows the dependences of the refraction, 

absorption and reflection indexes on the field amplitude 

for different values of resonance detuning. From this 

figure, we conclude that for high values of the resonance 

detuning the dependencies    ffn ,  and  fR  

become more complicated. Thus, these functions display 

hysteresis behavior caused by the nonlinear dependence 

of the Bose-condensed phonon density on the coherent 

millimeter electromagnet field amplitude, when the 

resonance detuning exceeds the critical value C . 
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Fig.3 (color online) The dependences of the refraction, 

absorption and reflection indexes on the field amplitude 
for the same parameters as in Fig. 2 

 

 

IV. CONCLUSION 

In this paper we developed a model to describe the 

interaction of Bose-condensed phonons with millimeter 

electromagnetic radiation in the biological media. We 

obtain the real and imaginary parts of the dielectric 

susceptibility, as well as, the permeability, refraction and 

reflection indexes determined by Bose-condensed 

phonons.  The dielectric functions as well as absorption 

and reflection coefficients strictly depend on the coherent 

millimeter electromagnet field amplitude and resonance 

detuning. For the values of the field intensity larger than 

the critical cf , the hysteresis appears in the system. The 

dispersion law shows that at the interaction of Fröhlich 

radiation with dipole-active Bose-condensed phonons in 

biological media the polaritons can occur. We show that 

the position and the form of the polariton branches 

depend on the stationary concentration of the Bose-

condensed phonons.  We  mention that for finite values of 

the phonon mass, the equations (2) and (5) describe the 

electromagnetic field propagation and the generation of 

the coherent photons in biological medium, and can be 

represented by a system equivalent to Ginzburg-Landau-

Keldysh. Neglecting the interaction of the coherent 

phonons with the thermostat γ=0, the above equations 

have soliton solutions.  We believe that our work provides 

a good basis for future study and, in particular, provides 

some pointers for more detailed investigations of 

dynamics of Bose-condensed phonons with millimeter 

electromagnetic radiation in the biological media. 
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I. INTRODUCTION 

In the technology of food production associated with the 

extraction of juice from the plant material, an important 

process is the destruction of semipermeable membranes 

of tissue cells. On the degree of destruction 

semipermeable membranes of cells plant material depends 

juice yield and the cost of its recovery. It is also important 

that, after processing the cellulose cell walls did not go 

into the juice, as this complicates its extraction and clean 

up. This can be achieved by pre-treatment of plant 

material before extracting juice various physical methods. 

There are many ways to increase the permeability of the 

cell membranes of plant materials: mechanical, thermal, 

biological, and chemical processing, electrical, magnetic, 

acoustic, radioactive, radiation. The most common are: 

mechanical and thermal methods of processing of plant 

material. Enzymatic (biological) is rarely used because of 

the long duration of the enzymatic treatment. 

Electrophysical methods of processing are in the stage of  

optimization and experimental-production testing [1-4]. 

Promising is use for electric processing of food products 

short electrical pulses, whose effects on the material has a 

number of advantages over other electrical methods. The 

concentration of power and subsequent short-pulse 

influence on the processed material leads to a 

qualitatively new effects, which can be the basis for the 

development of new technological methods [5-8]. Also 

perspective is the use of combined methods of influence 

on plant tissue. In this case, in the first stage usually uses 

mechanical grinding crushing, cut into shavings, etc. 

        In existing technologies processing of plant raw 

materials are allowed considerable content of valuable 

components in the waste production, and existing 

technology recycling energy-intensive and lengthy. 

Therefore the maximum possible extraction of valuable 

components from plant material at the stage of extracting 

the juice from the pulp is an important task. 

II.EXPERIMENTAL 

To solve this problem were investigated the effect of 

electrical parameters: the energy density of plasmolysis, 

 

 

 

 temperature, electric field on the electrical resistance of 

the juice-pulp mixture, the yield of juice, spontaneity and 

the overall yield of juice. 

        As the impacting factor used bipolar pulses with 

steep leading and sloping trailing front the Fig.1. As a 

criterion for evaluation of plasmolysis taken specific 

resistance of plant tissue. 

 

  

Fig.1. Circuit scheme of installation for the 

electroplasmolysis raw and timing diagram of voltage 

mains supply voltage alternating current Uc, control 

impulses Uy and processing pulses Ue: 1 - electrode cell, 

2 - triac, 3 - the control unit. 

 

Investigated the effects of electrical pulses on cell 

structure of plant tissue (Fig. 2). Microscopic and 

submicroscopic studies have established that under the 

action of electric pulses semipermeable membrane cell 

plasmalemma and tonoplast lose its semi-permeability 

and become permeable to the juice. Figure 3 shows the 

Microphotogram (a) and area of cross-sectional of the 

protoplast and the cell wall (b) of apple control sample, 

and in Figure 4 shows the microphotogram (a) and cross-

sectional area of the protoplast and the cell wall (b) a 

sample of apple that been subjected by electric 

plasmolysis. In contrast to the control samples (Fig. 3), in 

the samples of processed by electrical pulses (Fig. 4) 

shows the significant changes. Figure 4 (b) shows a 

violation of the integrity of the cell protoplasm and visible 

breaks of the cell membrane, plasma membrane and 

tonoplast. 

The Effects of Electrical Pulses on Structure of 

Cells of Plant Tissue. 

Abstract — the developed equivalent electrical circuit of juice-pulp mixtures and formulas for determining its electrical 

characteristics show that the defining element in the process of electroplasmolysis is intercellular fluid and the juice 

released during the crushing of the vacuoles of damaged cells. 

 
Index Terms —  electroplasmolysis, electric pulses, resistance, biological raw materials, cell structure  

Natalia POPOVA, Andrei PAPCENCO 

Institute of Applied Physics 

Academy of Sciences of Moldova 
papcenco andrei <andrei.papcenco@mail.ru> 

 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

469 

 
Fig.2. Schematic representation of the succulent plant 

cells:     1-vacuole 2 - plasmodesmata 3 - Golgi apparatus, 

and 4 – cytoplasm 

 
a                                     b 

 

Fig.3 microphotogram (a) and cross-sectional area of the 

protoplast and the cell wall (b) control sample of apples: 1 

- cell membrane, 2 - vacuole, 3 - tonoplast 4 - 

plasmalemma. 

 

 

 
                 a                                 b 

 

Fig.4 microphotogram (a) and cross-sectional area of the 

protoplast and the cell wall (b) a sample of apple 

subjected by electric plasmolysis: 1 - cell membrane, 2 - 

vacuole, 3 - fragments of cytoplasm (the tonoplast and 

plasmalemma). 

 

Were developed electrical equivalent circuit, Figure 5: a) 

- cells; b) - tissue c) - ground tissue; d) - chopped 

electroplasmolysed tissue. 

 Living cell succulent plant materials Fig. 1 contains: 

vacuole -1 core - 5; cytoplasm - 4 with tonnoplast - 6 and 

plasmalemma - 7 and intercellular spaces - 8. The crushed 

plant material is a piece of living plant tissue dampened 

with juice released from destroyed by grinding cell 

vacuoles 

 In the equivalent circuit, Figure 5: 

 a) represented cells include: R1 - resistance of vacuoles 

juice,  C - electric capacitance the cell membrane and UD 

- controlled diode of semipermeable membrane cells. 

From the equivalent circuit of the cell can be seen that the 

cell under normal conditions does not permeable, and its 

overall resistance za = ∞; 

b) shows tissue plant material comprising: R2 - resistance 

intercellular fluid and za - the total resistance of the cell; 

from the equivalent circuit can be seen that on the total 

resistance of the tissue zb in normal conditions affects 

only  resistance of the intercellular fluid. Considering that 

the measured resistivity tissue plant raw material under 

normal conditions is approximately 16 ohms. cm, and the 

resistivity of the intercellular fluid around 100 Om.sm, the 

coefficient of concentration of interstitial fluid in the plant 

tissue kb will be approximately approximately 0.006. 

c) - presented ground tissue plant raw material which 

includes: R3 - resistance juice released from the cells of 

tissue in the during grinding and zb - total resistance of 

tissue; from equivalent circuit can be seen that on the total 

resistance of the ground tissue zs affects resistance juice 

released from the cells tissue during grinding R3 and the 

total resistance of tissue zb. Considering that the 

measured resistivity ground tissue plant raw material is 

about 6 kOm.sm., and the resistivity of the cell vacuole 

juice about 1.2 kOm. cm, the concentration ratio of 

vacuoles juice in ground plant tissue kc will be 

approximately 0.2. 

 

d) - presented ground electroplasmolysed tissue plant raw 

material which includes: R4 - resistance juice that has lost 

its connection with the cell as a result of 

electroplasmolysis ground plant material and zs - total 

resistance of ground tissue; from the equivalent circuit of 

electroplasmolysed ground tissue can be seen that on the 

total resistance of the ground electroplasmolysed tissue zd 

affects the resistance of juice that lost its connection with 

the cell as a result of electroplasmolysis of ground plant 

raw material and the total resistance R4 ground tissue zs. 

Considering that the measured resistivity of plant raw 

material ground electroplasmolysed tissue is about 2.5 

kOm. cm, and the resistivity of the vacuoles cell juice 

about 1.2 kOm.sm, the concentration ratio of vacuoles 

juice in electroplasmolysed ground plant tissue kd will be 

approximately 0.85. 
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Fig.5. Equivalent electrical circuit of replacement of 

succulent plant raw material: a1) - cells; b1) - tissues c1) - 

ground tissue; d) - chopped electric electroplasmolysed 

tissue and formulas for determining the impedance: z1) - 

cells; z2) - tissue; z3 ) - ground tissue; z4) - chopped 

electric electroplasmolysed tissue and formulas for 

determining the resistivity: ρa) - cells; ρb) - tissue; ρc) - 

ground tissue; ρd) - chopped electric electroplasmolysed 

tissue. Where resistance: R1 - cell sap vacuole; R2 - 

interstitial fluid; R3 - juice after grinding of raw 

materials; R3 - juice after electroplasmolysis of raw 

materials, and measurement of resistivity: ρ1 – juice of 

cell vacuole; ρ2 - interstitial fluid; ρ3-juice after grinding 

of tissue; ρ4-juice after plasmolysis ground tissue; ρ5- 

tissues of plant raw material, and the concentration ratio: 

kb - intercellular fluid in the tissue; kc - juice after 

grinding tissue; kd - juice after electroplasmolysis ground 

tissue. C - capacity of the cell membrane, mF and DU - 

controlled diode. 

    

III. CONCLUSION 

1. Found that the resistivity of the plant tissue is one of 

the main physical characteristics of its state under electric 

processing. 

2. Developed equivalent electrical equivalent circuit: 

cells; tissue ground tissue, chopped electroplasmolysed 

tissue 

3. Obtained formulas  for determining of the impedance: 

cells, tissue, ground tissue, ground electroplasmolysed 

tissue; 

4. Derived formulas for determining the resistivity: cells; 

tissue ground tissue, chopped electroplasmolysed tissue. 

5. Measured resistivity: sap vacuole cells, interstitial fluid, 

tissue plant material, tissue plant material after grinding, 

tissue plant material after grinding and 

electroplasmolysis; 

6. Determined by the concentration ratio: interstitial fluid 

in tissue juice after grinding tissue juice after 

electroplasmolysis ground tissue. 

7. Tracings were obtained cross-sectional areas of the 

protoplast and the cell wall in control and after 

plasmolysis, which showed that during electroplasmolysis 

undergoing profound changes in the cytoplasm of cells, 

violating the integrity of plasma membranes - plasma 

membrane and tonoplast. 
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I. INTRODUCTION 

21st century is era of informational technologies and 

stresses which inevitably affect the psycho-emotional 

sphere of a person as quickly, as the heart rate variability 

(HRV) is often haven’t time to adapt, responding with 

decreased HRV, which is an unfavorable prognostic 

factor. Therefore, is growing in popularity 

complementarity of drug treatment by drug-free 

treatmentmethods. Among the last, efficiently manifest 

themselves modern methods of respiratory psycho 

techniques, since the close cardio - respiratory 

interactions. Each consciousness state, any emotional 

experience, and any inner reality are associated with a 

particular respiratory pattern, or quality of breathing. 

Neuronal respiratory bio feed-back is a technology that 

allows modeling independent psycho-emotional state with 

breathing psycho techniques which are based on feed-

back mechanisms.  

II. AIM OF RESEARCH AND METHODS 

Determining changes in the heart rate variability (HRV) 

and respiratory pattern in condition of  positive and 

negative psycho-emotional state, in comparison with the 

individual background state.  

Tasks to be resolved: 

1. Analysis of HRV parameters and breathing 

pattern at rest and after evoked psycho-emotional 

states. 

2. Conducting questionnaires in order to objectify 

the availability of appropriate. 

3. Identifying individual images, which may 

introduce a person into a positive and negative 

state. 

37 persons of both sexes were investigated, aged 18-28 

years, average age 23. Studies were performed at the 

Department of Human Physiology and Biophysics, for the 

time period October 2011 - May 2012. The selection of  

 

investigated persons was made according to the inclusion 

and exclusion criteria of Task Force (Task Force of the 

European Society of Cardiology and the North American 

Society of Pacing and Electrophysiology). Heart Rate 

Variability, Standards of Measurements Physiological 

Interpretation, and Clinical Use Circulation 1996. 1996, 

93:1043-1065).  

Methods of this study were:  HRV evaluation using 

cardiac rhythm-graphical samples that include 

background samples, consisting of a sample in a 

horizontal position and the active orthostatic test. 

Statistical methods are used for the HRV direct 

quantification in the analyzed period of time.  

III. PARAMETERS OF THE RHYTHMOGRAM 

ANALYSIS 

а) Time domain. During temporary analysis method, the 

statistical characteristics of the dynamic cardio line 

intervals include: SDNN, RR, RMSSD, PNN50, CV. 

SDSI - the standard deviation of the consecutive intervals 

RR, RMSSD - standard deviation of the difference 

consecutive intervals RR, PNN50 - frequency consecutive 

intervals RR, the difference between the RR, which 

exceeds 50 ms;  

b) Frequency domain method. Spectral analysis 

application quantifies the frequency components of 

cardiac rhythm fluctuations and allows to represent 

graphically the different CP ratio components reflecting 

certain parts of the regulatory mechanism. Spectral 

analysis was performed using the Fourier fast 

transforming method. Were calculated such spectral 

indicators of heart rhythm, which ranges corresponds to 

respiration waves and slow waves of the 1st and 2nd 

order, as: VLF (Very Low Frequency) - power spectrum 

of frequency less than 0.05 Hz, LF (Low Frequency) - 

power spectrum frequency of 0.05-0.15 Hz, HF (High 

Frequency) - power spectrum with frequency of 0,16-0,4 
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Hz, TR - total power spectrum. The LF / HF are low- and 

high-frequency components ratio, the sympathetic and 

parasympathetic parts of the ANS balance indicator.     

The SDNN and TP reflect the general variability. The 

SDNN is a summary measure of RR intervals values 

variability for the entire period under review. The SDNN 

is in a direct proportion to the LF and HF, and is 

proportionally to the RMSSD, PNN50. In order to assess 

the high-frequency component (parasympathetic 

contribution of the rhythm structure) - RMSSD, PNN50 

and HF, HF has a stronger correlation with the HRV time 

domain than LF, reflecting the parasympathetic influence 

on HRV and the overall HRV. The RMSSD is 

proportional to PNN50 and SDNN, as well as HF and TP 

[1]. The VLF is the total power spectrum component, 

which reflects the suprasegmental structures influence and 

humoral-metabolic effects on the heart rhythm. The CV is 

the correlation coefficient. The RRNN (NN - a number of 

normal intervals, "Normal to Normal", with the exception 

of the extrasystoles), is the value inversely proportional to 

the heart rate [1, 6].  

    Informational samples execution was performed by 

using managed mental stress, in order to introduce into 

the necessary psycho-emtional state.  

a) Active Imaging - actually experienced fear 

visualization (memories) and virtual fear visualization, 

i.e. potentially caused by fear situation, but not 

experienced (imagination) [2];  

b) Passive Imaging - Image presentation, which causes 

induction of positive psycho-emtional state.  

    Objectivity of presence of the neessary psycho-

emtional state was performed by using: 

a) Monitoring changes in rhythmogram;  

b) Questionnaires - the Oxford Happiness Inventory 

(OHI) for the positive state and Spielberger - Hanin State 

and Trait Anxiety Inventory (STAI) for the fear state. 

4. The analyzing parameters of the breathing pattern: 

Ti – inspiration duration; 

Te – expiration duration; 

T = Ti + Te – respiratory cycle duration; 

FR – respiratory frequency; 

TIT%-th inspiration ratio to the entire respiratory cycle; 

VITI - respiratory drive (inspiration volume rate); 

VIF - respiratory minute volume, intended for one 

respiratory cycle. 

The research was conducted in two steps. The first step 

was conducted to establish the psycho emotional factors 

which influence on HRV, the second step - completed 

with the studying of respiratory pattern. How is 

modifying the respiratory pattern in a certain psycho-

emotional state, and the HRV response on their combined 

impact. The first phase was conducted in order to identify 

psycho-emotional state, which negatively affects the 

HRV, thereby modelling stressful situations that a person 

encounters in his daily life and hereby can be concluded 

about the individual impact of fear on the HRV. The 

second phase was conducted to identify factors that can 

enhance the HRV. For this purpose we simulated a 

situation in which a person experiences gladness. At this 

stage, we have also examined the factor that not only 

influences the HRV, but also the ability to consolidate the 

necessary positive psycho-emotional state of the 

individual for the required period of time - respiratory 

pattern. Both stages were held on different days. 

III.  RESULTS AND DISCUSSION 

HRV changes in condition of  evoked negative psycho-

emotional state 

The HRV reduction, as a response to real fear, was 

observed in the following investigated groups: 70% LF, 

60% HF, 40% VLF + HF (p <0.001). The HRV reduction, 

as a response to a virtual fear was observed in the 

following investigated groups: 80% VLF + LF, 30% LF, 

10% HF (p <0.01). The increase of HRV as a response to 

a virtual fear was observed in the following investigated 

groups: 60% VLF + HF, 30% HF (p <0.001). Changes in 

the group VLF + LF were not statistically significant. 

According to received data, we may conclude that the 

response to the real and the virtual fears, as well as stress-

emotions that we feel every day are the situations of the 

past, or situation, based on miss-information [6, 3]. These 

are individual and depend on the dominant vegetative 

state, suprasegmental structures activity level and initial 

HRV of a person. [4] Thus, the response to fear is not 

always necessary consisted of the HRV reducing. In the 

group VLF + HF was an increase of HRV. HRV increase 

was observed in a VLF+HF group. The results are 

presented in  Tables I and II. 

 

TABLE I. PHASES SEDATION, DELAY OF 

EXPIRATION    

Paramet

ers 

 Back-ground  I   Image    II   Image 

Vt          0.374 ± 0.05       0.614 ± 0.18 ***      0.639 ± 0.17*** 

Ti           1.53 ± 0.15 2.34 ± 0.44****    2.38 ± 0.48**** 

Te            1.95  ± 0.37        3.57 ± 0.83****          3.07 ± 0.81**** 

        T                     3.48 ± 0.43 5.91 ± 0.98****          5.45 ± 1.26**** 

FR           17.46  ± 1.99 10.41 ± 1.78****         11.47± 2.27**** 

TIT            0.442 ± 0.04       0.399 ± 0.06**           0.441 ± 0.03 

VITI             0.244 ± 0.03       0.257 ± 0.04          0.290 ± 0.07* 

VIF            6.5 ± 1.09 6.24 ± 1.71 7.6 ± 1.62* 

Р < 

0,05* 

Р < 0,01** Р < 0,001***  Р < 0,0001**** 

 

 

TABLE II. ACTIVATION, DELAY OF BREATH IN 

INSPIRATION 
Parameter

s 

Background I   Image    II   Image 

Vt  0.380 ± 0.1  0.260 ± 0.04****  0.247 ± 0.05**** 

Ti                       1.73 ± 0.28  1.31 ± 0.1****        1.31 ± 0.17**** 

Te                             2.92 ± 0.78  1.95 ± 0.5***  1.89 ± 0.37*** 

T                                4.65 ± 0.1 3.26 ± 0.54**** 3.2 ± 0.51**** 

FR                    13.47 ± 2.88 18.78 ± 2.63****   19.2 ± 3.11**** 

TIT                          0.377 ± 0.04  0.41 ± 0.05** 0.413 ± 0.03** 

VITI     0.216 ± 0.03              0.19 ± 0.02** 0.186 ± 0.02*** 

VIF                                4.86 ± 0.82   4.82 ± 0.65 4.61 ±0.56 

 < 

0,0001***

*   

Р < 0,001*** Р  < 0,01** Р  < 0,05* 
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HRV changes in condition of evoked positive  psycho-

emotional state 

According to the HRV influence image analysis, viewed 

pictures are subdivided into two large groups: images that 

create a desire of active interaction with the images' 

context, which statistically significant corresponded with 

the HRV increase in HF group (p <0.001). The second 

group - pictures, causing state of quiet contemplation. A 

statistically significant HRV increase on the presented 

images has corresponded VLF + LF and LF group (p 

<0.001). A statistically significant HRV increase in the 

VLF + HF group was observed only after the sequential 

viewing of both pictures - the active cooperation and quiet 

contemplation (p <0.05). Thus, we may conclude that an 

individual who have a dominating cognitive perception of 

positive emotions, reacts with HRV increasing only when 

viewing the quiet contemplation pictures. 

Changes in respiration pattern in condition of evoked 

positive  psycho-emotional state 

The sedation was held in two stages. At the first stage of 

the sedative reaction indicates slowing of FR and 

elongation phase of respiration (Ti, Te), as well as the 

entire duration of the respiratory cycle (T). The fact that 

this is the initial relaxing stage indicates that, contrary to 

the above-mentioned changes in the parameters, tidal 

volumes were not significantly changed (VITI, VIF) – 

this indicates the current muscles tension involved in 

respiration, particularly - in the chest (Nikondorova S. 

2011). With a further view of the second picture, the 

second relaxation stage: tidal volumes (VITI, VIF) is 

beginning to increase, which is accompanied by the 

relaxation of the chest muscles participating in breathing 

and probably takes place a connection to abdominal 

breathing. [5] The delay of breath presence at the height 

of the elongated expiration indicates the initial reduction 

percentage inspiration to the entire respiratory cycle (TIT) 

and increasing expiration duration (Te) towards to the 

initial duration at rest. In addition to enumerated changes, 

on the fact that it's situational changed breathing pattern, 

indicates the dynamics of changes in the ratio of 

inspiration to the entire respiratory cycle (TIT): Decreases 

in the first relaxation stage. Responding to the images 

context, breathing pattern changes, according to a new 

psycho-emotional state [2], connects the delay of breath 

in the expiration. In the second stage TIT tends to the 

primary level, to his habitual pattern of breathing. 

 Delay of breath in inspiration indicates the following 

modifying parameters: reducing the duration of 

inspiration while increasing the inspiration percentage to 

the entire respiratory cycle (TIT) and decrease respiratory 

drive (VITI); the inhaled volume reduction (Vt) and the 

significant changes absence of a minute breath volume for 

one breath cycle (VIF).    

Based on a received data on the respiration pattern 

changes induced by positive psycho-emotional state, it 

may be concluded that respiration pattern changes include 

not only the frequency and duration of respiratory cycles 

changes, the volume [2], but also signs presented of 

breath delay (Nikondorova S. 2011). This, in turn, 

depends on: the existing emotional condition [1], which 

should be designed to support, or such a psycho-

emotional condition that introduce the individual 

(breathing pattern can help here to enter into necessary 

state and to fix it at the right time for the individual) 

(Boiten F. 1993). Proceeding from the data results, 

practical value of this work consists in possibility of 

changing emotional state of the person. In addition, 

respiration pattern changes that arise when viewing 

similar images, follows a possible clinical use proposal: 

According to the bio-feed-back principles (Boiten 

F.1993), when a person will need an equilibrium and calm 

state, or in case of breath shortness, not related to organic 

pathology [2], the person will be advised to breathe, 

according to the breathing pattern changed during a test-

image show. When a person will need an activation of 

VNS resources, to active psycho-emotional state, 

mobilization, and to eliminate hyperventilation, as a result 

of increased anxiety [2] (to stop in time to avoid 

progression in a panic attack [4]), it will first be asked to 

breathe according to breathing pattern, when viewing the 

images that create the desire of active interaction. This 

would allow switching away from negative induced 

emotions primarily of fear, anxiety and panic attacks, to 

the interaction with the surrounding reality, to recognise a 

problem's solution. [5] Next, he will be offered a picture 

of his quiet contemplation, with a corresponding 

breathing pattern, in order to complement and balance its 

state. It is very important because a person in a positive 

psycho-emotional state with equilibrium is able to  

eliminate on his own the cause of his emotional distress 

and related manifestations of the respiratory system [1, 5].  

IV. CONCLUSION 

II. Heart rate variability decreases when individual's 

perception of emotional states is the cognitive component 

prevalence  towards the affective one.  

III. During induced psycho-emotional states were changes in 

respiratory pattern:  individual’s activation lead to delay 

in inspiration and in case of sedation – delay in 

expiration. 
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The environment and it’s ecological safety represents 

one of the factors that results in people’s health. 

In our technical century, each person is surrounded by 

invisible, complex types of radiation, which can help and 

at the same time be the source of many illnesses.                                                                                                                                                                     

If we look around we are conscious that everybody is 

using mobile phones, PC, TV’s and other devices that 

have Non-ionizing Radiation. It is known that the Non-

ionizing Radiation –is the radiation with a longer wave 

than 100 nanometer and cvanta energy 12 eV.                                                                                                                                                                                                            

The main vector of Non-ionizing Radiation –is the 

Electromagnetic Radiation of different wave diapason. 

Radiation with low ionizing energy are not able to 

destroy chemical molecule ties and ionizing the 

substance, namely to bring harm (prejudice) to a healthy 

person. 

For scientists of many countries was unclear the reason 

of the illnesses provoked by Non-ionizing Radiation of 

small power of mobile phones, as the flow of the energy 

density (spectral density power) is in limit with the norms 

established by GOST and SAR. 

The heading oncolog Eithan Friedman from Israel, 

declares that their study detected that relation between 

mobile phones and cancer  don’t have a biological 

justification, as electromagnetic radiation is not able to 

provoke changes at molecular level. 

In Belorussia in the Radiology Institute of National 

Academy of Sciences were held studies using medical 

therapeutically equipment  of milimetrical diapason 

waves of normal power on laboratory rats to see how 

works the cells of their organs. The result was that the 

damage in the chromosomes of the spleen, bone marrow, 

liver, receive the same injuries as from radiation 

influence. So, medical equipment can be the source of 

peoples illness as well. 

After many years of investigations (on program 

REFLEX) in 16 countries World Health Organization 

officially declared on 1st of June 2011 that mobile phones 

can bring the growth of tumors in humans. In 2020 people 

with brain tumors can grow 20 times. Hit by this will be 

to 2 milliards of humans. This is the real plague of the 

21st Century. 

The question rises why mobile phones, PC, microwave 

ovens, Wi-Fi system, besides of the good necessity and 

commodity bring as well and harm to humans health. 

Where is the main reason? This are Non-ionizing Micro-

lepton Radiation of the Torsion Field, situated in tied 

relation with electrical, magnetic and gravitational field, 

according to the laws on which is built all technology 

worldwide. This type of Radiation persists and goes 

together with the electromagnetic radiation. 

The theory of Torsion Field was developed by RAEN 

Academicians A.E.Achimov and G.I.Shipov. 

About “thin fields” was mentioned in the Elena I.Rerih 

works, but the theory  was developed and Micro-lepton 

radiation registered by my professor Academician  RAEN 

Anatoly F. Ohatrin.  

Officially about this type of Radiation was talked in the 

Academy of Sciences of URSS Report dated 1989. Non-

ionizing Micro-lepton Radiation has a right and a left 

polarization. The power of it’s influence is huge and the 

known methods in present days against electromagnetic 

radiation can’t help. 

Together with Professor S.N. Maslabrod in the 

Genetically Institute of Moldavian Sciences Academy we 

had an experiment to see the thought influence on plants 

(burdock leaf and castor twig) in the Faraday cage. Inside 

of this cage doesn’t penetrate electromagnetic waves. The 

information was recorded with the help of Fito-computer.  

Plants mentally were increasing or decreasing the quantity 

of nutritive substances. The influence was performed 

from the distance of 2m and 2km. Fito-computer  exactly 

registered thought effect.                                                                                                                                                           

For example Prince Charles loves to talk with the plants. 

In such cases increases the plants energy and of the 

person as well. 

Louis Pasteur already in 1848 discovered the onesided 

optical isomer of alive material. Cytoplasm is built 

predominantly from left amino acids and right sugars. 

With cancer disease, the orientation of the sugar is 

changed from right into left rotation.  The issues of the 

right and left rotation was taken into consideration still by 

Pythagoras and the philosopher Kant.   

The American physicist  WU in his researches come to 

the conclusion that in the weak interactions on β collapse 

by β-decay of polarized Cobalt nuclei, the major 

difference between left and right. Another  outstanding 

Russian chemist A.Butlerov said that “what is important 

to know how each atom in a molecule is connected with 

other atoms”. 

The most of the well known proteins entering in 

humans cells and plants have in their structure spiral 

polarization of right and left, so called α-spiral (α-spiral 

was discovered and studied  Nobel and Lenin prize 

awarder  L.Poling . This α-spiral sort of surrounds iron in 

proteins.  Common protein structure – centuries spiral. 

The main role in forming structure of humans proteins is 

realized by the water (60-70%).   

The change of the water structure (the change of 

hydrogen spin in water with Non-ionizing Micro-lepton 

Radiation of left polarization) in Geopatogenic areas of 

Earth or with devices bring in result to the change of the 

protein structure. The energy in the humans cells of 

mitochondria  changes, the blood flow is incorrect 

especially on the left side of the body. Immune, 

endocrine, vascular, hormonal and other body systems are 
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balanced .  The Bio-field strongly  changes.   Because of 

the mobile phones radiation humans way of thinking is 

decreasing with 50±3,4%(result obtain after the scientific 

Medicine Institute of  Russia research). Thus neither to a 

scientist or a student are able to use the ability given them 

by nature. 

We have invented and patented new methods and 

materials for a real protection of the human-being body 

against this kind of radiation, without changing the 

technical parameters of the devices. This materials 

remove the Geopatogenic areas radiation  when already 

the Feng Shui system doesn’t work. 

The efficiency of the protection devices “Screen” was 

checked by the World Health Organization expert, 

Professor I.G.Grigoriev in Moscow, and consists in 

stopping the radiation with 98%. 

If to talk about leaders with a right polarization, then 

we can mention that this ones are Creators, for example 

Dan Seao Pin, Zian Zemin, Prince Charles, Indira Gandhi 

and other famous personalities. The ones with a left 

polarization can’t create, they just destroy, for example 

Gorbaciov, Ciubais.  

Mass-media, especially TV that promote negative 

factors in economy and day to day life decrease the 

energy of the ones that are watching all this factors. The 

experiments show that only looking at a patch of blood of 

1,5-2,5 cm, decreases women’s energy with 50% and 

men’s with 40-45%. 

Flowers, plants, trees, animals as well do have a left or 

a right polarization. Valuable jewelries of the same 

polarization at micro-element level with the human body, 

can fill the person permanently with energy and then this 

can reduce eating too much food. 

   Taking into account the relevant Non-ionizing 

Radiation from surrounding technical devices, can allow 

people, at all levels keep their health and intellectual 

capacities.. 

CONCLUSION 

1) Non-ionizing Radiation of the electromagnetic 

waves that are active in devices, can’t bring harm to 

people’s health. Their flow of the energy density is in 

limit with the norms established by GOST and SAR. 

2) Pathological changes in humans bodies occur 

under the influence of the Non-ionizing Micro-lepton 

Radiation of the left polarization of technical facilities and 

environment. 

3) Non-ionizing Micro-lepton Radiation of the right 

polarization improves humans health. 

Wish you health and success!     
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I. INTRODUCTION 

Diabetes is a widespread disease in the world, 

reaching a population of 371 million in 2012 [1], of which 

5-15% are type I diabetics [2], 18-37 million worldwide. 

Type 1 diabetes is the most common metabolic disease of 

childhood. Approximately 1 of 400-600 children and 

adolescents has type 1 diabetes. [3] The incidence of this 

disease increases with age and is highest among children 

aged 10-14 years. [4] 

Type 1 diabetes is a multisystem disease with both 

biochemical and anatomical consequences. It is a chronic 

disease of carbohydrate, fat and protein metabolism 

caused by the lack of insulin, resulting in marked and 

progressive inability of the pancreas to secrete it because 

of the autoimmune destruction of beta cells. [5] 

Adult human pancreas contains approximately 10
9
 β 

cells. In a healthy pancreas, aging cells are constantly 

replaced with new cells generated by the pancreas. In 

patients with type I diabetes, the amount of dead β cells 

exceeds the regenerative capacity of the pancreas, and 

when the destruction reaches more than 80-90% of islets 

[5], the insulin deficiency becomes clinically expressed. 

Currently type I diabetes cannot be treated completely 

with traditional medication or exogenous insulin 

injection. 

Another type of treatment for type I diabetes aims at 

preserving or replacing a sufficient number of β cells. 

This could be achieved in three ways: prevention of β cell 

death, regeneration of β cells and β cell transplantation. 

[6]. 

For pancreatic islet transplantation, the islets are 

taken from a deceased donor. The islets will then be 

purified, processed and then transplanted to the patient. 

Once implanted, the beta cells of the islets will begin to 

produce and secrete insulin. 

In recent years scientists have made great progress 

in pancreatic islet transplantation. Beginning with the 

scientific communication in June 2000 in the New 

England Journal of Medicine, researchers at the 

University of Alberta in Edmonton, Canada, have 

continued to use and refine the procedure called 

"Edmonton Protocol" for pancreatic islet transplantation 

in patients with type I diabetes. In 2005, researchers have 

published the results of a 5-year follow up of the 65 

patients who received islet transplant, reporting that 10% 

of patients no longer required insulin injections to 

normalize glucose levels. Others, returned to using insulin 

due to loss of function of transplanted islets. But in most 

transplant recipients there could be seen a decrease in the 

need for insulin and a greater stability of glucose levels 

[7].  The treatment of type I diabetes mellitus with 

embryonic stem cells has gained attention in recent years 

[8], [9], [10].  

Stem cells differentiate into insulin-producing cells 

[11], [12], [13], [14], [15], [16], [17], [18], [19], [20] and 

decreases hyperglycemia in animal models with 

experimental diabetes. Soria [21] implanted a million 

insulin-secreting cells derived from mouse embryonic 

stem cells in the spleen of mice with streptozocinic 
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diabetes and caused a normalization of blood glucose 

levels within one week. Subsequently other researchers 

have reported an improvement or even normoglycemia 

after stem cell therapy [22], [23], [24], [25]. 

II. MATERIALS & METHODS 

Animals: The research was conducted in the 

Laboratory of Tissue Engineering and Cellular Culture at 

the State University of Medicine and Pharmacy "Nicolae 

Testemitanu", Chisinau, Moldova. The experiments were 

performed on 100 white laboratory rats of both sexes, 

body weight 180-220g and aged between 9-12 months. 

From 100 rats, 20 were used as pancreas donors to obtain 

β cells. 

The animals were divided into four experimental 

groups of 20 rats: I – the control group; II – the alloxanic 

group; III – the group treated pancreatic cells; IV – the 

group treated with umbilical cells. 

 Modelling alloxanic diabetes: Alloxan is a toxic 

glucose analogue which, administered to rodents and 

many other species of animals, selectively destroys 

insulin-producing cells in the pancreas. Thus causing 

insulin-dependent diabetes in animals, called alloxanic 

diabetes, similar to type I diabetes in humans. Alloxan is 

selectively toxic to insulin-producing cells as it 

accumulates preferably in β cells through glucose 

transporters GLUT 2. In the presence of intracellular 

thiol, alloxan generate various forms of active oxygen. 

Alloxan’s toxic action on β cells is initiated by free 

radicals formed in the redox reaction. [26] 

To the control group rats was administered 1 ml 

0.9% NaCl solution intraperitoneally. To the rats from the 

other 3 groups, to model diabetes, was administered 

intraperitoneally a single dose 200mg/kg of alloxan [27], 

[28]. Glucose was measured with GM 110 glucometer 

Bionime Switzerland. Blood was drawn from the dorsal 

caudal artery. After 7 days of hyperglycemia, alloxan 

induced diabetes is considered stable. Subsequently the 

animals were treated: the alloxanic group (group II) was 

treated with 1ml of 0.9% NaCl intraperitoneally three 

times with an interval of three days between injections. 

The III group was treated with pancreatic cells in 

suspension, 1 ml intraperitoneally injected three times 

with an interval of three days between injections. The IV 

group was treated with umbilical cells in suspension, the 

number of cells per ml: 9.8 x 106, 1 ml intraperitoneally 

three times with an interval of three days between 

injections.  

 

Collection and cultivation of pancreatic cells: In 

order to extract the pancreases from donor rats, the 

animals were euthanized in a CO2 chamber. The 

operatory field was prepared with antiseptic solution, the 

abdominal cavity was opened through a midline incision 

from sternum to the pubic symphysis. The pancreas is 

placed in the region of the greater curvature of the 

stomach. The pancreas is then taken off from adjacent 

tissues, is extracted and then placed in 10 ml of cold 

HBSS medium. In a small clean Petri dish, the pancreas is 

cleaned from adipose tissue, lymph nodes and visible 

blood clots so it’s ready for digestion and isolation. The 

pancreas is cut into small pieces of 1mm
3 

and washed 2-3 

times with HBSS solution and then digested with 0.5 g / l 

collagenase (Sigma Type V 663 U / mg). The pancreatic 

fragments are then incubated in ferment solution for 1 

hour and after the ferment is inactivated with Hanks 

solution then is centrifuged at 1000 rpm and then the 

upper portion of supernatant is extracted and then 

cultivated. The digestion of the pancreatic will be 

performed three times in total, and every time the upper 

portion of the supernatant will be extracted. Cells were 

cultured in DMEM/F12 special nutrient medium (glucose 

8mm) with 1 g / l ITS supplement (5mg / l insulin, 5 mg / 

l transferrin, 5 mg / l selenium, Sigma), 100 UN / ml 

penicillin, 100μg/ml streptomycin , 2 g / l BSA, 10 mM 

nicotinamide and keratinocid growth factor (KGF) in 

incubator "Binder", with the CO2 concentration of 5% 

and  95% humidity at 37 ° C temperature in Petri dishes 

with a diameter of 6 cm3. In the process of cultivation, 

the growth of cells was examined with inversion 

microscope. The cells were cultured for 3, 5, 7, 9 and 13 

days respectively and were examined by transmitted 

electron microscopy. The nutrient medium was initially 

changed after 3 days and then every 2 days. During 

cultivation some cells were taken and were stained with 

dithizone (difeniltiocarbozon). Dithizone binds zinc ions 

present in pancreatic beta cells and therefore insulin 

secreting cells stain red. The exocrine tissue doesn’t bind 

dithizone and therefore it will not be stained [29]. The 

karyotyping of the cells has been made. 

 

Collection and preparation of umbilical cord blood 

cells: The cord blood was obtained from rat embryos. 

Blood was collected in sterile recipients which contained 

anticoagulant. Frozen cells were defrosted, the content 

Table 1. Shows the blood glucose level in treated and untreated rats at 24 hours, 7, 15 and 30 

days after the administration of alloxan. 

Groups 
After the administration of alloxan 

24 hours 7 days 15 days 30 days 

I Grpup-control 
5,1 ± 0,2 5,3 ± 0,2 5,1 ± 0,1 5,2 ± 0,3 

II Group- alloxan 
27,8 ± 2,7 19,3 ± 8,9 16,1 ± 8,1 15,5 ± 0,8 

III Group - alloxan +   

pancreatic cells  25,6 ± 0,5 12,9 ± 7,2 12,1 ± 6,6 5,4 ± 0,2 

IV Group alloxan +   

umbilical cells    25,3 ± 1,7 20,3 ± 8,4 18,3 ± 7,7 5,9 ± 0,8 
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III Alloxan +
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IV  Alloxan+ ombilical
cord blood cells

was placed in a tube with nutrient medium and was 

centrifuged. The obtained supernatant was discarded, and 

to the suspension was added 5 ml of warmed medium. In 

one ml of cell suspension were 10.2 x 10
6
 cells. 

When the animals were sacrificed (in the CO2 

chamber), were taken pieces of skin, pancreas, kidney, 

heart, liver and eye, which were fixed in 10% formalin.  

 

From the organs were made 5μm thick histological 

sections stained with hematoxylin-eosin and then 

examined under the optical microscope. 

III. RESULTS 

The body weight of rats at the beginning of the 

experiment was 213 ± 45g. When removing animals from 

experience the body weight remained unchanged for the 

rats in the control group. The weight of those in the 

experimental groups, 7 days after the alloxan injection, 

was 185 ± 41gr. Thus it was observed that rats in aloxanic 

groups decreased weight compared with the control group 

(p <0.05). 

The blood glucose level in rats before the treatment 

with pancreatic umbilical cord blood cells was 21.8 ± 4.9 

mmol/l 

.. 

Histology:  

 On histological examination of the control group 

there were no significant changes. 

 The histological examination of the untreated 

alloxanic group shows kidney tubular necrosis, 

cardiomyocyte and hepatocyte necrosis, atrophy 

of the islands of Langherhans. 

 The histological examination of the group treated 

from the 7
th

 day with pancreatic cells shows 

regenerative changes in the pancreas with the 

formation of new islets of Langherhans. 

 The histological examination of the group treated 

from the 7
th

 day with umbilical cells shows liver, 

kidney and cardiomyocyte dystrophy, some rats 

have chronic hepatitis with perilobular sclerosis 

and lymphocytic infiltration, parenchymal 

jaundice. 
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I. INTRODUCTION 

The objective of this study is to determine the mutagenic 

effects of ionizing radiation. As a model [1] we used a 

plasmid system for quantitative analysis of deletion 

formation. A can1 cyh2 cell on a YCp plasmid (with two 

negative markers: the CAN1 and CYH2 genes) is sensitive 

to canavanine and cycloheximide. This cell becomes 

resistant to both drugs when the plasmid has a deletion 

over the CAN1 and CYH2 genes. The structure of 

centromeric plasmid YCpL2 [ARS1 CEN3 URA3 TRP1 

LEU2 CAN1 CYH2] with length 13.8 kbp are shown in 

Figure 1. 

 

 
 

Figure 1. Scheme of the plasmid YCpL2. 
 

 

II. DATA ANALYSIS 

 

The genetic analysis of selected mutants induced 

by ionizing radiation is shown in Figure 2. In the cell’s 

population before irradiation the majority of deletions 

(~70%) was formed by the smallest deletions covering 

two markers (CYN2 and CAN). The rest part of mutants 

(~10%) had large deletions covering four markers (CYN2, 

CAN1, LEU2, TRP1). With the radiation dose the portion 

of mutants with large deletions increases up to 30%. 

Induction of the large deletions was less effective under 

irradiation by heavy ions.  

 
Figure 2. Genetic analysis of mutants induced by γ-rays 

with the flux 0.7 Gy/min and energy 1.3 MeV in strain 

R1-1 (RAD
+
). 

 

The plasmids rescued from the Can
R
 Cyh

R
 

mutant cells (eight clones) induced by radiations were 

introduced into E. coli strain and analyzed by agarose gel 

electrophoresis. The strain E. coli TG1 served as hosts for 

plasmids. Restriction analysis of plasmid DNA allows 

localizing deletion on the plasmid map (see Table 1). 

Restriction fragments of plasmid DNA prepared from two 

mutants GammaK-4 and YB100-2-2 are shown in Figures 

3. 

All eight rescued plasmids were found to be 

smaller than the parental plasmid YCpL2. Therefore, 

resistance to canavanine and cycloheximide appeared is 

not due to plasmid loss coupled with Ura
+
 reversion but 

more likely to a deletion in the CAN1-CYH2 region of 

plasmid. Restriction analysis of the eight recombinant 

plasmids shows that they have various sizes of deletion in 

the CAN1-CYH2 region of the YCpL2. The size of 

plasmid deletion from mutant GammaK-4 is about 2600 

bp, and the size of plasmid deletion from mutant YB100-

2-2 is about 1000 bp. 
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Figure 3. Restriction analysis of plasmid DNA from 

mutant GammaK-4 (top) and YB100-2-2 (bottom). 

 

 
TABLE 1. Restriction fragments of plasmid DNA 

from mutants GammaK-4 and YB100-2-2 

Enzymes 

YCpL2 

Gamma 

K-4 

YB100-2-

2 actual 

calculated using 

marker  
λ/HindIII leader 

XbaI 13800 15700 10300 12000 12000 

HpaI 13800 
14300 

9800 

9900 

8300 
  

KpnI 

8100 

3600 

2100 

9100 

3400 

2100 

8100 

4000 

2000 

8300 

2100 

1500 

8300 

3100 

2000 

EcoRV 

6900 
3500 

2200 

1300 

7600 
3200 

2400 

 

7300 

3800 
2600 

3800 
3100 

2400 

1700 

5100 
3200 

2400 

1700 

EcoRI 

6000 

2500 

2300 
1600 

1500 

6400 
2500 

1900 

1800 

6600 
2700 

1600 

1400 

6900 

2500 
1800 

9500 

2600 
1800 

HindIII 

5400 

4300 

2000 

1400 

800 

5800 

4200 

2100 

1800 

1700 

6200 

5000 

2100 

1200 

850 

6600 

5100 

4000 
1600 

5800 

4400 

1800 

 

Our data were compared with the results of the 

structural analysis of eight spontaneous mutants from 

strain RAD
+
, eight mutants from strain rad53 and five  

 

 

 

 

 

 

 

 

 

 

mutants from strain hdf1 [1, 2] (see Table 2). Restriction 

analysis of the recombinant plasmids showed that the 

plasmids had deletions at various sites of the CAN1-CYN2 

region. 85% of deletions were covered two genes (CYN2, 

CAN), while more large deletions covering tree genes 

(CAN1, CYN2 and LEU2) composed only 5%. At the 

same time, authors note that another short genetics 

changes in both genes CAN1 and CYN2  appear (10%). 

The size of deletion, which covered two genes CAN and 

CYN2, does not exceed 5.1 kbp and ranged from 0.3 to 

5.1 kbp. 

 

TABLE 2. Size of spontaneous deletions of strains RAD
+
, 

rad52 and  hdf1 [1, 2] 

 

Strain 

Number 

of  

mutants 

Point 
mutations 

Deletion 

CAN1-CYN2 
CAN1-CYN2-

LEU2 

Size of 
deletion (kb) 

Size of deletion 
(kb) 

RAD+ 8 - 

2.5; 3.1; 2.9; 

4.1; 3.1; 2.4; 

4.9; 1.6 

- 

rad 

52 
8 1 

3.1; 4.0; 3.2; 

0.3; 4.5; 2.0 
5.9 

hdf1 5 1 
5.1; 3.3; 0.6; 

1.2 
- 

  

III. CONCLUSION 

 
1.  Genetic analysis shows that mutation is more likely 

due to a deletion in the two genes CAN1-CYN2 then large 

deletion of four genes (CAN1, CYN2, LEU2, TRP1). 

2. It was found that the size of all analyzed mutants less 

then size of initial plasmid YCpL2. 

3.  Deletion of plasmids from two analyzed mutants 

GammaK-4 and YB100-2-2 localized in the CAN1-CYN2 

region, their sizes are about 2600 and 1000 kbp 

respectively. 

This work just has started. In future we plan to 

make detailed analysis a collection of mutants selected 

after irradiation of gamma ray and heavy ions. 
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I. INTRODUCTION 

An important part of orthopedic surgery is the correct 

interpretation of the patient-specific anatomy. Joint 

replacement surgery, for instance, requires detailed 

knowledge and understanding of the morphology of the 

bone and anatomical and mechanical axes to restore the 

correct alignment of the joint. In today’s clinical routine 

the choice of the appropriate endoprosthesis (size and 

design) and the implantation parameters (position and 

orientation) is largely based on the experience and 

training of the surgeon. 

Automatic segmentation methods for segmentation of 

musculoskeletal structures of the human anatomy 

received much attention during the last decades. 

Especially the bone segmentation from CT data is a well 

studied topic. The methods for knee segmentation apply 

statistical shape models for the reconstruction of the knee 

bones. The semi-automatic segmentation of the pelvis 

uses a statistical shape model of the pelvic bones which is 

adapted to the image data in order to perform 

segmentation. 

We try to develop specific customized implant for the 

orthopedically treatment and for infant medical casuistry 

with congenital malformations of the skeleton. In essence, 

bone reconstruction with anatomical-adaptive modeling 

of customized implants, made a reorientation of medical 

technology and procedures from general treatment of 

skeletal malformation to the patient treatment as 

individual with better results in terms of the degree of 

postoperative mobility and increasing the lifetime of the 

implant. In the case of infant malformations the increase 

of implant lifetime is of great importance because 

premature wear or failure leads to a revision surgery. 

The novelty of the method consists in 3D 

reconstruction of the malformated areas based on data 

obtained by medical imaging (CT) in order to design and 

manufacture the custom implant. 

The 3D reconstruction method will use a smaller 

number of CT images because allows digital interpolation 

of two consecutive images compensating the resulting 

errors and reducing the radiation dose absorbed by the 

patient and also the harmful effect. 

Based on digital images, using specialized software [1], 

[2], [3], three-dimensional model of the area affected by 

malformation and also of the similar healthy area are 

obtained, these representing the necessary data for 

preparing the pre-operative plan and adaptive anatomical 

implant design. 

II. SKELETAL RECONSTRUCTION 

For skeletal reconstruction, CT images were imported 

into commercial software like 3D DOCTOR 2009 [3] and 

Solid Works and were made image segmentation. 

In figure 1 is presented the selection of areas of interest 

and establishes threshold values for grayscale image 

segmentation and separation for bone area of interest from 

the rest of the skeleton and tissues. 

Segmentation was done manually using the area of 

interest, plan to plan, and the corresponding contours 

obtained were then edited to correct errors. 

This correction is necessary grayscale thanks very close, 

which makes it possible to attach external objects 

(artifacts) of tissue that is meant to be isolated for 

reconstruction [4]. 

The contour correction was used adjacent sections can 

view the edited and working tools such as moving contour 

deleting nodes or edges, smooth shape to reduce vertices 

Three-dimensional surfaces that can be obtained are 

shown in Figure 2. 
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Fig.1: Defining the area of  interest and image segmentation 

 

 

 

 

  

a. Anteroposterior 

femur view 

 b. Posteroanterior 

femur view 

c. Condylar direction 

femur view 

d. Anteroposterior 

radius view 

e. Lateral radius view 

Fig. 2: Three-dimensional surface reconstruction of bone areas in the case of a femur and a radius. 

 

After obtaining the proper surface contours inside/ 

outside of the interest bone area, we start to smooth them 

to eliminate (if possible) the redundant vertices and obtain 

a surface as close as is possible to the real one. 

A three-dimensional model of skeletal area of interest 

were constructed which is actually the form needed to 

have the customized implant and not a commercial one, 

with size suitable to local anatomy. 

Following the procedures described above were 

obtained three-dimensional models consisting of inner 

and outer surfaces of the bone area of interest, 3D Doctor 

software allowing their export to many popular file types 

(in this case STL, DXF, IGS, PLY, WRL, RPT and TRI) 

which can be imported into other CAD / CAM software 

known and therefore can be the basis of a process 

reengineering. The best results were obtained with PLY 

file type. Import this file type leads to a mesh surface 

which is processed using the command Mesh Preparation 

and Surface preparation to obtain solid model of interest 

bone area and model for customized implant. Solid three-

dimensional models of the outer and inside contour of the 

femur were obtained resulting 3D contour.  

The final three-dimensional reconstruction for a hip 

implant was obtained by using a subtraction operation 

between the two solid models (inner from outer) using 

"Insert cavity" because meshing of both surfaces 

simultaneously, exceeds the possibilities of the Solid 

Works 2009 software and of used Workstations. 
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III. CUSTOM IMPLANT DESIGN 

Multiple research and experimental studies have shown 

that a geometric adaptation of implant shape to the bone is 

essential to optimize the loading repartition and a better 

mechanical stability.  

Based on the solid bone obtained by three-dimensional 

reconstruction and visualization software (based on 

tomographic images), they started to design custom 

implant. The starting point in hip implant design is, for 

example, inner contour of the femur, imported into 

SolidWorks 2009 as a network of points (PLY file) and 

transformed into 3D solid object. The basic model 

consists of conical head, cylindrical neck and shaft tail are 

designed sequentially, using basic functions of the 3D 

modeling program. The first step was the insertion of the 

inner contour inside the 3D femur and setting the 

direction and length needed to have for neck so that the 

prosthesis joint center to be in the center of the femoral 

head. 

For this purpose the head center was determined by 

drawing multiple arcs that approximates the outer profile 

and marking joint center by interpolating drawn arcs 

centers and building the plane which passing through the 

axis of the femoral neck and joint center. In this plan was 

drawn the direction of prosthesis neck axis by uniting the 

rotation center previously determined with the middle of a 

segment which connecting the two opposite profiles of the 

outer contours of the femur (see Figure 3.a). 

The design process followed with the establishment of 

femoral stem length that was done by studying the 

modular prosthesis length from several well-known 

companies and adoption of a medium length, in condition 

to not exceeding the femoral isthmus. Femoral isthmus is 

the narrowest portion of the spinal canal, 8-12cm below 

the small trochanter (see figure 3.b). The design continues 

to achieve cylindrical neck (see Figure 3.c), conical head 

(see Figure 3.d).  Final length result by using the 

command "Revolved Cut", so in addition to the desired 

size to obtain a rounded tip which promotes the stem in 

the medullary canal (see Figure 3.e). The design continues 

with lateral thinning, and honeycomb structure for 

implant body (see Figure 3.f).  

After all the operations described above was obtain the 

final contour of custom prosthesis dedicated to a specific 

patient anatomy. 

 

 

 

 

 

 

 

a. b. c. d. e. f. 

Fig. 3: Customized hip implant design steps 

       

a. b. c. d. e. f. g. 

Fig. 4: Customized elbow implant design steps 
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Once made prosthetic models, it was performed the 

study of the contact surface size to the implant-bone 

interface and highlight areas of direct contact. For this 

analysis was used the command to detect collisions of the 

ensemble (Interference detection) with the option of 

recognizing direct contact as interference. 

By using customize implant the contact surface growth, 

which leads to a decrease of micro movements and 

contact pressure and increase of final stability 

corresponding to increase lifetime of customized implant. 

In figure 4 are presented the design steps for elbow 

customized implant which was carried out as follows: cut 

with a plan on fixing area to the bone (Fig. 4.a) and on the 

proximal side (Fig. 4.b), round the corners (fig. 4.c), 

achieve notch in the posterior side (Fig. 4.d), drill the 

holes for bioresorbable screws (fig. 4.e) and holes for 

implant fixation on ulna (fig. 4.f), execution of holes 

chamfer for screws head (fig. 4.g). 

IV. EXEMPLE OF CUSTOMIZED IMPLANTS 

The design implants was built on Laser sintering 

machine from Ti64 biocompatible metal powder (Figure 

5). 

Examples with the customized implants are presented 

in figure 6 and 7.  

 

 
Fig. 5 Customized elbow implant manufacture 

 

 
Fig.6. Two models of customized hip implant 

 

 
Fig.7. Customized elbow implant for a patient with 

synostosis 

The implant from figure 7 was designed for a patient 

with elbow dysfunction.  

V. CONCLUSION 

Utilization of CAD - CAM - CAE methods for 

computer aided design/manufacturing correlated with the 

use of the latest equipment, computers, advanced 

software, 3D scanner and laser sintering machine, allows 

the transition from virtual 3D model to finished parts and 

facilitates experimental testing in record time. 

The development of treatment methods for 

malformations using customized prosthetic components, 

mechanically tested from the conception stage, will have 

a huge economic impact due to reduced medical care 

expenses for patients with malformations and realization 

of implants with long life cycle by appreciating the 

mechanical behavior before the manufacture of the final 

implant. 
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I. INTRODUCTION 

Nowadays Ukraine has the best base of fundamental 

biomedical researches among East European countries 

which are important for creation of perspective electronic 

medical equipment.  Demand for electromedical 

equipment is determined by its technical level, so the 

defining moment is to use the latest technological 

achievements in development, testing and production of 

samples of the latest technology. This is the key to 

increased competition in the biomedical industry, 

improving the quality of the equipment and reduce rapidly 

rising cost of health care.  

Electrical stimulation is an area of research in which 

engineers, scientists and physicians get together in effort 

to use the property of the electrical excitability of nerve. 

These efforts result in devices based on modern 

technologies, which contribute to improving the lives of 

healthy people and people with disabilities.  

Current electrostimulation devices are generally 

available in versions that provide special training of stuff 

to operate it. Non-optimality of criteria for selecting 

stimulus signal forces to increase the number of 

controlling items and unnecessarily expand the range of 

parameters of electrical stimulators, or,  to simplify 

requirements for the devices instead. Therefore, one of the 

main requirements of the underlying principles of 

electrostimulation devices is strict control of threshold 

patterns of irritation of  nerves when staff is able to use 

devices without any special training or by the patient 

himself. 

 

II. MAIN PART 

Relationship between the intensity of an electric 

stimulus and the time of its action on the excitable system 

is described by the Lapicque curve ("strength - duration"), 

which is usually divided into five ranges (Fig. 1). [1] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 – Ranges of strength–duration curve 

 

These ranges are different in forces and durations of 

the threshold electrical stimulus on several orders. 

Currently only the first three ranges are studied 

sufficiently, namely the proportion of latent periods of the 

nerve action potentials  in various areas of the curve, 

special features of  the nerve behavior from the end of the 

stimulus before the reaction , matching of durations, 

amplitudes, cycles and number of subliminal stimuli, 

causing threshold reaction while summation, ratio of 

action potentials in different ranges of the curve, 

polarization spaces of the stimulated area of tissue at 

different combinations of strength and duration of 

stimulating current, etc. Curve strength-duration is 

characterized by a number of indicators-constants: 

– rheobase, or "long-term" threshold  (index of 

the first range); 

– "short-term" threshold  (index of the third 

range); 

– chronaxie  (index of the second range); 

– slope constant  (index of the third range); 

– minimum energy that leads to the threshold 

response of tissue  (index of the second 

range); 

lat
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– duration and amplitude of stimulation according 

to the mode of minimum energy  ,  . 

Usually not all the constants are used 

simultaneously, but some of them. The most common is 

measurement of rheobase and chronaxie. Biophysically 

and physiologically it is important to interpret the changes 

of these constants, linking them to changes in  various 

physical and chemical processes in the excitable structure.  

 Consider the possibility of determining the most 

appropriate (economy) mode of structure excitation 

characterized by indicator . The interpretation of 

this indicator is complex and requires further research, but 

it is possible to carry out a qualitative analysis.  

Normally, with a single threshold stimulation of excitable 

structure the currve strength-duration is described by 

Hoorveg - Weiss equation [2]:  

,                            (1) 

where – stimulating intensity factor (for example, 

the potential difference that causes stimulating current), 

– time of current action on tissue, which provides a 

threshold impulse,  a, b – constants. Energy of threshold 

electrical stimulation is determined, as is known, from the 

equation  

 ,                             (2) 

where R - total resistance of the circuit current flow. 

Substituting (1) into (2), we obtain:  

.  (3) 

In order to find the effective time of stimulating 

current, at which its energy is at its minimum, the first 

time derivative should be equaled to zero:  

 .       (4) 

As a result we get a well-known expression for 

chronaxie: 

.                   (5) 

Now if we substitute the value of a (5) in equation 

(1), we obtain  

,                  (6) 

 

that means that the energy of the stimulating current 

is minimal when the minimum potential difference is eqal 

to two rheobases. 

Thus, from (5) and (6) the minimal energy is 

obtained from the expression 

.                     (7) 

Further we analyze the formula (3) in three time 

ranges of strength-duration curve.  

At the first range (in continuous operation current) 

the term is  can be neglected, and the term 

. At the second range equation (3) contains all 

the terms. At the third range the term is , and 

the term is . Graphically, it looks as shown in 

Fig. 2. 

 

Fig. 2 – Determination of the minimal energy of 

excitability of structures 

 

It is easy to see that the region of minimal energy is 

within the second range.  

The value of minimal energy is constant for a given 

excitable structure without changing its functional state. 

For motor nerves and muscles minimal energy level is 

observed at long stimulus in the range 0.13 ... 0.28 mS.  

Based on the principle of minimal energy, a number 

of electric stimulators with different performance and 

broad application were designed - from a stationary multi-

channel device with advanced features to a miniature 

device for individual use. Notable among them is the only 

one in Ukraine and CIS countries specialized electric 

stimulator "Polystim - 031", designed for prevention and 

treatment of scoliosis, flat foot, other disorders of the 

musculoskeletal system of children.  

The current electrostimulation devices do not 

provide proportional terms of excitability of muscles on 

the convex and concave side of the spinal deformity. This 

ignores the fact of uneven reduction of the functional 

properties of muscles on the convex and concave side of 

the curvature of the spine, as they appear in different 

biomechanical conditions of work [3].  

Pulled muscles on the convex side on an arbitrary 

reduction produce high-amplitude bioelectric signals 

compared to the contraction of muscles on the concave 

side. The extent of this asymmetry increases with spinal 

deformity. Consequently, during the electrical stimulation 

it is necessary to take into account individual differences 

in the electrical excitability of the muscles and especially 

the presence of evident asymmetry in excitability. The 

data on the asymmetry of the electrical excitability of 

muscles and different induction of muscle fibers in an 
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excited state with scoliosis demonstrate the need of 

compliance with certain ratios of the intensities of 

stimulators while electric stimulation of functionally 

different muscle groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In work [4], the following asymmetry coefficients  

of electrical excitability of some muscles are defined 

and are listed in Table 1.  
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Table 1– Asymmetry coefficients of electrical excitability of muscles 

 

Muscle name  

 

at degree of scoliosis  

 

Voltage of electrical stimulation,  

V 

 I II III Convex side Concave side 

m. trapezius 1,11 1,18 1,25   

m. Latissimus dorai 1,10 1,35 1,41 
 

 

m. Longissimus 

dorai 
1,04 1,33 1,40 

  

m. bliquus 

abdominis 
1,11 1,34 1,35 

  

Fig. 3 – Block diagram of multichannel electric stimulator 

convconca UUK 

convconv U,U 30   aconvconv KU,U  30
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In Table 1  and – threshold voltages, 

causing excitation of muscles on concave and convex side 

of the spine. From Table 1 it is clear that the required 

intensity of stimulating factor for the muscles of concave 

side is in  times greater than for the muscles of 

convex side. Nevertheless the mode of synchronous 

multichannel electrical stimulation has to be used. The 

excitation of muscles only on convex and concave sides 

of the spine does not exclude its torsion, which leads to 

negative consequences caused by such electrical 

stimulation. This undesirable phenomenon  can be 

eliminated by simultaneous synchronized excitation of 

transverse abdominal muscles.   

All this was taken into account in development of a 

specialized electrical stimulator "Polystim - 031." The 

block diagram of the device shown in Fig. 3.  

Electric stimulator contains function generator 1, 

that produces repetitive sets of linearly frequency 

modulated (LFM) signal of a rectangular shape. From the 

outputs of generator 1 LFM  signals are sent to the signal 

inputs of the converters 2 and 3, where they are converted 

into a pulse width modulated (PWM) signals. The use of 

two parallel operating transformers 2, 3 allows 

independent control of each other stimulus amplitude 

signals in the main interconnected (I and II) channels and 

sub channel (III) by changing the depth of PWM signals. 

In addition, the use of signal conversion of LFM into 

PWM, allows easy implantation of 7-12 trapezoidal law 

of the variation of the amplitude of stimulating signals 

while maintaining linear FM in areas of its rise and fall. 

This ensures high comfort procedure of electric 

stimulation. Amplifiers 8 and 9 are made with additional 

inputs, which include a chain of series-connected resistors 

R5-R7. 

Changing the position of the engine of variable 

resistor R6 proportionally changes the ratio of coefficients 

of amplifiers  8, 9 at % that reaches the required 

asymmetry of stimulating current in channels I and II.  

Auxiliary channel III is different from the major 

ones with presence of direct and inverted outputs of the 

converter 3. This ensures the possibility of stimulation on 

band channel as synchronously with channels I and II so 

in the opposite to them.  

Current pulses flow into electrodes through anti-

parallel connected diodes D1-D3 and radiators  

 

optocouplers VD1-VD3. In the absence of signals in 

secondary coils of  transformers T1-T3, for example, 

because of accidental disconnections or broken electrodes 

on control inputs of converters 2, 3 inhibit signal is 

installed formed with the help of coincidence circuits 4 

and 6. Ban signal cancelltaion runs only after connecting 

electrodes and reinstallation of the amplitude level from 

zero to the desired value by resistors R3 and R4. Main 

technical characteristics of multichannel electrostimulator 

are shown in Table 2. 

Electric stimulator "Polystim-031" is compact, with 

a reduced number of adjustments, that makes it easier to 

work with and it can be used as well as in clinical practice 

as at home by the patient himfelf. Protection from 

overdose on time, from disconnection of electrodes and 

unauthorized installation of the amplitude of stimulating 

pulses make it one of the safest devices. But of course its 

main advantage is high efficiency in prevention and 

treatment of scoliosis in early stages of its progression. 

III. CONCLUSION 

Introduction of new electronic equipment in medical 

practice, in particular, electric stimulation technics is the 

most perspective and progressive in the field of non-

pharmacological treatment and prevention of diseases of 

the neuromuscular system and the musculoskeletal system 

of human. 
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Table 2 – Technical characteristics of electrostimulator 

Characteristic  Value  

Number of galvanically isolated channels  3 

Pulse shape of the stimulating current  Asymmetric bipolar  

Amplitude of the current in the load 1,5 kOm, mA   (0...100)  10% 

Duration of stimulation pulses, mS  0,2  20% 

Variation range of stimulation rythm, S  (1...20)   5% 

Ratio of excitation and relaxation periods  1:1 

Variation frequency range of stimulation pulses at LFM and in the mode of 

continuous generation, Hz 

Built-in timer, min 

(10..140)   10% 

 

10, 20, 40 

Intensity control of the stimulating current Light, sound 

Supply voltage, V 9  0,4 

Overall dimensions, mm 205 (w)  55 (h)  160 (d) 

Weight, kg 1,5 
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1. INTRODUCTION 

A new direction of optical physical diagnostics [1-

8] – laser polarimetry of microscopic images of 

polycrystalline networks of biological tissues histological 

sections [9-12] has been developed in recent years. This 

approach is focused on in vitro measurements of 

coordinate distributions of Stokes vector parameters of 

biological tissues laser images with further complex 

(statistical, correlation, fractal, singular, wavelet, etc.) 

analysis on the basis of the obtained data arrays [13-24]. 

Another diagnostic biomedical laser technique – 

polarizationally sensitive optical coherent tomography – 

also became widely spread [25-28]. It is based on 

measuring the parameters of Stokes vector in the remote 

(Fourier) diffraction zone of the field of scattered laser 

radiation. 

That is why the task of combining the information 

potentiality of the above mentioned techniques of optical 

diagnostics basing on the development of new methods of 

analysis and processing of polarizationally 

inhomogeneous images of biological tissues in the Fourier 

plane [29] of scattered radiation field proves to be topical. 

This research is focused on the development of 

experimental technique of polarization investigation of 

coordinate distributions of Stokes vector parameters of 

the laser field in the Fourier plane for diagnostics and 

differentiation of the severity of pathological changes in 

rectum tissue biopsy. 

 

2. BASIC ANALYTICAL RELATIONS 

It was determined for the fields of scattered laser 

radiation that polarization state in every point with ( mn, ) 

coordinates is formed by the mechanisms of statistical 

interference and is determined using the following 

relations [15, 19, 30] 
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E
arctg  – the phase angle,   – phase shift 

between the orthogonal components yx EE ,  of laser 

radiation amplitude determined from relations [26] 
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Here x0 , x0  – phases of orthogonal components 

( yx EE 00 , ) of the amplitude of the laser image probing 

polycrystalline network;         yx . 

Expressions (3) and (4) are “input” parameters for 

diffraction integrals [31] determining further diffraction-

interferential process of evolution of amplitude-phase 

distributions of object field. 

For the case of finding the biological tissue layer in 

the focal plane of the objective the following can be 

written 
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Here f  – focus distance of the objective;   – 

wave length of laser radiation; mn,  and 
 mn ,  – 

coordinates of the points in the image plane and Fourier 

plane respectively.  

Diffraction integrals (5) and (6) enable to 

determine the asymmetry degree of Fourier spectrum in 

two mutually transverse directions  
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         Thus, taking into account relations (1)-(6) the 

following expressions for the Stokes vector parameters 

can be written [31] 
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and asymmetry degree of  
 nmSk ,4;3;2;1  distributions 

can be determined and to determine the degree of 

asymmetry (relations (7) – (12)). 

For objective (quantitative) estimation of 

distributions  
 nmSk ,4;3;2;1  the statistical, correlation 

and spectral approaches were used. 

 

3. DIAGNOSTIC POTENTIALITY OF FOURIER 

STOKES POLARIMETRY OF LASER FIELDS OF 

BIOLOGICAL TISSUES HISTOLOGICAL SECTIONS 

IN VITRO 

 

Histological sections of rectum wall biopsy with 

benign (group of samples 1-9) and malignant (group of 

samples 2-10) were used as objects of investigation. 

This research is confined to the analysis of 

distributions structure of the 4
th

 Stokes vector parameter 

most vividly characterizing the changes in optical 

anisotropy of polycrystalline biological networks. 

The coordinate (left parts) and probability (right 

parts) distributions of the values of the 4
th

 Stokes vector 

parameter of optically realized Fourier spectrum of laser 

radiation scattered by histological sections of rectum wall 

biopsy of group 2 (Fig. 1) and group 2 (Fig. 2) are 

presented in Fig. 1 and Fig. 2. 

 
Fig. 1. Coordinate structure and histogram of 

values distribution of the 4
th

 parameter of Stokes vector 

scattered by histological section of group 1 in Fourier 

plane 

 
Fig. 2. Coordinate structure and histogram of 

values distribution of the 4
th

 parameter of Stokes vector 

scattered by histological section of group 2 in Fourier 

plane 
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 The results of the 1
st
-4

th
 order moments calculation 

characterizing the coordinate distributions in Fourier 

plane of the field of laser radiation transformed by 

histological sections of rectum wall with benign (group 1) 

and malignant (group 2) tumors are presented in Table 1. 

 

TABLE 1. STATISTICAL MOMENTS OF THE 1
ST

-4
TH

 

ORDERS OF FOURIER SPECTRUM 4S  

Parameters Benign changes Malignant 

changes 

1R  0,28 0,0012 0,07 0,021 

2R  0,11 0,008 0,39 0,014 

3R  1,14 0,009 0,59 0,016 

4R  2,47 0,017 0,79 0,027 

 

It was determined that the difference between the 

statistical parameters 4;3;2;1jR  for both groups of 

histological sections amounts to: mean 1R  – 4 times; 

dispersion 2R  – 3.8 times; asymmetry 3R  – 1.9 times; 

excess 4R  – 3.1 times. On the basis of this the following 

parameters of sensitivity and specificity in differentiation 

of benign and malignant changes of rectum wall: 

 

Group 1 ( 9q ) 

State Benign changes Malignant changes 

Parameters 7b  2d  

 

Group 2 ( 10q ) 

State Benign changes Malignant changes 

Parameters 3c  6a  

 

Thus, sensitivity Se  and specificity Sp  equal to: 

    %.77%;78 42  dQSpdQSe  

 

 

4. CONCLUSIONS 

1.The complex technique of estimating 

polarizationally inhomogeneous field of scattered laser 

radiation in Fourier plane is suggested. It is based on 

determination of values and range of changes of statistical 

moments of the 1
st
-4

th
 orders, characterizing the 

probability, coordinate and spatial-frequency structure of 

Stokes vector parameters coordinate distributions. 

2. The ensemble of diagnostically urgent statistical 

(statistical moments of the 1
st
-4

th
 orders), parameters of 

coordinate distributions of the 4
th

 Stokes vector parameter 

of Fourier image of polarizationally inhomogeneous 

image of optically anisotropic component of histological 

sections of stomach wall tissue is determined. By means 

of these parameters differentiation of benign and 

malignant tumor with high sensitivity and specificity 

levels is realized for the first time. 

. 
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I. INTRODUCTION 

 

The problem of effectively eliminating the toxic 

effect of carbon monoxide is an urgent and socially 

significant task. Up to the present, the capabilities of 

modern medicine remain quite limited and therefore 

losses as a consequence of poisoning are serious. Carbon 

monoxide (CO) is a product of incomplete burning of 

hydrocarbons and is a toxic gas without color or odor. 

The toxicity of CO to the human body is linked to the 

formation of a complex with hemoglobin 

(carboxyhemoglobin - HbСО), the stability of which 

exceeds the stability of oxyhemoglobin (HbО2) by 

hundreds of times [1, 2]. Growth in the concentration of 

blood HbСО leads to a decrease in oxygen transport via 

hemoglobin (Hb) to cells of vital organs and tissues. 

 The half-decay rate the complex of CO with Hb is 

extremely low, and at concentrations of Hb(CO)4 in the 

blood about 20%, the period of its half decay time takes 

more than eight hours [3]. In clinical practice usually uses 

forced ventilation of the lungs with pure oxygen. This 

methods makes it possible to somewhat shorten decay 

time, but it does not eliminate the problem of lethality [4] 

and at concentrations of Hb(CO)4 in the blood higher than 

60%, carbon monoxide is the main cause of hypoxia in 

fire related fatalities. 

Currently, the method of hyperbaric oxygenation 

(HBO) is considered to be the most effective for 

detoxification; it is based on the action of pure oxygen at 

a pressure several times exceeding atmospheric [5]. The 

use of HBO2 makes it possible to create the maximum 

possible concentration of oxygen in the blood, but it 

simultaneously results in a higher risk of oxygen toxemia 

as a consequence of prolonged О2 action. Thus, the 

problem of effectively eliminating the toxic effect of CO 

remains urgent and solving it requires a new approach to 

developing modern, highly effective therapeutic methods.  

In the present study, we propose and examine an 

optical method for eliminating the toxic effect of carbon 

monoxide, which is based on laser induced 

photodestruction of blood HbСО in cutaneous vessels and 

capillaries. The key role in development of this method is 

played the first proposed and earlier developed hypothesis 

on the role of laser induced photodissociation of 

oxyhemoglobin (HbO2) in blood vessels in the 

mechanism of the biostimulating and therapeutic effect of 

low intensity laser radiation. The essence of the 

hypothesis is that during the action of laser radiation 

through the cutaneous tissue, part of the radiation is 

absorbed by the HbO2 in blood vessels. As well, we can 

expect that with a probability of ~10%, photodissociation 

releases of molecular oxygen [6] and restore of 

hemoglobin: 

 

HbO2  -------  Hb + O2. 
 

This hypothesis was experimentally confirmed and 

summarized in our previous investigations. Development 

of this idea allowed examining the possible 

photodestruction of blood HbСО in vivo in order to 

effectively eliminating the toxic effect of carbon 

monoxide. In application to the complex of hemoglobin 

with oxygen, laser induced photodissociation makes it 

possible to additionally extract molecular oxygen directly 

in the zone of irradiation and thus eliminate tissue 

hypoxia. 

In addition to this, photodissociation of 

carboxyhemoglobin makes it possible to restore 

hemoglobin’s function of transporting oxygen to tissue 

cells. Despite the fact that the bond in the CO complex 

with Hb is significantly stronger than in the case of О2 

complex with Hb, the effectiveness of photodissociation 

of HbCO is almost an order of magnitude higher than 

HbO2: 98 and 10% in the visible range of the spectrum, 

respectively [6]. Such a large difference in the quantum 

yield of photodissociation opens the possibility of 

destroying the blood HbCO complex with high 

selectivity, essentially not touching the useful HbO2 

component. At the same time as the effectiveness of 

known methods of eliminating the toxic effect of CO is 

limited by the time of natural decay of the HbCO 

complex, mandatory destruction of HbCO by 
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photodissociation under simultaneous saturation of the 

blood plasma by molecular oxygen makes it possible to 

substantially hasten the removal of CO from the body. 

The basis of the suggested method is irradiation of 

blood vessels and capillaries by optical irradiation of a 

certain wavelength. As well, the majority of energy 

absorbed by blood HbСО will be expended on 

photodissociation. We present here the results of 

investigation the effect of optical radiation with HbСО in 

cutaneous blood vessels and capillaries and the method of 

its effective photodissociation. 

 
II. NUMERICAL SIMULATION FOR THE OPTIMAL 

PHOTODESTRUCTION OF BLOOD 

CARBOXYHEMOGLOBIN 

 

Study of the mechanism by which optical radiation 

interacts with skin tissue is the basis of developing new 

methods and high technology systems for photomedicine. 

In our study, we clearly highlight the following three 

main mechanisms of laser–tissue interaction: 

photothermal, mechanical, and photo biological. The first 

two mechanisms are related to the action of high energy 

laser radiation on tissue, and they are well studied. On the 

basis of first mechanism high power laser systems are 

used for surgery, cosmetology, ophthalmology, etc. In the 

other side the most interesting is the study of features of 

low intensity laser radiation and its effect on skin tissue 

chromaforms. 

Analysis of the effectiveness of laser radiation 

interacting with oxyhemoglobin in cutaneous blood 

vessels shows that it is impossible to directly use the 

absorption spectra of Hb and its complexes obtained in 

vitro. The reason for this is the screening effect of the skin 

tissue. It is necessary to take into account the optical 

properties of skin in determining the most effective 

wavelengths for acting on the complex of Hb with gas 

molecules (action spectra).  

Obviously, the features of optical radiation 

interaction in tissue are primarily determined by skin 

properties, as well as the wavelength and action energy. 

These parameters determine the penetration depth of 

optical radiation into skin tissue, which is important for 

estimating the action on blood vessels and capillaries 

located at different depths.  

In numerical simulation, the structure of skin tissue 

is investigated in the form of a medium consisting of three 

layers, which determine its optical properties. 

We perform the calculations with allowance for the 

following skin tissue parameters. The first is the stratum 

corneum (~10–200 μm), which partially reflects of 

incident light. The epidermis (~40–150 fm) contains the 

pigment melanin, which intensely absorbs light in a wide 

spectral range.  

Melanin in skin tissue serves as a unique optical 

filter. From the optical standpoint, directly beyond the 

epidermis, of most interest is the main layer, the dermis, 

the width of which could reach up to 5 mm.  

The dermis contains collagens, which are a source of 

strong scattering of light, and blood vessels. In a normal 

state, the rich network of arteries, veins, and capillaries 

predominately contain Hb and HbO2. In addition, 

hemoglobin can form complexes with CO and NO, which 

hinder oxygen transport. At concentrations of HbCO in 

the blood of more than 30%, oxygen transport drops to 

such an extent that there is a high probability of lethality. 

Cutaneous blood vessels are mainly situated at two 

levels: close to the epidermis and deep at the interface 

with subcutaneous fatty tissue. In addition, a vast network 

of capillaries almost completely fills the entire bulk of 

skin tissue, supplying every cell with oxygen. Paying 

attention to this factor in numerical calculations by the 

Kubelka–Munk model [7], we assumed a homogenous 

distribution of the main chromophores over the 

corresponding layers. 

Such an approach makes it possible to simulate and 

obtain qualitative data on the interaction of light with skin 

tissue components [9]. Figure 1 shows the typical spectra 

of Q band absorption of oxyhemoglobin, 

carboxyhemoglobin, and hemoglobin (Hb) in vitro, which 

are used in calculating the action spectra of Hb, HbO2, 

and HbCO at various depths of the skin tissue. 
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Fig1. Absorbtion spectra of hemoglobin (Hb),

oxyhemoglobin (HbO2) and carboxyhemoglobin (HbCO)
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In calculations, we chose the Hb, HbO2, and HbCO 

absorption bands in the spectral range of 480–650 nm, 

since in the shortwave region, optical transmission of skin 

drops sharply and light does not penetrate skin tissue. 

Figure 3 shows the calculated action spectra of Hb, HbO2, 

and HbCO in blood vessels situated at a depth of 1 mm 

from the surface of the skin. 

As is seen, the maxima of effective Hb, HbO2, and 

HbCO absorption bands are shifted to the long wave 

spectral region, and the bandwidth narrows significantly. 

It is noteworthy that HbCO, in contrast to Hb and HbO2 

(see Fig. 2), does not absorb in the near IR and IR regions 

of the spectrum.  

Absorption spectra of Hb and HbO2 have 

respectively strong bands in the near and IR spectral 

regions. 

Note that the optical properties of actual skin 

strongly depend on the concentration of melanin in the 

epidermis and hemoglobin in the dermis, which 

substantially change from individual to individual. Thus, 

the results of numerical simulation allow us to determine 

only the qualitative characteristics of the interaction of 

optical radiation with tissue. 

The results of investigations clearly show the 

possibilities of solving the urgent problem of neutralizing 
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the toxic effect of CO by photodissociation of blood 

HbCO.  
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Fig2.  Absorbtion spectra of hemoglobin (Hb),

oxyhemoglobin (HbO2) and carboxyhemoglobin (HbCO)

in the depth of 1mm
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The results show that the effective Hb, HbO2, and 

HbCO absorption bands in cutaneous blood vessels differ 

from the absorption spectra obtained in the absence of the 

screening effect of skin tissue. So, the maxima of the 

obtained spectra are shifted to the long wave spectral 

region and depending on the depth of the skin tissue, they 

significantly narrow.  

The shapes of the HbO2 and HbCO absorption bands 

in the investigated spectral region at a depth of 1 mm are 

very similar and have two clearly expressed maxima at λ 

= 545 and 580 nm, and λ = 540 and 570 nm, respectively. 

It should be noted that the action on blood HbCO 

through cutaneous blood vessels and capillaries is one 

possible way for use in clinical practice. As well, it is 

necessary to bear in mind the optical properties of skin for 

choosing the optimal parameters of optical radiation in 

order to effectively influence not only surface capillaries, 

but also deeply situated ones. We examine in more detail 

ways of effectively destructing of blood HbCO 

complexes. 

 

IV. EXPERIMENTAL IN VITRO STUDY THE 

EFFECTIVENESS OF PHOTODISSOCIATION  

OF BLOOD CARBOXYHEMOGLOBIN  

 

Experimental investigation the effectiveness of blood 

HbCO photodissociation in vitro by optical radiation with 

varying wavelength using the numerical simulation results 

was carried out [10]. In experiments, we used venous 

blood, stabilized by an anticoagulant heparin, EDTA. 

Then, this blood was saturated with pure carbon 

monoxide in order to transform all of the Hb into HbCO. 

Concentrations blood Hb and HbCO was measured by 

spectrophotometer [11].  Optical density of blood HbCO 

was measured with the spectrophotometer SF-16. Carbon 

monoxide was obtained by reaction of concentrated 

sulfuric and formic acid under heating (boiling) in an 

open flask with a breather tube. Concentrated sulfuric and 

formic acid were mixed in a 1: 1 ratio:  

HCOOH (t, H2SO4)  ----- H2O + CO↑. 

Blood was saturated with pure CO for 10 min., and 

then it was subjected to optical radiation at the 

wavelength of 514.5 nm with the output power of 5.5 

mW.  

The result of this experiment shows that only 10 min 

irradiation reduces the concentration of blood HbCO by 

15% in comparison to the initial one. In should be noted 

that in analogous conditions during saturation of blood by 

oxygen and irradiation by wavelength of 632.8 nm at the 

power of 5.5 MW, no decreases in the concentration of 

blood HbCO is observed.  

The concentration of blood HbCO is the indicator of 

the degree of organism intoxication that determine what 

the above three methods of optical irradiation is the most 

effective for use in clinical practice. So, at HbCO blood 

concentrations is less that 10% (in medical practice this is 

classified as weak intoxication), it is quite sufficiently to 

use noninvasive transcutaneous method irradiating blood 

vessels and capillary with optical radiation at the 

wavelength of 564 nm.  

At concentration of blood HbCO far more than 10% 

but less 30% (medium degree of intoxication), it is 

effective to perform photodissociation of blood HbCO 

directly in lung alveoli by radiation at wavelengths of 540 

and 570 nm using optical bronchoscope.  

Finally, at HbCO concentrations >30% (severe 

poisoning), the most effective way is intravenous 

irradiation of the blood with simultaneous ventilation of 

the lungs with pure oxygen. As well, venous blood flows 

through lung alveoli and is enriched in oxygen, which 

leads to elimination of the toxic effect of carbon 

monoxide [10]. 

V. APPARATUS FOR EXTRACORPEREAL  

PHOTO DESTRUCTION OF BLOOD 

CARBOXYHEMOGLOBIN 

On the basis of research results, obtained both in the 

numerical simulation of the interaction of laser radiation 

with blood HbCO and experimental measurements in vivo 

it is developed the apparatus for phototherapy the 

poisoning effect of carbon monoxide (see figure 3).  

 

 
Fig. 3 - The apparatus for phototherapy the poisoning 

effect of carbon monoxide 
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This apparatus provides in vitro irradiation of blood 
by optical radiation in the wavelength range of 530 – 560 
nm. Wavelength and the output power of the radiation 
chosen in accordance with the maximum of absorption 
bands of blood HbCO. The picture of the cassette for 
blood irradiation and detoxification of poisonous effect of 
carbon monoxide is presented in fig. 4.  
 

 
 

 
Fig.4 - The cassette for blood irradiation and 

detoxification of poisoning effect of carbon monoxide 
As it shown in fig. 6 the cartridge with circulating 

blood is irradiated with LEDs from both sides in order to 
achieve maximum exposure. The blood circulates in the 
medical tube that arranged in the form of a spiral to 
provide the maximal volume during the irradiation with 
LEDs located on the both sides of the cartridge. 

Apparatus for extracorporeal blood irradiation is a 
compact device with three main modules: a spiral cassette 
with a sample of blood irradiation; peristaltic pump for 
blood circulation and the optical system, which provides 
two-side blood irradiation with LED sources. Light 
sources are selected in accordance with the maximum of 
absorption bands of blood HbCO in the visible spectral 
range. 

Apparatus for extracorporeal blood irradiation is a 
compact device with three main modules: a spiral cassette 
with a sample of blood irradiation; peristaltic pump for 
blood circulation and the optical system, which provides 
two-side blood irradiation with LED sources. Light 
sources are selected in accordance with the maximum of 
absorption bands of blood HbCO in the visible spectral 
range. 
The device has the following main specifications: 
• Operation mode setting time installation after the 
inclusion of not more than 5 min. 
• The speed of the flow of the blood of 5, 10 and 15 
ml/min. 
• Accuracy of flow rate of blood is no more than + / 20 %. 
• Spectral range of the radiation from 530 to 630 nm. 
• Time of continuous work of the installation is not less 
than 8 hours. 
• Information on the modes of operation of the installation 
is displayed on the alpha-numeric display. 

• Power supply voltage 230  22 Century, with frequency 
of 50 Hz. 
• Power consumption is not more than 80 VA. 

• Overall dimensions not more than 260  250  143 mm. 
• Weight of installation of not more than 7 kg. 

Apparatus is equipped with the system of protection 
against removing the cassette during the work. 

In this apparatus a planar LEDs with the selected 
spectral range and the output power of radiation is used. 
The algorithm of operation of the apparatus provides 
selective activation and deactivation of each LEDs that 
allows one to vary the different parameters of the light 
effects (such as the pumping wavelength of light, or a 
combination of wavelengths, optical radiation power, etc.) 
to achieve the desired therapeutic effect. It is also possible 
increase or decrease in the «dose» of exposure by 
changing the speed of pumping blood.  

V. CONCLUSIONS 

Optical method for eliminating the toxic effect of carbon 
monoxide is proposed. The method is based on light 
induced photodissociation of carboxyhemoglobin in blood 
vessels and capillaries. Criteria of efficiency of light 
induced photodissociation of blood carboxyhemoglobin 
by direct irradiation the pulmonary alveoli, through the 
skin, intravenously and in vitro extracorporeal methods 
are proposed. 

Developed apparatus for extracorporeal blood 
irradiation can find wide application in modern medicine, 
and could be useful in emergency situations.  
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I. INTRODUCTION 

Identifying the negative effects of the electromagnetic 

field upon the human body and the adequate protective 

means has lately become one of the most important 

problems of EMC (Electromagnetic Compatibility) [2], 

[3], [5], [6], [7], [8], [15]. 

For a navy seagoing ship such an issue is a priority, 

taking into consideration the very high electromagnetic 

power density due to functioning together of a great 

number of electric and electronic equipment in a limited 

space [4]. 

 Because in vivo measurements upon the human body 

are not possible, there was designed and made a physical 

electric model, with concentrated parameters, for such a 

body, that was subjected to the action of the 

electromagnetic field of radio antennas situated on board 

ship. 

 The experiment had a double purpose namely: 

  a) to verify the relevance of such a model for the issue 

analysed; 
 b) to provide data, based on measurements onboard 

ship, about the levels of the currents induced in the 

“body” and the ways these are according to the limit 

values admitted by the standards or not. 

 

 

II. A PHYSICAL ELECTRIC MODEL OF THE 

HUMAN BODY 

According to the reference books studied [8], [11] [18], 

[19], [20], there were identified a series of constituent 

parameters (, m, ) both for different parts of the body 

(hand, trunk, leg) or organs (heart, liver, muscle, kidney) 

and of the body as a whole (such as, for example, 

conductivity , whose values are between 0,2 and 0,6 S/m 

[8], [11]. 

At the same time there could be identified some electric 

models of the human body [1], [2], [8], [11], [16], [17] 

such as, for example, that referring to the study of the 

electrostatic discharge of a person and the effects of this 

discharge upon the electronic components and circuits. 

Based on the information gathered, it has been 

designed an electric model with concentrated parameters 

of a human body, excluding the head, whose form and 

material structure requires another type of model (see, for 

example, the references [22], [23]). It was considered that 

the person holds a metallic object with both hands, for 

example a wrench, and is repairing an electric installation 

having both feet on the framework of the installation, the 

motor being insulated from the metal deck. It was also 

estimated that the electric resistance between the person’s 

feet and the metallic work of the installation is not 

significant to obtain maximum values for the currents 

induced in the body. 
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Fig.1 – Electric scheme with concentrated parameters of a human body (both the  

theoretical (index t) and real (index r) values are indicated) 
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Establishing the values for the electric parameters 

concentrated for different parts of the body (trunk, upper 

arm, forearm, hand, thigh, calf, foot) was done starting 

from the values of the constituent or concentrated 

parameters shown in the references [17], [18], [19], [20], 

[21] and also from the average geometric dimensions of 

the considered body (Table I). 

 
TABLE I. THE AVERAGE GEOMETRIC DIMENSIONS OF THE 

HUMAN BODY USED AS A MODEL 

Part 

of the 

body 

Geometric 

parameter 

Dimensi

on (m) 

Part of 

the 

body 

Geome-

tric 

parame-

ter 

Dimen

-sion 

(m) 

Whole 

body 

h 1.75 Hand  dm 

(average 
diameter) 

0.075 

Trunk  dm 

(average 

diameter) 

0.35 Hand lm 

(average 

length) 

0.19 

Upper 

arm 

dab 

(average 

diameter) 

0.12 Thigh lps 

(average 

length) 

0.40 

Upper 
arm  

lab 
(average 

length) 

0.30 Calf  dpi 
(average 

diameter) 

0.12 

Forear
m 

db 
(average 

diameter) 

0.10 Calf lpi 
(average 

length) 

0.50 

Forear

m 

lb (average 

length) 

0.30    

 

Accordingly, there were given values for inductivities 

and capacities of the parts of the “body”, whose scheme is 

shown in Fig. 1, and there were calculated the electric 

resistance values for these parts, starting from their 

conductivity known values. Thus, for the trunk it was 

considered for calculation an average resistivity of 130 

cm, and for the skeleton muscles, of 140 cm. 

To simplify it was considered that all these parts have 

cylindrical shape or that they consist of more “current 

ways” of cylindrical shape, connected in parallel; thus the 

resistance of the trunk was considered as a parallel 

equivalent resistance of 12 cylindrical current channels, 

with the diameter of 10 cm and the length of 60 cm, 

representing as many identical resistances (the value of a 

resistance of 120 ). The skin effect was also neglected, 

considering that the current distribution into the body is 

uniform, to obtain maximum values for the induced 

currents. 

Based on the theoretical electric model shown in Fig. 1, 

there was made a physical electric model, on a printed 

circuit plate with dimensions of 0.420 m   0.300 m. 

The calculated values of the resistances of the parts of 

the “body” and the values of the inductances and 

capacities, taken from the reference for the frequency of 

30 MHz, are shown in Table II. 

III. THE EXPERIMENT DONE ONBOARD SHIP 

The physical model was subjected to the direct action 

of the radiation of an electromagnetic field from an omni 

directional monopole antenna (Pr = = 400 W; f = 29.975 

MHz), placed onboard a seagoing navy ship, the antenna 

has transmitting continuously during the experiment. 

As the distance to the antenna (r) was of 6 m, it was 

considered that the electric model was mainly subjected to 

the far field (radiation field) of the antenna  because  the  

condition  EMC  for  such  a  field  was  fulfilled,  that is    

r   /2; for this particular situation r = 6 m   /2  1.6 

m [2]. 

 
TABLE II. THE VALUES OF THE ELECTRIC PARAMETERS OF 

VARIOUS “PARTS OF THE BODY” FOR A FREQUENCY OF 30 

MHz 
Parts of 

the 

body/ 

parame-

ters 

Diame

-ter 

(cm) 

Length 

(cm) 

R 

() 

L 

(mH) 

C 

(pF) 

 

( 

cm) 

Forearm 

(with 

elbow) 
side 8-9 

9 30 148.61/ 

163 

0.5/0.4

16 

10/1

2 

150 

Arm side 

9-10 

9 30 279.24/

330 

0.270/0

.530 

20/1

2 

150 

Hand 
with 

metal 

object 
side 10-3 

7.5 12 - 0.02/0.
45 

5/3.9 150 

Trunk 

side 1-2 

35 60 7.96/10 4/5.9 40/3

9 

130 

Thigh 
side 4-5 

17 40 2.85/3.
3 

0.5/0.4
6 

10/1
2.6 

150 

Calf side 

5-3 

13 50 7.28/10 0.5/0.4

5 

10/1

2.6 

150 

Skeleton 

muscle 

- - - - - 150 

 

O b s e v a t i o n: The real values of the parameters on 

the equivalent electric circuit are those from the 

denominator of the fraction from Table II. 

 

For measurements it was used an oscilloscope having 

the following characteristics: Tektronix TDS 2014, 100 

MHz Bandwidths, Sample Rates up to 2 GS/s, 4 channels, 

2.5 k Points Record Length, Dual Time Base, Advanced 

Triggering, 11 Automatic Measurements,  Waveform and 

Setup Memories. 

Prior to any set of measurements, the background 

values of the tensions induced into different parts of the 

“body” by the ship’s electromagnetic environment were 

registered. 

IV. THE RESULTS OF THE MEASUREMENTS 

There were made 60 measurements onboard ship. The 

obtained values for three of these, considered to be 

representative, are given in the Table III. 

 
TABLE III. THE VALUES OF THE TENSIONS MEASURED FOR 

DIFFERENT PARTS OF THE TESTED “BODY” (AVERAGE 

VALUES – RMS IN mV) 

No. channel 

Channel 

1 

left 

forearm, 

[mV] 

Channel 

2 

right 

forearm 

[mV] 

Channel 

3 

trunk, 

[mV] 

Channel 

4 

left calf, 

[mV] 

Measu

remen
t no. 1 

Backgro

und 
values 

(Scale  

5 
V/div.) 

 

58  
 

 

22  

 

10–3  

 

80  10–3  

Measure

d values 

(Scale  
500 

 

U8-9 = 

780  

 

U11-12 = 

820  

 

U1-2 = 

840  

 

U5-3 = 

180  
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mV/div.

) 

No. Channel Channel 

1 
left thigh 

Channel 

2 
right 

thigh 

Channel 

3 
left arm 

Channel 

4 
right arm 

Measu
remen

t no. 2 

Backgro
und 

values 

(Scale  
500 

mV/div.) 

  
18  

 

 
1.60  

 
19.7 

 
24.6 

Measure
d values 

(Scale  

500 
mV/div.

) 

 
U4-5 = 

480  

 

 
U6-7 = 

220  

 
U9-10 = 

120  

 
U12-13 = 

220  

 

No. Channel 

 

Channel 
1 

left hand 

 

Channel 
2 

right 

hand 

Channel 

3 
trunk 

with leg 

Channel 

4 
left 

forearm 

and 
upper 

arm 

Measu
remen

t no. 3 

Backgro
und 

values 

(Scale  
500 

mV/div.) 

 
18  

 

 
1.60  

 
19.7  

 
24.6  

Measure

d values 
(Scale  

500 

mV/div.
) 

 

U8-3 = 
4,000 

 

 

U11-3 = 
2,340 

 

U1-3 = 
140 

 

U8-10 = 
3,600 

 

These values refer to the electric tensions appeared on 

the different sides of the circuit (respectively – “parts of 

the body”) as a result of the EMT induced by the time 

variable electromagnetic field of the antenna. 

Knowing the tensions and the parameters of sides of 

the circuit there were calculated the currents induced into 

the sides and, accordingly, the current densities. 

The values of the currents and current densities in the 

sides of the physic model are given in Table IV. 

 
TABLE IV. THE VALUES OF THE CURRENTS AND CURRENT 

DENSITIES INTO “THE BODY” 

Parts of the “body” 
Induced current 

values, [mA] 

Induced 

current 

density 

values, 

[mA/m²] 

Notices 

Trunk 82.35 10.49x10³ For only 

one 
“channel 

of 

current” 

Thigh   5.14    291  

Calf 17.64 1,560  

Forearm   5.02    444  

Upper arm     0.074    942  

 

O b s e r v a t i o n: According to “The basic 

restrictions for time varying electric and magnetic fields 

for frequencies up to 10 GHz” [9], [10 ], [12 ], [13], [14], 

the limit of the current density for the head and trunk is 

f/100 mA/m², RMS values, where f is the frequency, [Hz], 

mentioning that it was taken into consideration the same 

value as for 10 MHz. 

V. THE COMPARATIVE ANALYSIS OF THE 

OBTAINED RESULTS 

The results obtained for the current densities were 

compared with the limit admitted values into the human 

body, imposed both by the European standard [12], and 

by the STANAG NATO standard [14], as basic 

restrictions for time varying electric and magnetic fields 

for frequencies up to 10 GHz. As these standards do not 

give values for the current density for more than f = 

10MHz, it was taken into consideration the same limit for 

f = 30 MHz too. 

So, for general public exposure, both standards indicate 

a limit admitted value for current density for head and 

trunk of f/500 mA/m² (RMS values), where f is the 

frequency, [Hz]. It results:  

 
6

4 2

2

30 10
6 10 mA/m

500 5 10

f 
  


.  (1) 

 

This value is 5.72 higher than the maximum value of 

the current density resulting from on measurements 

(10.490 mA/m²), but with the same order of magnitude! 

Calculating SAR (Specific Absorption Rate) using the 

formula [10]: 
2

SAR  W/kg
J


 ,   (2) 

 

where: J, [A/m2] – the density of the current induced 

into the analysed part of the body;  , [kg/m³] – the  mass  

density  of the analysed part of the body;  = = 0.2...0.6 

S/m – the average conductivity of the analysed part of the 

body and taking into consideration the current density 

value measured on the “trunk”, J = = 10.49 A/m², it 

results: 

 

SAR = 0.1834 W/kg, for  = 0.6 S/m; SAR = 0.5502 

W/kg, for  = 0.2 S/m. 

 

It is necessary to observe that in the second case SAR 

value is 1.375 higher than the limit value admitted by the 

standards [10], [12], [13], [14], respectively 0.4 W/kg, 

meaning that there is a risk of getting sick, in time, for the 

personnel onboard who works on the decks of the ship. 

Taking into consideration the circumstances, adequate 

actions of protecting the personnel are necessary. 

VI. CONCLUSION 

The physical model designed for simulating the 

behaviour of a human body exposed to the 

electromagnetic field onboard a seagoing navy ship 

“responded” positive to the proposed analysis, offering a 

viable way of research for such an approach, as long as in 

vivo measurements cannot be done. 

At the same time, the authors realize the fact that the 

electric model of the human body can be improved. 

Further more, if such a model is completed with another 

one designed for the research of the behaviour of a 

person’s head into an electromagnetic field, we consider 

that a very useful investigation instrument for this type of 

research can be ensured. 

Finally, such a model could be used for other 
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researches (respectively fields of activity) where there is 

an increased awareness of protecting the person against 

the harmful effects of the electromagnetic field. 
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I. INTRODUCTION 

The speckle structure of scattered light is currently 

used in both scientific and practical problems for 

determining various characteristics of biological tissues, 

e.g. tissue particle sizes and blood flow rate, for 

diagnosing different kinds of pathologies and monitoring 

therapy efficiencies. An analytical approach based on 

engineering approximations of the solutions to the 

radiative transfer equation under multiple scattering 

conditions was firstly proposed in [1] to describe some 

parameters of such a structure. The features in the 

formation of the speckles in a semi-infinite biotissue slab 

are studied and their characteristic dimensions are 

evaluated as applied to a macroscopically uniform 

medium. However, real tissues are practically always 

multi-layered. This paper extends the general approach 

[1] to the estimation of interference pattern parameters to 

the case of multi-layered human skin tissue. A procedure 

for calculating the characteristic dimensions of the 

speckles and their contrast inside the medium is proposed 

at wide variations of structural and biophysical tissue 

parameters. While constructing the procedure, the 

scattering centers are assumed to be fixed, as in [1]. 

Under their movement, the speckle contrast would be 

only lower. In other words, the upper estimate of the 

contrast will be given here. The below results are valid for 

mobile scattering particles too under their pulse 

illumination, when the pulse duration is essentially 

smaller than the characteristic time of the particle 

movement. The scatterers are obviously can be considered 

as “frozen” or immobile in this case. 

II. CALCULATION PROCEDURE 

The calculation algorithm [1] is based on the known 

relation [2] between the coherence theory for light field in 

a scattering medium and the radiative transfer theory 

(RTE)  

[3]. This approach enables the speckle structure of the 

laser light field to be analyzed by the widely used 

engineering methods of RTE with specific applications to 

a biological object. 

Following to [1], for calculating the coherent 

component of the light field in multi-layered biotissue, the 

multi-component method [4] of the RTE will be used 

below, which is applicable for media with highly forward-

extended phase function p(), where is the scattering 

angle. Just the same situation would usually occurs for 

biotissues [5], because large (as compared with light 

wavelength   in the visible) collagen fibers of bloodless 

tissue and blood erythrocytes contribute mainly to light 

scattered in the forward direction. Due to this reason, one 

can clearly isolate two components of p() [4] 

substantially differing each another by their angular 

scales. The first one is a sharp peak (diffraction peak) 

near the direction of the incident beam with a halfwidth 

on the order of an arc degree, which depends on the sizes 

of scattering particles. The second component is an 

essentially more diffuse light with a halfwidth of the order 

of dozens of arc degrees, which depends mainly on the 

relative refractive index of scattering particles. The said 

two components of p() are usually computed by the 

Fraunhofer diffraction formulas and the anomalous 

diffraction or geometrical optics approximation [6]. Using 

the said separation of phase function into the above 

angular functions, one can show that there will be three 

components of multiply forward-scattered light. 

According to the terminology [1], they are a non-scattered 

component with angular divergence of the incident light 

beam (it will be denoted below by subscript i = 0), a 

diffraction one with the divergence on the order of an arc 

degree (i = 1), and a diffuse one with the divergence on 

the order of dozens of arc degrees (i = 2). 

The below results are based on the optical skin model 

[7, 8]. A three-layered tissue is considered consisting of 

stratum corneum, epidermis, and dermis. For each of 
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these layers, there are set their geometrical thicknesses (d1 

= 20 mm for stratum corneum and varying d2 for 

epidermis), absorption and extinction coefficients μa and 

μe, as well as phase functions or a number of their integral 

parameters [5] required for the computations according to 

the method of [1, 4]. Coefficients μa of epidermis and 

dermis can vary by the wavelength of an incident beam 

and volume fractions of their absorbers, namely, of 

melanin and hemoglobin derivates, respectively. Note that 

blood is considered as a two-component medium 

containing the two main hemoglobin derivates, oxy- and 

deoxyhemoglobin with S being the blood oxygenation 

degree or blood oxygen saturation. 

The calculation procedure is described in detail in [9]. 

The irradiance at any depth z is assumed to be a sum of 

the coherent and incoherent components. The first one 

provides the interference pattern or the speckle structure, 

but the second one forms the incoherent background. The 

coherent light, in its own turn, in each skin layer is 

represented as a sum of non-scattered, diffraction and 

diffuse component according to [4]. The incoherent 

background is computed according to the engineering 

method of [10, 11]. It comprises the known layer-adding 

method with accounting for multiple re-reflections of 

light between the skin layers and its surface and a number 

of engineering approximations of the RTE [3], namely, 

the small-angle approach to compute light fields in 

optically this stratum corneum and epidermis and the 

asymptotic theory to do the same for optically thick 

dermis. So the fully analytical procedure is designed for 

the computations of the speckle structure at any tissue 

depth. It takes only a few seconds for the calculations 

with using a moderate PC. 

III. EXAMPLES OF SIMULATED SPECKLE 

STRUCTURE INSIDE BIOTISSUE 

The speckle structure in dermis will be considered here, 

because it is of main interest for diagnostic purposes of 

erythrocytes and whole blood parameters. Fig. 1 

illustrates the depth dependence of the irradiance 

produced by coherent light at various wavelengths of the 

visible to near IR spectral range. Fig. 1a corresponds to 

varying volume fraction fm of melanin in epidermis. It 

plays a role of a spectral filter that does not essentially 

affect the parameters of the speckle structure in dermis. 

Epidermis is simply attenuates light penetrating in the 

depth of the medium, the attenuation being the more 

noticeable, the more concentration fm is. Fig. 1a 

corresponds to varying volume fraction CV of capillaries 

in dermis. It is rather surprisingly, at the first glance, that 

the irradiance is practically independent of CV although 

the dermis absorption increases substantially in this case. 

However, there is a physically transparent explanation of 

this fact. Really, with CV increasing, the contribution of 

light scattering by blood erythrocytes to the total dermis 

extinction grows. But the phase function of erythrocytes 

is much more forward extended as compared with that of 

bloodless tissue. Therefore, the coherent component 

attenuates weaker at large volume fractions of blood. So 

the competition of two oppositely influencing factors, 

namely, of the increase of the dermis absorption 

coefficient with CV and the more forward extension of the 

phase function of the medium, gives rise to their 

approximate balancing, so that irradiance E2 depends 

weakly on the capillary volume factor. 

Figure 2 shows the spatial distribution of the incoherent 

background at various wavelengths of the visible to near 

IR spectral range. This background affects the speckle 

contrast in the dermis depth. One can see from Fig. 3 that 

background has a maximum at some depth that depends, 

mainly, on the wavelength. The maximum moves to the 

deeper dermis layers with increasing  . The background 

irradiance can be two- to threefold larger than the 

corresponding values at the interface of epidermis and 

dermis. This is due to multiple re-reflections between 

deep and surface layers of the medium. The increase in 

blood volume fraction leads to the reduced background 

due to the growing tissue absorption coefficient. The 

increase in the melanin concentration and epidermis 

thickness playing a role of a spectral filter attenuates the 

background approximately proportional at all the depths, 

i.e. the situation similar to that of Fig. 1a takes place. 

 

 

Fig. 1. Depth structure of coherent component in dermis 

at   = 500 (1), 600 (2), 700 (3), and 800 nm (4), S = 0.75, 

d2 = 100 mm, а – fm = 0.04 (dashed curves) and 0.16 

(solid), CV = 0.04; b – CV = 0.02 (dashed) and 0.08 

(solid), fm=0.04 
 

Consider now the interference patterns or speckle 

structures in the dermis depth. The radial dependence of 

the scattered light field is the sum [9] of periodic 
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functions with various spatial frequencies corresponding 

to the correlation radii (dimensions) for the direct light, 

the diffraction and diffusion components. Calculations 

show that the characteristic speckle dimensions are 

mainly determined by the diffusion component. They 

depend on the optical tissue properties and, in particular, 

on the dermis phase function. Fig. 4 illustrates the speckle 

structure at dermis depth 1 mm with accounting for the 

incoherent background. The speckle radii can vary from 

fractions to several mm. 

 

 

 

Fig. 2. Depth structure of incoherent background at   = 

500 (curves 1), 600 (2), 700 (3), and 800 нм (4) for CV = 

0.02 (а) and 0.08 (b), d2 = 100 mm, fm = 0.08, and S = 0.75 

 

Figures 4 give z-dependences of characteristic scales 

L1,2 (produced by the diffraction component) and L2,2 

(diffusion one) of the speckle structure in dermis. The 

spectral range of the presented results is   = 500 to 800 

nm. Speckle dimensions grow with wavelength 

increasing. This is directly followed from the analytic 

formulas of [9]. For phase functions with relatively small 

forward extension, radius L1,2 depends weakly on z, 

whereas L2,2 changes several-fold, while going to the deep 

dermis layers up to depth 2 mm. For phase functions with 

relatively large forward extension, both L1,2, and L2,2 

decrease with z increasing. The speckles are larger for 

skin irradiation in the near-IR as compared with their 

dimensions under visible irradiation. The difference in 

L1,2 and L2,2 can achieve 2 to 4 times at   = 800 and500 

nm as a function of the depth. 

 

 

 

Fig. 3. Radial structure of light field in dermis at depth 1 

mm for S = 0.5 (a) and 0.97 (b),   = 600 nm, fm = 0.08, 

CV = 0.04, and d2 = 100 mm 
 

 

 

Fig. 4. Depth dependences of characteristic speckle scales 

L1,2 (solid curves) and L2,2 (dashed) at relatively small (a) 

and large (b) phase function extension,   = 500 (curves 

1), 600 (2), 700 (3), and 800 nm (4), fm = 0.08, CV = 0.04, 

and d2 = 100 mm 
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IV. ON THE SOLUTION TO INVERSE PROBLEMS 

WITH USING SPECKLE MEASUREMENTS 

Consider contrast K of the speckle pattern of scattered 

light field in dermis. This quantity can be really observed 

in experiments, and its dependence on structural and 

biophysical tissue parameters can be used for setting and 

solving the inverse problems of biomedical optics, for 

example, for retrieving blood volume fraction and blood 

oxygenation degree from measurement results. Let the 

contrast be defined similarly to its definition for an 

interference pattern: 
 

K = (Wmax – Wmin)/ (Wmax + Wmin), 
 

where Wmax and Wmin are, respectively, the maximal and 

minimal values of the total irradiance produced by both 

the coherent and incoherent light. These quantities can be 

directly calculated by the relations of [9]. 

 

 
Fig. 5. Spectral dependence of the contrast of the speckle 

patters at depth 1 mm (curves 1) and 1 cm (2) in dermis 

for CV = 0.02 (solid lines) и 0.08 (dashed), fm = 0.08, S = 

0.75, d2 = 100 mm 
 

Figure 5 illustrates the spectral dependence of the 

contrast in the visible and near-IR ranges. Note, first, that 

the K spectrum is similar to that of the blood absorption 

coefficient k( ). The more the k( ) values are, the larger 

the contrast. This is due to the fact that the background of 

the interference pattern is formed by the multiply 

scattered light. When the absorption increases, the 

background decreases. One can see from Fig. 5 that there 

are rather large contrast values exceeding 0.5 up to 

relatively big deprhs (up to 1 cm). The contrast is minimal 

in the range of 600 to 700 nm, where the tissue absorbs 

light relatively weakly. As depth z increases, the minimal 

K values move to the long-wavelength spectral region. 

The similar movement is observed for increasing blood 

volume fraction. All these features can be explained by 

the comparison of the irradiances created by coherent and 

incoherent light. 

When Fig. 1b has been considered, it is noted that 

mean irradiance Е2 of the coherent light field depends 

weakly on CV, and the corresponding explanation has 

been made. Nevertheless, the contrast of the interference 

pattern depends essentially on the capillary volume 

fraction. This can be explained by rather a strong 

dependence of the incoherent background on CV. When 

CV increases, the contrast increases too. This can be seen 

by the comparison of the solid and dashed curves in Fig. 

5. Changes in K over the red – near-IR spectral range are 

approximately 0.1. This quantity can be rather simply 

recorded in experiments. The above said enables the 

approaches and the methods to be developed in the new 

biomedical optics scientific direction, namely, for 

determining the capillary volume fraction by using the 

characteristics of the spectral pattern in biotissues. 

 

 
Fig. 6. Dependence of K at z = 5 mm on S for CV = 0.02 

(curve 1) and 0.08 (2), fm = 0.08, S = 0.75, d2 = 100 mm, 

and   = 600 nm 
 

Figure 6 illustrates once more example of possible 

posing and solving the inverse problem on retrieving 

blood oxygen saturation S by using the contrast of the 

interference pattern in dermis. If one returns to above-

shown Fig. 3, where the calculations are given for two 

values S = 0.5 и 0.97, one can turn attention that the radial 

structure of the total irradiance produced by coherent and 

incoherent light in dermis depends on S values at 

wavelength 600 nm. At other   of the visible to near IR 

spectral range, there are weak corresponding 

dependences. This is due to the sharp changes of the 

oxyhemoglobin absorption at the said wavelength. One 

can see from Fig. 6 that there is rather a strong 

dependence of the contrast on S. Although the data of Fig. 

6 are given for z = 0.5 cm only, the calculations have 

showed that the similar behavior of K can be observed at 

other depths. Note that the same wavelength of 600 nm 

was also recommended in [12] for retrieving the blood 

oxygenation degree by the completely another tool, 

namely by the spectrophotometry of skin diffuse 

reflection. 

V. CONCLUSION 

The designed analytic procedure for evaluating the 

parameters of speckle patterns produced by multiply 

scattered light from multi-layered biological tissues has 

important scientific and practical applications. First, it 

enables one to calculate the characteristics of the 

interference pattern at any biotissue depth without using 

complicated and cumbersome algorithms and computer 
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codes. This creates the prerequisites for producing new 

methods and upgrading known ones for investigating light 

interaction with biological tissues. Second, the above 

procedure in combination with the optical model of the 

medium enables the parameters of the speckle structure to 

be directly related with optically meaningful biotissue 

characteristics. The vivid illustrations of the above said 

are Figs. 5 and 6. It follows from these Figures that the 

real physical quantity, which can be experimentally 

determined, namely, the contrast of the interference 

pattern, is sensitive to the blood vessel volume fraction 

and to the blood oxygen saturation. This direct relation 

opens wide opportunities for developing new methods of 

the non-invasive diagnostics of pathologically altered 

tissues and for optimizing these methods by irradiation 

wavelengths. Third, the analytical character of the 

calculation procedure provides the simplicity of its usage 

by various researchers, who are not specialized in 

computer engineering and programming. This allows the 

number of its users to be increased. 

It is planned in the future to develop the obtained 

results, to apply them for mobile scattering particles, and 

to construct analytical relations for parameters of the 

speckle patterns and characteristics of moving particles, 

for example, of erythrocytes, and of a medium, in which 

the movement occurs. The functional opportunities of the 

speckle-optical methods are obviously to be essentially 

expanded in this case. 
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I. INTRODUCTION 

There are known various mechanisms of light action on 

biotissues related with light absorption. This paper 

considers three such mechanisms, namely the light-

oxygen (LOE) and photodynamic effects (PDE) as well as 

the photodissociation of blood oxyhemoglobin. All these 

mechanisms are or can be used in different kinds of light 

therapy treatments of a human organism. Their 

efficiencies are proportional to the light power absorbed 

by a target chromophore in tissue. These targets are, 

respectively, dissolved molecular oxygen for the light-

oxygen mechanism, a photosensitizer for the 

photodynamic action, and oxyhemoglobin for the 

photodissociation. The purpose of this paper is to 

maximize the absorbed light power by a suitable choice of 

a wavelength irradiating the skin surface. In succeeding 

so, one can optimize the non-invasive light therapy 

procedures. In other words, the desired maximization will 

enable one to utilize less irradiation power for achieving 

the same therapeutic effect or to achieve more positive 

effect for the same irradiation power. 

The idea of the optimization is rather simple. Really, 

optical properties of soft biotissues, especially their 

absorption coefficients, are spectrally selective, so that the 

tissue acts as a spectral filter with complex transmittance. 

The light power absorbed by a target chromophore at 

specific depth z is proportional to the product of the 

fluence rate at this depth by the absorption coefficient of 

the chromophore. By varying the irradiation wavelength, 

one can change the filter transmittance and, hence, the 

fluence rate to maximize the said product. It is obvious 

that the optimal wavelength does not necessarily coincide 

with the maximum of the absorption coefficient. The 

below results are obtained by using the optical tissue 

model [1] and the analytic techniques [2] for describing 

radiative transfer though multilayered human skin. 

II. LIGHT-OXYGEN EFFECT 

The effect is the spectrally-selective absorption of 

optical photons by molecular oxygen О2 dissolved in 

tissue to initiate electronic transitions of О2 molecule 

from the ground triplet state to singlet ones. The so-

formed singlet oxygen activates the biological system. 

The LOE was discovered [3] by direct measurements of 

the spectral light action on erythrocytes. It is used for 

light therapy of various pathologies of a human organism, 

including oncologic diseases [3]. The amount of singlet 

oxygen produced per unit irradiation time due to the LOE 

is proportional to the light power absorbed by О2. The 

larger this amount, the more noticeable the effect. 

However the delivery of large light power to a desired 

tissue site in its depth is problematic. Biotissue is known 

to be a strongly light scattering and absorbing medium to 

substantially attenuate the incident radiation flux. The 

light penetration depth in tissue varies from a fraction of 

to several millimeters as a function of wavelength  . 

The increase in the irradiating power provides the 

proportional increase in the absorbed power, but leads 

also to some undesirable consequences, e.g. to excessive 

heating of healthy tissue portions, their possible 

coagulation, and following damage. Besides, the 

additional energy is uselessly wasted. 

There are known five absorption bands of dissolved О2 

in the visible and near-infrared ranges [3]. Consider the 

band centered near  max = 586 nm. Introduce differential 

(at specific depth z) О2-absorbed power 

 
2 2 2O O O( , ) ( ) , ,w z f E z m     (1) 

where 
2Of  is the О2 volume fraction; 

2O ( )m   is the О2 

spectral absorption coefficient; E( , z) is the fluence rate 

at depth z. Similarly, introduce integral О2-absorbed 

power characterizing the total absorption by tissue slab z1 

÷ Z1 
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where Z1 ≈ 8 mm is the depth of the fat layer. 

Figure 1 illustrates differential w* (a) and integral W* 

(b) spectral absorbed power values. Quantities w* and W* 

are the ratios of functions of Eqs. (1) and (2) to the 

respective quantity at wavelength  max. One can see from 

Fig. 1 that in deep dermis layers at z, z1 ≥ 1.5 mm there 

can be substantial increase (up to several times) in the 

absorbed power under skin irradiation at a shifted 

wavelength   as compared with the irradiation at  max. On 

the base of these results, there was proposed a method [5] 

of laser therapy of skin surface and deep dermis layers 

comprising the irradiation of skin surface at a wavelength 

shifted by 5 to 8 nm to the red spectral range with respect 

to  max. 

 

 

 
Fig. 1. Spectral O2-absorbed power values w* (а) and W* 

(b) (curve 1 is the O2-absorption band) for (а) z = 0.3 

(curve 2), 1.5 (3), 3 mm (4) and (b) z1 = 1 (2), 1.5 (3), 2 

(4), and 3 mm (5) 

III. PHOTODYNAMIC THERAPY 

Photodynamic therapy (PDT) is currently successfully 

used for treating various diseases, including oncologic 

ones. The standard PDT procedure comprises, in general, 

injecting a photosensitizer (PS) intravenously and 

irradiating a tumor site by light, the wavelength of which 

coincides with the maximal PS absorption. 

The physical mechanism of PDT can be schematically 

represented as follows. After the PS injection, it is usually 

concentrated in tumor tissues. The irradiation excites PS 

molecules to a higher energy level. The energy is 

transferred from the excited PS to oxygen molecules, 

which are always present in tissue. Oxygen moves from 

its usual triplet state to the singlet one. The singlet oxygen 

is toxic for biotissue to damage it and to finally leat to 

tumor necrosis. The preferred PS localization in tumor 

provides high selectivity of the irradiation, so that healthy 

tissue surrounding the tumor is hardly subjected to the 

light action. 

There are known various PSs. Typical groups of such 

substances are porphyrins, porphycenes, and 

phthalocyanines. All of them have intense absorption 

bands in the near UV – blue and red spectral ranges at 

wavelengths, respectively, 350 to 420 nm and 600 to 700 

nm. Under PDT of subsurface tumor regions, one usually 

uses the red region due to the much higher light 

penetration depth with   = 600 to 700 nm as compared 

with the blue range. 

One of the main PDT problems is to deliver required 

light power to a tumor site owing to biotissue strongly 

scatters and absorbs light. The PDE of the irradiation can 

be only achieved at a specific fluence rate being absorbed 

by a tumor. If a PS absorbs less power, there are small 

amount of singlet oxygen formed to give PDT low 

efficiency. 

A PDT technique is known [6] to comprise the 

irradiation of a tumor containing PS “Photosense” at two 

wavelengths  1 and  2. The first one  1 = 675 nm 

corresponding to the maximal PS absorption is designated 

for the destruction of upper tumor layers and the second 

one damages the lower layers. The essence of the 

technique is the larger penetration depth of light at  2 than 

at  1. The latter is highly attenuated by a tumor owing to 

the PS. The attenuation of light at  2 is weaker due to it 

falls on the wing of the PS absorption band. The 

drawback of this technique will be illustrated below. 

Consider here a case of tumor localization in dermis, 

where blood vessels are. After the PS injection, spectral 

values m( ) of the tumor absorption coefficient change. 

Quantity m( ) can be calculated as follows: 

ps b t( ) ( ) ( ) ( )m  m  m  m      (3) 

where mps( ), mb( ), and mt( ) are the spectral absorption 

coefficients of PS, blood, and bloodless tissue, 

respectively. 

The maximal increase in m( ) is obviously to occur at 

the maximal PS absorption at   =  max. Therefore, light at 

 max is noticeably attenuated than light at the wings of the 

PS absorption band. The power absorbed by a PS in a unit 

tumor volume is of the form 

 ps ps ps 0( , ) ( ) , / ( ),W z f E z E m      (4) 

where fps is the PS volume fraction, E( , z) and E0( ) are 

the fluence rate at depth z and incident on skin surface. 

It is seen from Eq. (4) that the absorbed power depends 

on the product of mps( )E( , z). When one shifts the 

irradiation wavelength by   with respect to  max toward 

both the red and blue wings, coefficient mps( ) decreases, 

but fluence rate E( , z) grows. Hence, product mps( )E( , 

z) can either increase or decrease. While it increases, the 

required higher efficiency of PDT is achieved. 

As noted above, the subsurface tumor is usually 

irradiated at a wavelength of 600 to 700 nm, because an 
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essentially larger light penetration depth here as compared 

with the blue – green range. General considerations on 

spectral tissue characteristics show that the said shift 

should be to the red wing of the PS absorption band. 

Really, at a wavelength of 600 to 700 nm the absorption 

coefficient of blood with typical oxygen saturation S > 0.5 

(the ratio of oxyhemoglobin concentration to the total 

hemoglobin) decreases in the red end. Consequently, the 

wavelength shift to longer  (to the red) provides more 

increase in E( ,z) and, as a result, to an enhanced 

absorbed light power as compared with the opposite shift. 

The additional increase in E( ,z) is achieved by 

decreasing absorption coefficient of melanin (epidermis 

component) in the red. Calculations, shown in Fig. 2, of 

the absorbed power of typical PSs have shown that the 

decrease in the irradiation wavelength with respect to  max 

leads to lower values Wps( ) as compared with the 

irradiation at  max. Therefore, the wavelength shift has to 

be in the red end. 

 

 

Fig. 2. Normalized absorption spectrum of PS “Fotolon” 

(curve 1) and normalized power absorbed by the PS at (a) 

S = 0.75, blood vessel volume fraction CV = 0.04 (2) and 

0.08 (3), (b) CV = 0.04, S = 0.75 (2), 0.9 (3), and 0.97 (4) 
 

Consider typical PS “Fotolon”(on the base of chlorine 

e6) widely used for PDT [7]. Its absorption spectrum 

mps( ) was measured [7] as a difference of the respective 

coefficients of blood containing the PS and before the PS 

injection. These data normalized by mps( max) are shown 

by dashed curve 1 in Fig. 2. The maximal absorption is 

seen to correspond  max = 665 nm. Fig. 2 illustrates also 

spectral power Wps( ,z) absorbed by the PS (curves 2 to 

4). These values are normalized similarly to mps( ), 

namely to Wps( max,z). Fig. 2a corresponds to constant S 

and varying CV, but Fig. 2b does to constant CV and 

varying S. The absorbed power was calculated according 

to [2]. 

The calculations have shown that the so-normalized 

values of Wps( ,z) depend weakly on melanin 

concentration and on depth z for 1 mm < z < 4 mm. One 

can see from Fig. 2 that the irradiation wavelength shift to 

the red end respective to  max provides the increase in the 

PS absorbed power to give rise to the enhanced PDT 

efficiency. With using the said shift, the increase in 

Wps( ,z) as compared with the irradiation at  max can be 

twofold or more. The data in Fig. 2 tells that the first 

wavelength of [6] is utilized ineffectively and the 

achieved result, namely the increase in the PS absorbed 

power of [6] and, hence, the higher concentration of 

singlet oxygen, is provided apparently by the second 

wavelength only. 

The shift values   and the maximal gain w0 in 

absorbed power Wps( ,z) are shown in Fig. 3. Value w0 is 

meant as ratio Wps( max+  ,z)/Wps( max,z), where 

wavelength  max+   correspond to maximal Wps( ,z), to 

give the increase in the PS absorbed power under 

irradiation at the shifted wavelength as compared with the 

irradiation at  max. One can see from Fig. 3 that the values 

of   and w0 increase essentially for tissues with large 

volume fractions CV of blood vessels and high oxygen 

saturation S. Note that according to model [8] CV  0.06 

and S > 0.75 for arterial blood. Fig. 2 tells also that the 

wavelength shift to the blue – green end leads to the 

decrease in PS absorbed power as compared with the 

irradiation at  max. 

 
Fig. 3. Functions  (CV) (curve 1, lower abscissa scale, 

left ordinate scale), w0(CV) (2, right ordinate scale) for S = 

0.75 and  (S) (3, upper abscissa scale), w0(S) (4) for 

CV=0.05 
 

The illustrated example shows that one can achieve the 

enhancing in PDT efficiency by 5 to 100 % due to the 

irradiation wavelength shift by   = 5 – 30 nm, the said 

shift depending on CV and S. The particular values of CV 

и S can be retrieved by the spectrophotometric method 

[9]. According to the results of this Section, there were 

get two Patents The proposed techniques comprise the 

PDT method [10] and the irradiation method during PDT 

[11]. 
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IV. OXYHEMOGLOBIN PHOTODISSOCIATION 

Local generation of molecular oxygen. It was 

experimentally discovered [12] that under biotissue 

irradiation by light with frequency  (or with wavelength 

  = с/, where с is the light velocity in the medium) there 

occurred photodissociation of oxyhemoglobin HbO2 that, 

after the absorption, decomposed to deoxyhemoglobin 

and molecular oxygen. Quantum yield q of the process 

(the ratio of the number of the formed О2 molecules to the 

number of the absorbed photons) was studied, for 

example [13], by the laser kinetic spectroscopy method. It 

was shown that, under the excitation by the UV – visible 

light with    350 – 650 nm, q values were approximately 

constant to be 3 to 5 % as a function of the temperature 

and some other factors. There was proposed [14] a 

hypothesis that this mechanism can be responsible for 

biologic action of light on tissues. It is understood that the 

photodissociation efficiency is proportional to the light 

power absorbed by HbO2 in tissue. 

Introduce the concept of differential photodissociation 

efficiency (DPE) that is the number n(z, ) of oxygen 

molecules formed during unit time in unit tissue volume 

at depth z under skin surface irradiation by unit 

monochromatic power density: 

a Vμ ( ) ( ) λ ( , λ)
( , λ)

HfC z S qE z
n z

hc

 
 . 

 

(5) 

Here ma( ) is the HbO2 spectral absorption coefficient, 

H = 0.4 [8] is the hematocrit (volume fraction of 

erythrocytes in blood), f = 0.25 is the volume fraction of 

hemoglobin in an erythrocyte, h = 6.63
.
10

-34
 J

.
s is the 

Plank constant. 

Consider ratio 

r(z,  ,  ) = n(z,  1)/n(z,  ) (6) 

giving the increase (or decrease) in DPE at a specific 

depth z during the skin irradiation at wavelength  1 as 

compared with the irradiation at  . 

Equations (5) and (6) correspond to the monochromatic 

irradiation. If one uses a light beam over spectral range 

  to generate molecular oxygen, then Eq. (6) takes the 

form 

1

1 1 1*( , , ) ( , ) / ( , )r z n z d n z d
  

      
 

   . 
 

(7) 

Figure 4a illustrates the depth structure of the DPE at 

wavelengths 418 (curves 1), 575 (2), 585 (3), 600 (4), and 

632 nm (5). These data are given for melanin 

concentration fm = 0.04, stratum corneum and epidermis 

thicknesses ds = 20 mm and de = 100 mm, Cv = 0.04, and S 

= 0.75. Power density irradiating the skin surface is Е0 = 1 

W/cm
2
. One can see from Fig. 4a that different 

wavelengths are the most effective for oxygen generation 

at various depths. In the upper dermis layers, blue light 

with  = 418 nm induces the maximal HbO2 

photodissociation. As z increases, the most effective 

wavelengths move sequentially to the red spectral region, 

being  = 575 nm for 0.22 mm ≤ z ≤ 0.9 mm,  = 585 nm 

for 0.9 mm ≤ z ≤ 2.5 mm, and  = 600 nm for z  2.5 mm. 

The boundaries of these depths are shown in Fig. 4a by 

the vertical dashed lines. The calculations (not given in 

Figures) for other structural and biophysical parameters of 

tissue [4] changing within ranges of 15 mm ≤ ds ≤ 25 mm, 

0.02 ≤ fm ≤ 0.08, 60 mm ≤ de ≤ 120 mm, 0.02 ≤ Cv ≤ 0.06, 

and 0.5 ≤ S ≤ 0.97, as well as for the irradiation within 

spectral band   =  5 nm respectively to  have showed 

that the boundary positions, where one or another 

wavelength is the most effective, are stable to the changes 

in ds, fm, de, Cv, and S. For example, the said depth values 

vary within very narrow limits of 0.22  0.02, 0.9  0.05, 

and 2.5  0.1 mm. This enables one to utilize the said 

wavelengths of 418, 575, 585, and 600 nm for the most 

effective generation of the molecular oxygen within the 

above depth intervals. 

Figure 4b shows ratio r as a function of depth for the 

case of  1 = 575 nm. These data enables the quantitative 

comparison of the PDE values under the irradiation by 

418, 575, 585, and 600 nm to induce the oxyhemoglobin 

photodissociation and to enhance the molecular oxygen 

concentration at the corresponding depths in dermis. 

 

     
Fig. 4. Depth dependences of (a) DPE, W/(cm

3
s) for   = 

418 (1), 575 (2), 585 (3) 600 (4), and 632.8 nm (5) and 

(b) ratio r for  1 = 575 nm and   = 418 nm (1),  1 = 575 

nm and   = 585 nm (2),  1 = 575 nm and   = 600 nm (3) 
 

The above data have constituted the base for a method 

[15] of local enhancing the concentration of molecular 

oxygen in skin dermis comprising the irradiation of skin 

surface by a light beam to induce photodissociation of 

oxyhemoglobin and featuring in that one preliminary 

determines the depth of a pathological region in dermis 

and, for the depth less than 0.22 mm, makes the 

irradiation at wavelength 418 ± 5 nm, for the depth from 

0.22 to 0.9 mm does at 575 ± 5 nm, for the depth from 0.9 

to 2.5 mm does at 585 ± 5 nm, and for the depth larger 

than 2.5 mm does at 600 ± 5 nm. 
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Integral generation of molecular oxygen. Introduce 

the concept of integral photodissociation efficiency (IPE) 

that is the number N( ) of oxygen molecules formed 

during unit time in the whole dermis layer under skin 

surface irradiation by unit monochromatic power density: 

0

a

V

μ (λ) λ
(λ) ( ) ( , λ)

z

HfS q
N C z E z dz

hc



  . 
 

(8) 

Here z0 is the depth of the irradiated dermis surface. 

Quantity N( ) has dimension cm
-2

s
-1

. The upper 

integration limit in Eq. (8) is set to ∞ for the simplicity, 

because the fluence rate in deep dermis layers is 

negligible. 

Consider ratio 

R(  , ) = N( 1)/N( ) (9) 

giving the increase (or decrease) in IPE within the whole 

dermis layer during the skin irradiation at wavelength  1 

as compared with the irradiation at  . 

Equations (8) and (9) correspond to the monochromatic 

irradiation. If one uses a light beam over spectral range 

  to generate molecular oxygen, then Eq. (5) takes the 

form 

1

1 1 1*(λ ,λ) (λ ) λ / (λ) λR N d N d
   

   . 
 

(10) 

 

 
Fig. 5. Ratio R as a function of melanin volume fraction 

in epidermis under monochromatic irradiation of skin 

surface at  1 = 575 nm and   = 632.8 nm (curves 1), 418 

(2), and 585 nm (3), CV = 0.04 (solid) and 0.08 (dashed 

curves), S = 0.75. The symbols are the similar ratio R* for 

irradiation at, respectively, 575  5 nm, 632.8  5 nm, 418 

 5 nm, and 585  5 nm at CV = 0.04 

 

 

A method [16] for non-invasive generation of 

molecular oxygen in the dermis layer is known to 

comprise the skin irradiation at wavelength   = 632.8 nm 

with simultaneous tissue heating to temperature about 42
о
 

С. It is show in Fig. 5a that the drawback of this method 

is a small amount of the so-formed О2 molecules owing to 

using  =632.8 nm. One can see from Fig. 5a that the 

irradiation at  1 = 575 nm provides the much more IPE as 

compared with known   = 632.8 nm. The IPE increases 

up to 20 to 25 times. 

We have found that the irradiation of skin surface at 

wavelength 575 nm provides the maximal IPE values as 

compared with other   in the near UV – visible range. To 

illustrate this, Fig. 5b compares R and R* for  1 = 575 and 

  = 418 (curves 2),  1 = 575 nm and   = 585 нм (3). 

Wavelength 418 nm corresponds to the maximal 

oxyhemoglobin absorption and 585 nm is recommended 

in [16] as a wavelength providing the maximal effective 

HbO2 absorption coefficient proportional to product 

ma( )E(z, ). One can conclude from Fig. 5b that the 

increase in IPE under the irradiation at 575 nm is about 

1.1 to 2.5 times with respect to   = 418 и 585 nm. Note 

that rather small IPE quantities of R( ) (approximately 

1.1 to 1.2) at   = 418 nm occur for low fm ≤ 0.02 values 

typical for pathological vitiligo skin [4] and, therefore, 

they are not representative. 

 
 

 
 

 
Fig. 6. Dependence of r* at z = 0.12 (solid curves) and 0.3 

mm (dashed) (а) and of R* (b) on halfwidth   of the 

irradiation spectrum for  1 = 575 nm and   = 418 nm (1), 

585 nm (2), 600 nm (3), and 632.8 nm (4); fm = 0.08, d1 = 

20 mm, d2 = 100 mm, Cv = 0.04, S = 0.75 
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There arises a question, how does the DPE and IPE 

change while  1 and   vary. For comparison, let   = 

 1 to provide the irradiation at the same spectral power 

density. Fig. 6 [17] gives ratios r* at two depths (a) and 

R* (b) on  . Wavelength 575 nm was taken as  1. One 

can see that the both DPE and IPE decrease as a whole, 

when  grows. It is understood, because the features in 

spectral optical characteristics of tissue are smoothed 

away and averaged over wider interval  . Therefore, it is 

preferable to use laser irradiation for inducing the 

photodissociation, sine it provides more spectral power 

and more noticeable increase in О2 generation. This fact is 

especially essential for   = 600 and 632 nm. 

On the base of the above results there was proposed a 

method [18] of enhancing the O2 concentration in the 

whole depth of skin dermis comprising the irradiation of 

skin surface by a light beam with wavelength  =575±5 

nm. 
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1. INTRODUCTION 

Among the methods of optical diagnostics of 

human biological tissues the techniques of laser 

polarimetry diagnostics of their optical anisotropic 

structure became widely spread [1-9]. 

The main information for these methods is 

obtained from coordinate distributions of polarization 

azimuths  yx,  and ellipticity  yx,  (polarization 

maps) with the following correlation (auto- and mutually 

correlation functions and fractal (fractal dimensions 

analysis. 

As a result, several techniques of early diagnostics 

and differentiation of pathological changes in biological 

tissue (BT) structure with their degenerative, dystrophic 

and oncological changes were developed. 

Besides, there is a widely spread group of optically 

anisotropic biological objects, for which the techniques of 

laser polarimetry diagnostics are not efficient enough. 

Optically thin (attenuation coefficient 1,0 ) layers of 

different biological fluids (bile, urine, liquor, synovial 

fluid, blood plasma, etc.) belong to such objects. 

Biological fluids are much more accessible for direct 

laboratory analysis if compared with traumatic techniques 

of the BT biopsy. 

In terms of the above mentioned the task of 

searching new additional parameters for laser diagnostics 

of biological fluids’ optical anisotropic structure appears 

to be topical. 

This research is focused on the analysis of 

potentiality of diagnostics and differentiation of 

cholelithiasis of patients with chronic cholecystitis and 2
nd

 

type diabetes by means of new technique of polarization 

correlometry of human plasma layers laser images [10-

22]. 

 

 

 

2. THE TECHNIQUE OF COORDINATE 

DISTRIBUTION OF MUTUAL POLARIZATION 

COMPLEX DEGREE 

The technique of determining the parameter of 

mutual polarization complex degree consists in the 

following procedure: 

 

The technique of determining the parameter of 

mutual polarization complex degree consists in the 

following procedure [6, 9, 15]: 

1. By rotating the transmission plane of polarizer 

within the rotation angle   0
0
–180

0 
the arrays of minimal 

and maximal intensity levels 
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images for each separate pixel  mn  of CCD-camera were 

determined , as well as rotation angles 
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  corresponding to them. 

2. The coordinate distributions (polarization maps) 

of polarization states in the plane of human bile samples 

images were calculated by such relations 
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3. The value of complex degree of mutual 

polarization  rrrV ;  of human bile samples’ laser 

images was calculated by the following relation 

Polarization Selection of Birefringence 

Polycrystalline Networks of Blood Plasma 

Layers 
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are presented. They characterize the coordinate distributions of mutual polarization degree of the points of 

laser images of bile smears of cholelithiasis patients in combination with other pathologies. The diagnostic 
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3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

Laser images of three groups of blood plasma 

samples of the patients of different pathological state: 

- healthy patients – group 1 (11 patients); 

- patients with benign breast changes – group 2 (10 

patients); 

- patients with malignancy of the breast – group 3 

(12 patients). 

 

The coordinate distribution and histogram of 

random values of  yxV ,  parameter of polarizationally-

inhomogeneous laser image of blood plasma layer laser 

image of a healthy patient are presented in Fig. 1.  

 

It can be seen from the obtained data that the laser 

image of a healthy patient’s bile layer is characterized 

with a high homogeneity of polarization parameters – the 

number of values   1, yxV  is by three orders higher than 

the other, non-zero values of mutual polarization degree. 

 

 

In other words, in biochemical structure of this bile 

layer the optically isotropic component prevails. 

It can be seen from the obtained data that the laser 

image of a healthy patient’s bile layer is characterized 

with a high homogeneity of polarization parameters – the 

number of values   1, yxV  is by three orders higher than 

the other, non-zero values of mutual polarization degree. 

 

In other words, in biochemical structure of this bile 

layer the optically isotropic component prevails.  

 

The following parameters of values distribution of 

liquid-crystalline sampling (   5,0, yxV ) of mutual 

polarization degree of laser images of human blood 

plasma layers belong to the basic criteria of diagnosing 

cholelithiasis latent course and differentiating its 

pathology types - statistical moments (  VMi 4;3;2;1 ) of 

distribution of mutual polarization degree values 

  5,0, yxV . 

 

The ensemble of data about the values of 

diagnostic parameters  5,04;3;2;1  VMk  is presented in 

Table 1. 

 

 

 

Group 1 Group 2 

  

Group 3 

 

Fig. 1. Coordinate distribution (a) and histogram of values (a) of mutual polarization  yxV ,  degree of blood 

plasma layer (groups 1-3). 
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TABLE 1. STATISTICAL MOMENTS OF THE 1
ST

-4
TH

 ORDERS OF DISTRIBUTIONS   5,0, yxV  OF 

BILE LAYERS OF ALL GROUPS OF PATIENTS 
 

Parameters Group 1 Group 2   Group 3 

 5,01 VM  0,09 0,008 0,21 0,027 0,32 0,019 

 5,02 WM  0,26 0,031 0,13 0,023 0,12 0,019 

 5,03 WM  0,11 0,021 1,28 0,41 4,26 0,58 

 5,04 WM  0,09 0,009 2,12 0,52 5,29 0,0096 

 

The obtained data about the coordinate 

distributions of mutual polarization degree of laser images 

of blood plasma of all groups of healthy and sick patients 

prove that the statistical analysis of dependencies of the 

number of values of   5,0, yxV  sampling (liquid-

crystalline phase) enable to reliably diagnose. 

The difference between statistical moments 

 WMk  of laser images of test group patients’ blood 

plasma (group 1) and the patients with various 

pathologies (groups 2 and 3) – mean (increasing by 2.7 – 

3.5 times); dispersion (decreasing by 2.5 – 3.3 times); 

asymmetry (increasing by 3.3 – 5.4 times) and excess 

(increasing by 4.5 – 6.1 times) – are determined. 

 

3. CONCLUSIONS 

1. A new technique of estimating the structure of 

laser images based on measuring coordinate distributions 

of mutual polarization degree is suggested that 

characterizes the homogeneity of optically isotropic and 

optically anisotropic components in biochemical 

composition of blood plasma. 

2. The statistical (mean, dispersion, asymmetry and 

excess), correlation (correlation area of distribution of 

mutual polarization degree values) and fractal (dispersion 

of extremes of log-log dependencies of power spectra of 

mutual polarization degree values distribution) criteria of 

polarization-correlation diagnostics of cholelithiasis latent 

course and its stages differentiation on the background of 

chronic cholecystitis, diabetes and complex pathology are 

determined and substantiated. 

. 
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     Abstract — The unhybridized and hybridized states of the DNA ( ss DNA and ds DNA)  are detected using a 

miniaturized electromagnetic band gap microwave resonator. The two DNA states are detected 

unambiguously using a maximum frequency span 2.6 GHz. The transmission measurements were repeated on 

various resonators positioned on the same wafer and the results were reproduced with high accuracy. The 

span of 1 GHz between DNA two states was measured in the case when ss DNA was anchored directly on the 

surface of the electromagnetic bandgap microwave resonator with the frequency  GHz, while a span 

of 2.6 GHz was measured when DNA is anchored to gold nanoislands decorating bamboo-shaped carbon 

nanotubes and 0.5 μL of this solution is uniformly deposited on the surface of the electromagnetic bandgap 

microwave resonator with the frequency  GHz. The big difference between the two states of DNA 

is due their different effective electrical permittivity in the microwave range. 
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I. INTRODUCTION 

The search for ideal protective agents for use in 

radiotherapy or post-exposure treatment of victims of 

radiation accidents is one of the actual problems of 

radiation protection. 

The authors showed earlier (invention patent RU 2 330 

695 C2) that the mice fibroblasts cells survival increases 

under the action of 633 nm laser radiation applied before 

and after both γ-rays and 150 MeV protons. The 

simultaneous action of laser and ionizing radiation on 

these cells also caused an increase of cell survival. The 

maximal radioprotection effect was observed when the 

energy density of the laser radiation was about 1 mJ/cm2 

[1, 2]. 

Then the authors developed a device for radiation 

protection of biological objects in the experiment 

(invention patent RU 2 428 228 C2) that allows the 

irradiation of biological objects with a radioprotective 

dose of laser radiation through the start-up button being 

pushed (Fig 1).  

This device is used to study the action of various doses  

of  laser  radiation and combined  irradiation with 

laser and gamma-radiation (3 Gy), on peripheral blood 

parameters and number of bone marrow karyocytes of the 

experimental mice line C57ВL/6. 

 

Fig.1. Laser device for the protection of 

biological objects. 

II. METHODS 

Contributed papers will be selected on the basis of four 

- six pag The mice were irradiated with ionizing 

(wholebody irradiation) and laser radiation, separately 

one by one in a special bench at the Medical-Technical 

Complex of the Laboratory of Nuclear Problems of the 

Joint Institute for Nuclear Research [3]. Gamma-therapy 

device ROCUS-M (“Ravenstvo” Co, St-Petersburg,  

 

Laser Device for the Protection of Biological 

Objects from the Damaging Action of Ionizing 

Radiation 

Abstract — The search for ideal protective agents for use in radiotherapy or post-exposure treatment of 

victims of radiation accidents is one of the actual problems of radiation protection. Laser irradiation device 

for the protection of biological objects from the action of ionizing radiation to be used in practice has been 

manufactured (invention patent RU 2 428 228 C2). This device is used to study the action of various doses of 

laser radiation and combined irradiation with laser and gamma-radiation, on peripheral blood parameters 

and number of bone marrow karyocytes of the experimental mice line C57ВL/6. The mice were irradiated 

with ionizing and laser radiation, separately one by one in a special bench. The time interval between two 

types of irradiation did not exceed 30 min. First, the mice were exposed to γ-radiation then to laser radiation. 

     It was shown that laser radiation can be applied to improve the recovery of hematogenesis after the 

action of ionizing radiation on biological objects. Then, experiments were conducted to study the action of γ-

rays and the combined action of laser radiation and γ -rays on survival, weight and skin of experimental 

mice. The authors investigated also the action of gamma-rays and combined effects of 650 nm laser radiation 

and gamma-rays on general mitotic index of bone marrow cells of mice.  

    The method of the laser radiation-protection of biological objects contributes to an increase in the 

viability of mice, prevents the damages of skin and also increases the mitotic activity of mice bone marrow 

cells. 
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Russia), with Co60 source and 7600 Ku activity was used 

for the gamma- irradiation of cells. Dose power was 1.8 

Gy/min at the place of irradiation. Laser radiation in the 

dose 1mJ/cm2 irradiated only the furry back of a mouse, 

or both the back and the abdomen of mice. In case of 

combined irradiation of mice, the time interval between 

two types of irradiation did not exceed 30 min. First, the 

mice were exposed to γ-radiation then to laser radiation.. 

III. RESULTS 

Table 1 contains the values of the peripheral blood and 

bone marrow karyocyte  parameters of the intact mice, as 

well as those taken in different periods after the laser 

irradiation in various doses. 

 

Table 1. Values of the parameters of peripheral blood 

and of the number of bone marrow karyocytes of 

C57BL/6 intact mice and the mice irradiated with laser 

 
Irradiation 

dose, 

mJ/ cm2 

 

Period after 

irradiation, 

hour  

Hemoglobin, 

g/l 

Leukocytes, 

103 mcl 

Karyocytes, 

mln  

Intact mice 0 132  9,5 
3,6  0,3 

 
60,5  2,7 

1 mJ/ cm2 

 
24 138,5  16 

1,66 0,2☼ 

 
80,3  4,8☼ 

1 mJ/cm2 

 
72 

172  27 

 

4,1  0,9 

 
65,3  5,7 

2 х 1mJ/cm2 
24 

 
199  47 3,3  1,3 69,2  3,9 

2 х 1 mJ/cm2 
72 

 
224  24,5☼ 

 
3,3  0,5 72,9  1,8☼ 

☼
 - the values truly differ from those of the parameters of 

intact mice.  

 

Data on the combined irradiation of the mice with γ 

- rays and laser radiation are represented in Table  2. 

     The values of the parameters of the peripheral blood 

and the amount of the bone marrow kariocytes of mice 15 

days after their irradiation with gamma-rays in the dose of 

3 Gy, as well as those in the combined exposure to 

gamma-rays and laser radiation given in Table 3.  

     The obtained results show that laser radiation 

stimulates blood cell formation in the case of irradiation 

with laser and also after action of ionizing radiation. 

Therefore, the red spectral range laser radiation can be 

applied to improve the recovery of hematogenesis after 

the action of ionizing radiation on biological objects [4]. 

     We also conducted experiments to study the action 

of gamma-rays in the dose of 5 Gy and the combined 

action of laser radiation with wavelength 650 nm and γ -

rays on survival, and skin of experimental mice. The 

experiments were performed on young male C57ВL/6 

mice with the mass of 11-15 g. They were accomplished 

in accordance with the bioethic regulations of conducting 

research on animals. 

     The method of the laser radiation-protection of 

biological  objects contributes to an increase in the 

viability of mice,  ,  prevents  the  damages of skin and 

also increases the mitotic activity of mice bone marrow 

cells[5]. 

 

 

Table 2. Values of the parameters of peripheral blood 

and karyocytes of the mice exposed to gamma-rays in the 

dose of 3 Gy, as well as with combined irradiation of 

gamma-rays and laser radiation 

 
Type and 

dose of 

irradiation 

Period after 

irradiation, 

hour 

Hemoglobin, 

g/l 

Leukocytes, 

103 mcl 

Karyocytes, 

mln 

Gamma-

rays in 

dose 3Gy 

24 133  22 
1,1  0,1☼ 

 
11  0,3☼ 

Gamma-

rays in 

dose 

3Gy+laser 

in dose 

1mJ/cm2 

24 170   40 1,75  0,1☼☼ 16,5 1☼☼ 

Gamma-

rays in 

dose 3 

Gy+laser in 

dose 

2x1mJ/cm2 

24 199  47 
2,1  0,6☼☼ 

 

22,7  1☼☼ 

 

Gamma-

rays in 

dose 3 Gy 

72 
122  8,6 

 

2,1  0,25☼ 

 
17,5 1,5☼ 

Gamma-

rays in 

dose 3 

Gy+laser in 

dose 

1mJ/cm2 

72 
233  32☼☼☼ 

 

1,3  ,13☼☼☼ 

 
18,9  1,7 

Gamma-

rays in 

dose 3 

Gy+laser in 

dose 

2x1mJ/cm2 

72 162,3  29 
1,5  ,16☼☼☼ 

 
18,6  1,3 

☼
 - the values truly differ from those of the 

parameters of intact mice;  
☼☼

- the values truly differ from those of the 

parameters of mice 24 hours after their irradiation with 

gamma-rays in dose 3 Gy ; 
☼☼☼

- the values truly differ from those of the 

parameters of mice 72 hour after their irradiation with 

gamma-rays in dose 3 Gy . 

 

Table 3. Values for peripheral blood parameters and 

the number of bone marrow karyocytes of  the mice 

exposed to 3Gy gamma - radiation and those irradiated in 

the combined way with gamma-rays and laser radiation 

15 days after their exposure. 

Type and 

dose of 

irradiation 

Hemoglobin, 

g/l 

Leukocytes, 

10
3 
mcl 

Karyocytes, 

mln 

Gamma-

rays in 

dose 3 Gy 

 

217  14 

 

 

2,3  0,56
☼

 

 

 

44  1,6
☼

 

Gamma-

rays  in 

dose 3 Gy 

+ laser in 

dose 

1mJ/cm
2
 

 

204  18 

 

 

2,4  1,3 

 

 

58,6 2,1
☼☼
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☼
- the values truly differ from those of the 

parameters of the intact mice;  
☼☼

- the values truly differ from those of the 

parameters of mice 15 days after their irradiation with 

gamma-rays in dose 3 Gy.  

Table 4 presents the values of the mitoses number per 

1000 nucleated bone marrow cells in different periods 

after gamma- ray irradiation, laser irradiation and 

combined irradiation.  

 

Table 4. The mitoses number per 1000 nucleated bone 

marrow cells in different periods after gamma ray 

irradiation, laser irradiation and combined irradiation 

 
Type and dose 

of irradiation 

24 hours 72 hours 15 days 12 months   

 

Unirradiated 

control 
14 ± 1.4 

Gamma-rays 

in dose 3 Gy 
12.1 ± 1.3 5.5 ± 1.7☼ 14.3 ± 0.57  

Gamma-rays in 

dose 5Gy 
   8.3 ± 0.69☼ 

laser  in dose 

1 mJ/cm2 
13.6 ± 0.5 

 
11.2 ± 3.6 23.4 ± 2.5**  

laser  in dose 

2х1mJ/cm2 
13.8 ± 0.9 15.7 ± 1.4 17.3 ± 1.7**  

Gamma-rays 

in dose 3Gy 

+ 

laser  in dose 

1mJ/cm2 

14.2 ± 2.7 10.5 ± 0.7* 17.3 ± 1.1*  

Gamma-rays 

in dose 5Gy 

+ 

laser  in dose 

1mJ/cm2 

   
10.3± 0.7* 

 

Gamma-rays 

in dose 3Gy 

+ 

laser in dose 

2х1mJ/cm2 

9.8 ± 0.8 8.6 ± 0.9* 17.1± 1.5*  

*- significantly higher than the value at irradiation 

only with gamma rays during the same irradiation period;  
**

 - significantly higher than the value of 

unirradiated control;  
☼

- significantly lower than the value of 

unirradiated control. 
 
 

 

IV. CONCLUSION 

The obtained results show that the red spectral region 

laser radiation not only improves the hematogenesis 

repair after the action of ionizing radiation on biological 

objects, as it was shown in Tables 1, 2 and. 3, but also 

increase the mitotic activity of the bone marrow cells. It 

should be stressed that the depressed hematogenesis is 

one of the most serious after-effects of irradiation of 

humans.  

Thus, the procedures and remedies that can restore the 

hematogenesis functions of the organism play an 

exceptionally important role in therapy of radiation 

damage. Bone marrow transplantation, blood transfusion 

and medicinal preparations are used in the treatment. In 

this connection, the ability of the laser radiation to 

increase the mitotic activity of the bone marrow cells can 

be applied both in radiation protection and radiation 

damage therapy.  

 Radioepidermit accompanied by sensation of itching 

and tension of the skin, is widespread and constitutes a 

serious problem in humans who undergo radiation therapy 

for cancer treatment. Therefore, the aforesaid device at 

the doctor’s advice and consent of patients was used for 

the protection of the radiosensitive patients’ skin during 

the radiation therapy in the treatment of cancer at the 

Medical-Technical Complex of the Laboratory of Nuclear 

Problems of the Joint Institute for Nuclear Research.. 

Examined patients after exposure to gamma rays (10-20 

minutes) were irradiated with laser device. Starting from 

the first day of exposure to laser the patients’ damaged 

skin recovered gradually, with no itching.  The aforesaid 

device was also used for the protection of the 

radiosensitive patents’ mucous membranes of the 

stomatopharmix,   longue and nasopharynx during 

radiation therapy sessions in the treatment of cancer.. 
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I. INTRODUCTION 

One of the most difficult issues of the modern 

medicine is the combat against  the infectiuos diseases. At 

the same time the problem of the increasing resistence of 

the infected microorganisms against the most up-to-date 

antibacterian preparations (the chemotherapy problem), is 

becoming more urgent. Because of this we proposed to 

develop a  device for photosanitation with ultraviolet C 

(UVC) radiation of the human cavites populated with 

colonies of unspecific or/and tuberculosis microflora. The 

device  performed process of treating infected cavities and 

contains: mercury tube, focusing system for selection of 

segment of the radiation spectral band 250-500 nm,  

optical guide with connectors and a puncture needle. Use 

the tube with high pressure mercury vapor as a radiation 

source allows to obtain the broadband photon radiation 

for treatment more efficient and for  recovery  time  

reduce.  It  also  provides  a  substantial  simplification  of  

the device and reducing its costs [1]. The device was used 

to approve the method of treatment of infected cavities by 

means of endocavitary broadband irradiation.   In the 

experiments we used cultures of Escherichia coli and 

Candida albicans.   Effect of annihilation of bacteria 

colony is almost directly proportional to the duration of 

exposure and complete suppression occurs within 2 min 

[2]. Also, the efficiency of the irradiation device 

developed for colonies of Mycobacterium Tuberculosis 

was demonstrated [3].  

II. UV IRRADIATION OF MICROBIAL CULTURES  

In vitro investigations of the influence of UV radiations 

over the bacterial strains from the oral biofilm were 

conducted in “Micromed” laboratory, by applying of 

Vitek automatic system.    The biofilm samples have been 

collected from 30 children presenting a high level of 

caries activity process. The total number of 

microorganisms has been approximated and the following 

cariogenic bacteria have been identified Streptococcus 

viridans: Streptococcus mutans, Streptococcus mitis, 

Streptococcus sobrinus, Streptococcus gordoni. 

10  seedings have been performed from the above 

mentioned gathering and that way suspension were 

prepared by standard technologies. Petri dishes were filled 

with a concentration of 10
6
 microorganisms in 1 cm

3
 of 

solution.  The Petri dishes thus prepared, were later 

exposed to UV radiation with duration of 10, 20, 30, 40 

seconds and 1, 2, 3, 4, 5 min (Table 1).  

  Areas of 1cm
2
 have been irradiated, leaving for 

comparison  unexposed areas between the irradiated ones. 

The Petri dishes were incubated far 24 h in the thermostat 

at a temperature of 37
0
C. An optical microscope with a 

maximizing of x100 has been used in this research. 

 

TABLE I. RESULTS OF UV IRRADIATION OF 

MICROBIAL CULTURES 
No 

lot 

No 

seedings 

Length of 

UV 
irradiation 

Initial number 

of 
microorganisms 

Remaining 

number of 
microorganisms 

1 10 – 106 107 

2 10 10 sec 106 105 

3 10 20 sec 106 105 

4 10 30 sec 106 105 

5 10 40 sec 106 104 

6 10 1 min 106 102 

7 10 2 min 106 – 

8 10 3 min 106 – 

9 10 4 min 106 – 

10 10 5 min 106 – 

 

III. EXPERIMENTAL REMODELING OF THE 

DENTAL CARIES 

The experimental study has taken place in the vivarium 

of State Medical and Pharmaceutical University "Nicolae 

Testemiţanu". 

The purpose of the present study was experimental 

remodeling of the dental caries and analysing the 

possibilities of increasing the efficiency of preventing 

methods. 

The experimental modeling of inducing dental caries 

through the influence of the most frequent risk factors 

(failure to respect oral hygiene and a rich consumption of 

refined carbohydrates) cause similar conditions to those in 

dental caries development to children. Analysing the 

results will further enable us to select the most effective 

methods of cario – prevention and later use them in 

medical studies. 

According with the objectives, the following 

experimental model has been elaborated: 2 series of 

experiments over 70 rats, Rattus norvegicus species, WAG 

Evaluating the effectiveness of UV irradiation 

on the oral cavity in rats  

Abstract — A device for treatment various infectious diseases was developed.    The device  performed 

process of treating infected cavities. We present  results of investigations of the influence of ultraviolet  

radiations over the bacterial strains from the oral biofilm.  The purpose of the present study is experimental 

remodeling of the dental caries and analysing the possibilities of increasing the efficiency of preventing 

methods.   
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(Wistar Albino Glaxo) strain  aged 6-7 weeks and 

weighting  50-80g.    

Every group of 10 rats had an equal number of female 

and male rats (5 – 5); that being a fair number to obtain 

the wanted objectives and achieve statistically significant 

results. 

Features of the experimental series are as follows: 

  1
st
 series of experiments:  experimental inducing the 

caries process: group1: n=10, control group Wistar rats, 

standard diet vivarium, favoring auto-cleaning of the  

oral cavity;   group2: n=10,  Wistar rats to whom the 

dental caries was introduced by administrating the 

cariogenic diet  The study took place over a period of 60 

days. 

   2
nd

  series of experiments:  evaluation of UV radiation 

efficiency. All rats (5 groups of 10 animals)  have been 

infected with experimental dental caries, and in order to 

prevent the caries, the dental surfaces have been 

irradiated with UV rays. 

Antimicrobial phototerapy has been realized using the 

photosanitation device of infected cavities from the 

human body, UVSAN, that has as radiation source the 

high– pressure  mercury vapors  tube  ДРШ – 100.  The 

dental surface irradiation was performed at an angle of 

45
0
 , at the distatce of 1 cm. The irradiation frequency 

was twice per week;  and the lenght in the 3rd group was 

1 min; 4th – 2 min; 5th – 3 min; 6th – 4 min; 7th – 5 min.  

The study was conducted for 60 days. 

At the end of the experiment, the animals were killed 

by being administred with a lethal dose of substance for 

narcosis. After being declared dead by the vet, the 

animals hawe been behaded and then their jaws were 

separated. 

Impact of methods of inducing experimental dental 

caries were evaluated by means of study of dental hard 

tissue, described by  Kolesnic  and co-authors [4].   

IV. SURVEY RESULTS 

Microbiolgical analysis performed over in vitro 

research, has allowed us to observe the reduction of the 

total number of microorganisms in the cultures 

(gatherings) that have been UV irradiated (groups 2 – 7) 

in commparison to those from the first group, that has not 

been exposed to UV radiation. 

At the same time increasing of UV radiation lenght, we 

can observe the number of  microorganisms in 1 cm
3
 of 

solution from 10
6
 to 10

2
 reducing. 

As a result of  UV irradiation with a duration of 2 min 

and more, there is bacteria annihilation (lots 7 – 10), 

which confirms the strong bacteriall effect of UV 

irradiation on cariogenic microbial cultures wich operates 

maximum production of organic acids in dental and oral 

biofilm. 

Analysis of the experimental results enabled us to 

observe the impressive increase in the number of carious 

cavities formed and the propagation of the carious process 

to rats, after following the cariogenic diet  (group 2). 

After the  UV irradiation process with an impressive 

decrease of intensity and depth of cariogenic process was 

noted (lots No.3-7). 

Index of reduction in dental caries varies between 59% 

(lot 3) and 76%, the maximum effect being seen in lot 7 

(Table 2.). 

But, comparing the results of in vitro research and the 

experimental ones, we observe that even though after 

irradiation of microbial cultures from the dental biofilm 

with UV rays; within 2 min and more it can be seen the 

bactericidal effect of UV rays, cavity formation to the rats 

from the researched groups is reduced but could not be 

completly prevented. 

 

TABLE  2.  INTENSITY  OF DAMAGE DENTAL 

CARIES AND THE DEPTH OF CARIOUS   PROCESS 

TO RATS   
No lot No 

pets 

Length of 

UV 

irradiation 

Average nr. of 

carious cavities 

per rat 

Depth of 

carious process 

1 10 – 0,2±0,3 0,3±0,2 
2 10 – 8,8±0,2   4,7±0,5 
3 10 1 min 3,6±0,4 3,5±0,1   
4 10 2 min 2,9±0,6 2,3±0,2 
5 10 3 min 2,7±0,3 2,1±0,3 
6 10 4 min 2,3±0,4 2,0±0,1   
7 10 5 min 2,1±0,7 1,9±0,3 

 

This confirms the fact that  dental caries is a 

polyetiologic  process,  and administrating a rich  diet in 

refined carbohydrates and lack of auto – cleaning of the 

oral cavity,  has a considerable impact on the functioning 

of the entire body.  

                              V.  CONCLUSIONS 

1. In vitro research, performed in this study proved 

the strong bacterial effect held by UV irradiation 

over cariogenic microorganisms gatherings. 

2. Resulting the experiment, it was calculateted the 

cario – preventiv effect of UV irradiation of dental 

surfaces, and the fact that the reduction rate varies 

between 59% and 76%. 

3. It is necessary to conduct a series of clinical trials 

on human volunteers to confirm the results 

obtained during the in vitro experiments over rats. 
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I. BACKGROUND 

Trauma is considered as an epidemic and remains a 

major medical and socio-economical problem despite of 

major successes in pre- and intrahospital management. In 

the USA in general structure of mortality the rate of 

trauma is about 6%, being the first cause of death for 

children, adolescents and adults up to 44 years. In the 

USA in general structure of mortality the rate of trauma is 

about 6%, being the first cause of death for children, 

adolescents and adults up to 44 years [1, 2, 3, 4].The most 

unexplored category of injuries is polytrauma injury. 

There is no common definition for polytrauma. A 

literature search for the time period January 1950 − 

August 2008 allowed to give the following definition. 

Monotrauma is an injury to one body region. Severe 

monotrauma could be considered if ISS (Injury Severity 

Score) > 15, or ISS < 15 with significant acute 

physiological deterioration (cardiovascular or respiratory 

or neurological). Multitrauma is an injury to more than 

one body region (not exceeding AIS (Abbreviated injury 

scale) ≥ 3 in two regions) without SIRS (Systemic 

inflammatory response syndrome). Severe multitrauma 

could be considered if ISS > 15, or ISS < 15 with 

significant acute physiological deterioration 

(cardiovascular or respiratory or neurological). 

Polytrauma is an injury to at least two body regions with 

AIS ≥ 3 and with the presence of SIRS on at least one day 

during the first 72 hours [5]. ALI/ARDS is one of the 

most important and frequent complication in intensive 

care unit, being a predictor of serious systemic disorders 

(Multiple Organ Dysfunction Syndrome -MODS). 

Clinically ALI/ARDS is manifested by acute hypoxemia, 

morphologically by immunocompetent cells (neutrophils) 

infiltration, interstitial and alveolar edema, venous 

congestion and intraalveolar hemorrhage. Incidence and 

mortality of polytrauma patients complicated by 

ALI/ARDS are not well studied. For multiple trauma in 

different studies these vary from 12-39% and 25-40% 

respectively [6, 7, 8, 9, 10].Proteases, situated in 

neutrophils granules, which under pathological conditions 

have ability to destroy normal tissue (especially lung and 

liver). The most important proteases involved in 

ALI/ARDS occurring are elastase, cathepsin G, 

proteainase 3, collagenase, gelatinase. Antiproteases, 

secteted by the liver, epithelium and some 

immunocompetent cells. The most important plasma 

antiproteases are a1antitrypsin (a1AT) and 

ά2macroglobulin (a2M). [11, 12].The importance of 

proteases/antiproteases system in ALI/ARDS caused by 

polytrauma is poor investigated.  

 

Table 1. Test statistics. a1antitrypsin. 

 

II. MATERIAL AND METHODS 

The study is approved by the Ethical Research 

Committee of State Medical University 

“NicolaeTestemitanu”. 30 male rabbits aged 3 months 

with a mean weight of 2913±100g were included for the 

study. Arterial (central ear artery) and venous catheters 

(marginal ear vein) (G20) were installed. The trauma was 

performed at an adequate level of anesthesia. The trauma 

represented bilateral fracture of the tibia (2 injuries with 

AIS ≥ 3) just below the knee in a sterile environment, 

using stapler and induced blood loss by aspiration (central 

ear artery) of 25% of the blood volume. 4 samples (before 

the trauma, in 2, 5, 24 hours) were collected for gas and 

biochemical analysis (elastase, carhepsin G activity and 

a1AT, a2M concentration). In 24 hour following trauma 

procedure rabbits were sacrificed. Lung, kidney, spleen, 
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control vs 

24h 
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2 h vs 

24 h 
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heart and liver of each animal were taken for 

histopathological examinations. The diagnosis of 

ALI/ARDS caused by polytrauma was considered if 

histopathological examination determined inflammatory 

changes at least in 2 organs and gasometrical criteria 

(PaO2/FiO2 < 300) had been performed. Statistical 

analysis was performed by SPSS 20. 

 

Table 2. paired samples test. α2macroglobulin. 

 

III. RESULTS 

A1AT (a1antitrypsin) plasma values  after polytrauma 

represented abnormal distribution. The difference 

between groups was determined by Friedman test (p < 

0.0001) and Wilcoxon test. Value of a1AT in 2 hours 

(47.27 ± 17.26) after trauma had tendency to decrease 

versus control (56.97 ± 15, p = 0.133) and after 24 hours 

(40.17 ± 8.2, p = 0.088), was higher in comparison with 

value in 5 hours (34.83 ± 7.05, p = 0.007). Value in 5 

hours decreased compared to control (p < 0.001) and in 

24 hours (p = 0.002). Value in 24 hours rises versus 

control (p < 0,001) (Table 1). 

 

Table 3. Paired Samples Test. Cathepsin G activity. 

 Paired Differences 

t df 

Sig. 

(2-

tailed) 

  
95% Confidence 

Interval of the 

Difference 

 Mean 

Std. 

Devia- 

tion 

Std. 

Error 

Mean 

Lower Upper 

control 

vs 2 h 
5,53 7,62 1,44 2,57 8,48 3,83 27 ,001 

control 

vs 5 h 
6,57 8,72 1,65 3,18 9,95 3,98 27 ,000 

control 
vs 24h 

-9,09 12,64 2,39 -13,99 -4,19 -3,81 27 ,001 

2 h vs 5 

h 
1,04 7,54 1,42 -1,88 3,96 ,73 27 ,471 

2h vs 24 

h 
-14,62 11,42 2,16 -19,05 -10,19 -6,77 27 ,000 

5 hvs 24 
h 

-15,66 7,18 1,36 -18,44 -12,87 -11,53 27 ,000 

 

α2macroglobulin values had normal distribution. The 

difference between groups was determined by the General 

Lineal Model (p < 0.0001) and Paired Samples Test 

(Table 2). Controls value (0.49 ± 0.15) was higher than 

after 2 hours (0.41 ± 0.07, p = 0.001), with a tendency to 

increase versus 5 hours (0.45 ± 0.06, p=0.15), to decrease 

in comparison with 24 hours (0.57 ± 0.09, p = 0.065). In 2 

hours value was lower compared to 5 (p=0.013) and 24 (p 

< 0,001) hours, in 5 hours lower than in 24 hours (p < 

0.001). 

Cathepsin G activity had normal distribution. The 

difference between groups was determined by the General 

Lineal Model (p < 0.0001) and Paired Samples Test 

(Table 3). Cathepsin G value at 2 hours (23 ± 7.43) was 

lower compared to controls (28.52 ± 9.99, p = 0.001) and 

at to 24 (37.61 ± 6.09, p < 0.001) with a tendency to rise 

versus 5 hours (21.96 ± 4.87, p = 0.471). In 5 hours it 

decreased in comparison with control and 24 hours (p < 

0.001 and p < 0.001, respectively). In 24 hours value was 

higher than control (p = 0.001).  

Elastase activity value had normal distribution. The 

difference between groups was determined by Paired 

Samples Test (Table 4). Elastase activity at 2 hours (75.75 

± 26.13) tended to increase compared to controls (73.51 ± 

24.28). After 5 (84.91 ± 36.83) it increased compared to 

controls (p = 0.025).In 24 hours it had a tendency to 

return to control value (78.17 ± 34.66, p = 0.457). 

 

Table 4. Paired Samples Test. Elastase activity 

 

 

After analysis were determined following correlations: 

1. Hystological Score correlates to cathepsin G 

before the trauma (0.629, p<0.001) and after 2 hours 

(0.671, p<0.001); to a1AT before the trauma (-0.603, 

p=0.001), after (0.559, p=0.02) and 24 hours (-0.539, 

p=0.03) after the trauma. 

2. Cathepsin G activity correlates to elastase 

activity before (-0.414, p=0.028) and in 5 hours (-0.439, 

p=0.019); correlates to ά2macroglobulin values in 2 

(0.556, p=0.002) and in 24 (0.396, p=0.037) hours after 

the trauma. 

3. Elastase activity correlates to ά2macroglobulin 

values after 2 hours (0.473, p=0.011). 

 Paired Differences 

t df 
Sig. 2-

tailed 

  

95% Confidence 

Interval of the 

Difference 

 Mean 
Std. 

Devia- 

tion 

Std. 
Error 

Mean 

Lower Upper 

control 

vs 2 h 
,0764 ,1122 ,0212 ,0329 ,1199 3,605 27 ,001 

control 
vs 5 h 

,0429 ,1529 ,0289 -,0164 ,1022 1,483 27 ,150 

control 

vs 24h 
-,0779 ,2142 ,0405 -,1609 ,0052 -1,923 27 ,065 

2 h vs 

5 h 
-,0336 ,0672 ,0127 -,0596 -,0075 -2,644 27 ,013 

2 h vs 
24 h 

-,1543 ,1346 ,0255 -,2065 -,1021 -6,063 27 ,000 

5 h vs 

24 h 
-,1207 ,1145 ,0216 -,1651 -,0763 -5,577 27 ,000 

 Paired Differences 

t df 

Sig. 

(2-
tailed) 

  

95% Confidence 

Interval of the 

Difference 

 Mean 
Std. 

Deviati

on 

Std.  
Error 

Mean 

Lower Upper 

control 

vs 2 h 
-2,239 30,86 5,833 -14,20660 9,728 -,384 27 ,704 

control 
vs 5 h 

-11,40 25,40 4,799 -21,25048 -1,555 -2,38 27 ,025 

control 

vs 24h 
-4,658 32 6,048 -17,06744 7,752 -,770 27 ,448 

2 h vs 5 

h 
-9,164 37,38 7,065 -23,65912 5,332 -1,297 27 ,206 

2 h vs 
24 h 

-2,419 36,32 6,864 -16,50236 11,665 -,352 27 ,727 

5 h vs 

24 h 
6,745 47,30 8,940 -11,59744 25,087 ,755 27 ,457 
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IV. CONCLUSION 

1. The most sensitive plasma predictor/indicator of 

the ALI/ARDS in polytrauma patients in 2 hours after 

trauma is a2M, in 5 hours is a1AT, in 24 hours is 

cathepsin G activity. 

2. The positive (cat G, before the trauma and in 2 

hours) and negative (a1AT, before the trauma, in 24 

hours) correlation with final histological examination 

evidence predisposition for ALI/ARDS and importance of 

cathepsin G/a1AT in ALI/ARDS developing after 

polytrauma. 

3. The negative correlation between cathepsin G 

and  elastase before the trauma and in 5 hour after trauma 

evidences of competition between these enzymes for 

a2M, and, probably, has impact for quant duration – a 

possible mechanism of ALI/ARDS in polytrauma. 

4. Proceeding from the arguments examined 

components of proteases/antiproteases system are 

recommended for predictors/indicators as well as active 

participants in this process. This allows optimization of 

existing and to create new prophylaxis and treatments to 

reduce the incidence and mortality, as well as the optimal 

use of financial resources for ALI/ARDS caused by 

polytrauma.. 
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I.      INTRODUCTION 

 In our work [1] it was shown that dispersed solutions 

of silver nano-particles of silver (Np-Ag) exert a 

stimulating influence on seeds of grain and vegetable 

crops and affect their resistance to fungoid diseases. The 

effect depended on concentration of Np-Ag, duration of 

the impact and on the genotype of the bio-object. In some 

embodiments of the experiment the effect was even 

manifested at very low concentration of Np-Ag (   

         ). In this regard we found it expedient to test 

how the same objects react to the action of dispersed 

solutions containing nano-particles of copper (Np-Cu) at 

the same concentrations as well as at lower 

concentrations. With that, it should be noted, using LD50 

values as an indicator, that dispersed solutions of Np-Cu 

are more toxic than dispersed solutions Np-Ag but are 7.5 

times less toxic than copper sulfate solution that is 

commonly used as a fungicide [2]. Copper nano-particles, 

as well as silver nano-particles have a stimulating and 

antifungal effect on a vegetable object. It is known that 

the less is the size of nano-particles the more biologically 

effective is the dispersed solution containing them [3]. In 

our experiment with Np-Ag [1] the size of nano-particles 

of silver was 35-60 nanometers in diameter. In this work 

we used copper nano-particles of even smaller sizes: 2-3 

nanometers. 

MATERIALS AND METHODS 

     Objects of research: seeds of grain crops: winter 

triticale (Ingen-93 variety), winter wheat (H335 variety) 

and spring wheat (Arnautka-7 variety).  

 Factors of impact on the seeds: dispersed solutions of 

Np-Cu at concentrations:           ,             ,  
                        ,             ,     
        ,            ,                 ,       
          (6-hour exposure duration); water suspension 

of fungi culture: Helminthosporium avenae,  the fungoid 

pathogen for seeds of cereals causes root rots at sprouts 

(18-hour exposure duration); 1% solution of potassium 

permanganate (1-hour exposure duration). After an 

impact of the factors (separate or combined) the seeds 

were sprouted in distilled water in Petri dishes at the 

temperature of 18-25° C in a thermostat. In each 

embodiment of the experiments we used 100-200. We 

accounted the number of sprouted seeds on the second 

day, seed viability on the seventh day and later the length 

of stems and of main roots, the number of the right 

sprouts. We define as “right sprouts”, the sprouts with the 

leaves centered around the stem clockwise and “left 

sprouts” those with the leaves centered around the stem 

counterclockwise. Right sprouts of grain crops are 

characterized by more active growth than the left ones [4].  
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   The nano-particles of copper were obtained from CuCl2 

[5]. In order to avoid fast oxidation of the obtained Np-Cu 

(2-3 nanometers in size) we covered them with 

polypyrrole thin films. Due to it, Np-Cu are oxidizing 

gradually in proportion as the film dissolves that provides 

a durable action of the nano-factor on seeds and needed 

exposure duration (6 hours). 

II. RESULTS AND DISCUSSION 

Assessment of the impact of dispersed solutions of Np-

Ag at different concentrations on seeds of one genotype 

associated with growth activity and resistance of the bio-

object to the fungoid disease 

  After the impact of the factors seeds of winter triticale 

variety Ingen-93 were sprouted at the temperature 25
о
С. It 

was revealed a general stimulation of germination energy 

of seeds at the impact of the dispersed solutions of Np-Cu 

(fig. 1). The greatest effect emerged at concentration of 

            (the increase compared with the control 

was 39.7%). At the same concentration the number of the 

right sprouts was maximal (an increase by 32%). The 

separate influence of fungus and of potassium 

permanganate caused an essential inhibition of 

germinating energy of the seeds (by 51.5%). At the same 

time the combined influence of Np-Cu and fungus turned 

out to be stimulating compared with the separate fungus 

impact practically at all exposure concentrations, in 

particular at             concentration (an increase by 

67.4%). The combined influence of KMnO4  and the 

fungus brought to an essential decrease (several times) in 

seed germinating energy in comparison with the variants 

of the combined influence of Np-Cu and fungus. 

      Thus, we determined that the optimum stimulating 

concentration of the dispersed solution of nano-copper as  

           . At the same time, the variant with lower 

concentration of                had also a stimulating 

effect (the increase in germinating energy and in number 

Fig. 2 Root length and stem length of triticale (Ingen-93 variety) sprout at separate and combined influence on their seeds 

of dispersed solutions of Np-Cu, of potassium permanganate and of water suspensions of fungi culture, % 

  

 
 

К - control, Г- Helminthosporium avenale,  KMnO4 - potassium permanganate, (1-9) - concentrations of Np-Cu: 

 1-(          ), 2-(           ),  3-(          )  4-(           ), 5-(           ), 6-(           ),  

7-(           ), 8-(              ), 9-(             )  
 

Fig. 1 Germinating energy of triticale seeds (Ingen-93 variety) at separate and combined influence on them of the 

dispersed solutions of Np-Cu, of potassium permanganate and of the water suspensions of fungi culture, % 

  

 
 

К - control, Г- Helminthosporium avenale,  KMnO4 - potassium permanganate, (1-9) - concentrations of Np-Cu: 

 1-(          ), 2-(           ),  3-(          )  4-(           ), 5-(           ), 6-(           ),  

7-(           ), 8-(              ), 9-(             )  

Ряд1 Ряд2 
root 
lenght 
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of the right sprouts was 13.8% and 12.1%, respectively). 

 It has been shown the ability of Np-Cu to reduce the 

harmful effect of the fungoid pathogen on seeds, i.e. the 

ability of nano-copper to raise the seed resistance to 

fungoid diseases and this effect was superior to that of 

potassium permanganate traditionally used for these 

purposes.  

In the same experience two more parameters: length of 

the main root and length of the stem (fig. 2) were taken 

into account. By the root length parameter in most 

variants it was revealed some stimulation. The greatest 

stimulating effect was obtained at concentration of 

              (an increase by 20.3%). At this 

concentration of the dispersed nano-copper solution an 

addition of the water suspension  of fungi culture  not 

only does not reduce the  root length, but even increases it 

compared with the control (by 10.8%) and with the 

variant of separate influence of the fungus (by 18.7%). By 

the stem length parameter               concentration 

shows again the greatest stimulating activity (an increase 

by 21.6%).  The combined influence of the Np-Cu 

dispersed solution at this concentration and the fungus 

also lead to a significant stimulation in the stem length of 

sprout in comparison with the separate influence of the 

fungus (an increase by 9.3%).  

 Thus, the greatest positive effect on growth activity of 

sprouts at the action of nano-Cu with the fungus 

(separately and combined) was revealed at the lowest 

concentration of the dispersed solution of nano-particles 

used in experience (             ). 

 

Assessment of the impact of dispersed solutions of Np-

Ag at ultralow concentrations on seeds of three genotypes 

associated with growth activity and resistance of the bio-

object to the fungoid disease 

In this series of experiences the seeds, after the impact 

of the factors, were sprouted at the temperature 20
о
С. 

Here we tested the reaction of the seeds of three grain 

crops: winter triticale variety Ingen-93, winter wheat 

variety H335 and spring wheat variety Arnautka-7 on the 

impact of dispersed Np-Cu solutions at three 

concentrations:             ,                 ,       

         , the water suspension of Helminthosporium 

avenae  and the solution of potassium permanganate 

(table). 

The seed viability of triticale in all the embodiments of 

the experiment was lower than in the control variant. At 

the same time the variant with the combined influence of 

the nano-factor with the concentration of                

and the fungus showed an increase in seed viability 

compared with the separate fungus influence by 31.1%. 

Almost all variants with the H335 wheat seeds were 

approximately close to the control variant. At the 

combined action of the nano-factor at the concentration of 

               and the fungus seed viability appeared to 

be by 14.3% higher than in the control but in the variant 

with the separate fungus influence by 31.1%. In the 

experiment with the Arnautka-7 seeds the variant with the 

concentration of             has exceeded control by 

27.0%. The combined influence of the nano-factor at the 

concentration of                with the fungus led to 

viability stimulation in comparison with control by 14.3% 

and with the variant of separate influence of the fungus by 

24.1%. 

Thus, the stimulating effect of the dispersed solution of 

nano-Cu on seed viability depends on the genotype of the 

object (it has emerged only at Arnautka-7 seeds) and on 

the concentration of the nano-particles. Increase of a 

genotype resistance to the fungoid disease under the 

influence of the nano-factor also depends on the 

Table.  Morphological parameters of sprouts of grain crops at the influence on the seeds of dispersed Np-Cu solutions 

and of water suspensions of Helminthosporium avenae  
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Winter triticale 

 (Ingen-93 variety) 

Winter wheat 

(H335 variety)  

Spring wheat  

(Arnautka-7 variety) 

Seed 

viability

% 

Stem 

length, 

mm 

Number 

of the 

right 

sprouts,% 

Seed 

viability 

% 

Stem 

length,

mm 

Number 

of the 

right 

sprouts,% 

Seed 

viability

% 

Stem 

length, 

mm 

Number of 

the right 

sprouts, % 

1 Control 

 

65 66,5 47,2 38 44,0 57,1 63 52,9 40,5 

2 64 х10-9 

 

60 61,6* 56,4* 36 47,9* 31,0* 80* 56,2 54,5* 

3 128 х10-10 

 

63 60,2* 42,9* 38 49,4* 54,3 64 56,3 63,9* 

4 256 х10-11 

 

62 63,3 33,3* 35 47,1 35,7* 69* 54,8 54,8* 

5 Fungus 

 

45* 50,9* 63,8* 29* 40,2* 58,3 58* 54,8 58,6* 

6 64 х10-9 

+ fungus 

51* 66,7 46,7 40 44,4 56,3 62 54,1 58,1* 

7 128 х10-10 

+ fungus 

51* 60,2 50,9 32 39,4* 46,2* 72* 54,2 60,6* 

8 256 х10-11 

+ fungus 

59* 59,1* 56,8* 29* 50,7* 53,8 52* 54,4 51,7* 

 

Note: * - distinctions are essential in comparison with control 
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genotype; thus the triticale seeds resistance increases at 

              concentration but H335 and Arnautka-7 

wheat at the concentration of                . 

The assessment of the bio-effect by the parameter stem 

length showed that a considerable stimulation of the stem 

length of triticale sprout occurs at separate and combined 

influence on the triticale seeds of the dispersed Np-Cu 

solutions at three concentrations (by 31.0 %, 18.3 % and 

16.1%, respectively, compared with the variant of the 

separate fungus action). In the variant with the H335 

seeds the Np-Cu concentration of                

showed to be stimulating in comparison with the control 

(by 12.9%). The combined influence (Np-Cu + fungus) 

had a stimulating effect at the concentration of     

           compared with the control (by 15.3%) and 

with the separate influence of the fungus (by 16.1%). The 

impact on the stem length of the Arnautka-7 sprouts was 

insignificant (at concentrations of             and 

               up to 6%). Protective influence of the 

nano-factor upon seeds subjected to the fungous infection 

was not revealed. Therefore, according the stem length 

parameter the protective effect of the nano-factor was 

most pronounced on the triticale seeds, was less evident 

on the Н335 wheat seeds and did not manifest itself on 

the Arnautka-7 wheat seeds.    

The behavior of the parameter number of the right 

sprouts was rather specific. Some stimulation of this 

parameter for Arnautka-7 wheat was in all the variants of 

the experiment having the maximum increase (by 49.6%) 

at the concentration of                . For triticale 

Ingen-93 it was also revealed the stimulation in all the 

variants, including the one with the lowest concentration 

(by 20.3%).  But for the H335 wheat the stimulation was 

absent by this parameter in all the embodiments of the 

experiment. And for the Arnautka-7 wheat the stimulation 

of seed viability was also observed in all the variants of 

the experiment.  

Thus, in conditions of lower germinating temperature 

(20
о
С) the distinctions in the reaction of triticale seeds on 

the impact of the nano-factor and the fungus were not so 

pronounced in comparison with the previous experience 

held at higher temperature (25
о
С). At the same time, we 

would note the evident antifungal impact of nano-copper 

on the parameters: seed viability and stem length. The 

reaction of the winter wheat seeds was also characterized 

by a noticeable antifungal influence of the nano-factor. 

The seeds of spring wheat are more responsive to the Np-

Cu impact, here the stimulation effect is well noticeable 

by the seed viability and the number of the right sprouts. 

The fungus caused an inhibiting effect in all the 

genotypes. The combined influence of the dispersed nano-

copper solutions and water suspension of fungi culture 

induced an antifungal effect, particularly evident on 

triticale seeds. 

As you can see, that presented in these work 

stimulating and antifungal effects on seeds caused by 

disperse solutions of copper nano-particles at extremely 

low concentrations are not less pronounced than the same 

effects on the same objects but with use of nano-particles 

of silver [1].  

 It is rather problematic to draw conclusions on the 

specificity of biological function of these two factors. The 

comparative analysis is complicated by discrepancies of 

techniques, exposure durations and sizes of nano-

particles.  The nano-particles in the experiment with 

copper were of much smaller sizes (2-3 nm) than nano-

particles that we used in our experiment with silver (35-

60 nm) [1]; so the former had a larger specific surface 

area and perhaps for that reason, induced a more 

pronounced biological effect. It is therefore possible that 

the certain antifungal advantages of Np-Ag over Np-Cu 

were substantially leveled. 

IV. CONCLUSION 

1.  At action of the dispersed Np-Cp solutions on seeds 

of winter triticale (Ingen-93 variety) at the temperature of 

25
о
С and at the concentration up to                it 

was revealed a stimulating effect in all the morphological 

parameters of the bio-object. The more significant impact 

on seed germinating energy was observed at the exposure 

concentration of             (an increase by 39.7%); in 

the same variant there was also the largest number of the 

right sprouts (by 32.0%). The maximum increase in the 

root length and in the stem length was revealed at the 

exposure concentration of               (by 20.3 and 

21.5%, respectively).  After the treatment of triticale 

seeds with the water suspension of fungi culture (causing 

root rots at sprouts) and the solution of potassium 

permanganate (an antifungal factor) it has been revealed 

an inhibition of the germinating energy of the seeds.  

2.  Processing triticale seeds with the nano-factor at the 

same concentrations before their infection by the fungus 

led to relieving of the inhibiting action of the fungus in 

most variants, i.e. it has been observed a clearly marked 

antifungal effect of the copper nano-particles. In the 

variant with the lowest concentration of               

the root length and the number of the right sprouts has 

increased even compared with the control (by 10.8-

12.8%).  At the combined influence on the seeds of the 

solution of KMgO4  and the fungi culture it was obtained  

an essential decrease (several times) in germinating 

energy of the seeds.   

3.  Winter triticale (Ingen-93 variety), winter wheat 

(H335 variety) and spring wheat (Arnautka-7 variety) had 

responded in different ways to the exposure to nano-Cu at 

the temperature of 20
о
С. The seeds of the spring wheat 

appeared to be the most susceptible to the impact: their 

viability increased by 14.3% at the exposure 

concentration of                and the number of the 

right sprouts and the root length increased at all the 

exposure concentrations. The more evident effect on the 

number of the right sprouts parameter was obtained in the 

variant with the nano-copper concentration of     

           (an increase by 49.7%).  The results showed 

that the exposure to nano-Cu did not cause any significant 

changes on the seeds of winter wheat:  the stimulation 

was revealed only in the root length at the concentration 

of                (by 12.3%).  The number of the right 

sprouts of triticale has increased at the exposure 

concentration of             (by 19.5%).  Pre-sowing 

seed treatment by the fungus led to inhibition of seed 

viability of all the genotypes.  

4.  Soaking of the seeds in the dispersed nano-copper  

solutions before infecting them by the fungus caused an 

antifungal effect which manifested in each genotype in a 

special way.  So, for the triticale seeds it was observed in  
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the viability and the number of the right sprouts, at the 

concentration of                 stimulation of the seed 

viability increased by 24.1% in comparison with the 

variant of the separate influence of the fungus. The 

exposure to nano-Cu at concentration of                

caused some changes to the winter wheat: the root length 

has increased by 26.1%. Some stimulation of seed 

viability (by 31.0%) and of the main root length of spring 

wheat was revealed at the concentration of     
         .  

5. The obtained data can be used in development of an 

economical and effective method of pre-sowing treatment 

of seeds of agricultural plants by the dispersed solutions 

of copper nano-particles at ultralow concentrations.  
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I. INTRODUCTION 

The vertebral column diseases, associated with the 

degenerationive disorders in its structures, is one of the 

most actual problems in modern orthopedics. The 

prevention and treatment of these diseases requires a 

much larger research in the study of pathogenesis, depth 

and degree of involvement in the pathological process of  

spinal segments elements. Currently, it was found that the 

characteristic changes of pulposus nucleus are at the base 

of degenerative changes in the vertebral column, the 

mechanisms are not yet completely understood [1]. 

   Based on the available information from literature 

[1], we can assume that among the factors contributing to 

the development of degenerative-dystrophic processes in 

tissues, the circulatory disorders of the spine have a 

substantial importance. However, so far there are any 

satisfactory answers to the questions relating to the 

initiation process of sclerosis and the early stages of 

development. 

   The sequence of degenerative disorders in the 

intervertebral disc is generally known only from the 

clinical observations, but a detailed evaluation of 

morphological and functional changes in the dynamics, by 

the modeling of pathological disorders, is possible only in 

an experimental study in animals. Some scientists have 

found a similarity in structural architecture of human and 

rabbit lumbar intervertebral disc [2]. In addition, a general 

nature of degeneration process in humans and rabbits was 

confirmed biochemically [3]. Especially, the nucleus 

differs in rodents and mammals, they are structured with 

the notochordal cells throughout life, while these cells  

 

disappear from the pulposus nucleus in humans after 

childhood [4]. 

    During the ontogenesis the vascularization of disc 

undergoes some significant changes. By 25-26 years, the 

disc vascularization is provided to six arterial branches: 

each two dorsal blood vessels, the axial and ventral 

vessels. The arterial branches create the connections 

called "arcade". The vessels penetrate the discs through 

the vertebral bodies [5]. The vascular plexus are more 

dense on the front surface of disc [6]. In the end of body 

growth period from 25-26 years the disc vessels are 

coplect obliterated, the vascularization is provided to  the 

diffusion from hyaline plate. Obermuth H., 1930, 

Coventry M., 1945 consider that that the disc is avascular 

and wear in the elderly persons. In the wear site is 

outlined a vascular proliferation with revascularization, 

which belongs to a pathological phenomenon. 

    Atherosclerosis [7,8], drepanocytic anaemia, 

Gaucher disease [9] are the factors that affect the blood 

irrigation in intervertebral discs. All lead to the disc 

degeneration in the long term with the circulation disorder 

in disc and  surrounding tissues [10, 11].. 

II. THE PURPOSE OF STUDY  

The evalution of the degree of degenerative-

dystrophic changes in the lumbar intervertebral disc by 

endothelial markers CD34 immunohistochemical staining 

of the lumbar vertebral arteries from the died patients of 

the different ages. 

III. MATERIAL AND METHODS 

The present paper is based on the study of the structure 

of vertebral lumbar artery and intervertebral disc by the  

The Dynamics of the Vascular Wall Changes 

Evolution  in the Lumbar Intervertebral Disc. 
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finally  fibroblast proliferation with sclerosis. In five cases the vertebral arteries were affected, lacking 

intimate vascular event (5%), in three cases, faint, moderate; in ten cases-handed (50%), and in 6 cases-

preserved. 

Currently modern technologies remain  in the assessment of new methods of treatment and prevention of 

degenerative-dystrophic changes. 
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histological examination, hematoxylin-eosin staining 

(made in Moldova) and immunohistochemical staining 

with the antibodies CD34 (it determines the state of 

vascular intima and stem cells) from 2011-2012, being 

performed in Immunohistochemical Laboratory, 

Timisoara, Romania, under the leadership of Professor 

Marius Raica. The lumbar segments and the arteries were 

taken from 20 patients after cerebrovascular accidents, 

from acute cerebral infarct 10 persons (50%), 

hemorrhagic stroke 5 person (25%), diabetes mellitus 

type- 1 person (5%), acute myocardial infarct - 3persons 

(15%), hepatic cirrhosis-1 person (5%), of different age 

and sex, Clinical Hospital "Holy Trinity". The age of 

deaths in the study group: by 60 – 4 persons , 61-70 years 

-2 persons, 71-80 years - 8 persons, 81-90 years -6 

persons. 

   The lumbar vertebral arteries were taken from each 

individual case beginning from the L1 until L5 levels and 

the L1 and L5 intervertebral discs. 

   Vascular wall atherosclerosis with the lipid spots 

deposition, the atherosclerotic plaques and the ulcerations 

are found in the section of abdominal aorta and iliac 

artery bifurcation [12, 13]. However, it is paradoxically 

that ateroslerotic  plates deposition (Fig. 1) is more 

evident at the edges of inlets of lumbar vertebral 

paraaortic arteries I-IV (a) and V - by sacral average 

artery with the narrowing of lumen (b). 

                            a      b 

 
 

Figure 1. A 60-year-old patient J. The abdominal aorta: 

the inlets of narrowed vertebral artery L5 (a), surrounded 

by atherosclerotic plaques (b) macroscopic – the 

abdominal aorta with lipid spots and atherosclerotic 

plaque. 

 

The immunohistochemical staining with endothelial 

marker CD34 shows the integrity of artery vascular intima 

in L1-L5 lumbar vertebral bodies taken from the death, 

the results are divided into four groups: IV- without  

intima (Fig. 2) where hematoxelină-eosin stained 

vertebral disc shows the advanced forms of intervertebral 

disc degeneration (Fig. 3) with disc cartilage hyalinisation 

(a), the intradiscal calcification or ossification areas (b), 

the lymphocyte infiltration (c). 

 

 

 

 

 

 

                                              a 

 
 

 

Fig. 2.  82-year-old patient K. The lumbar vertebral artery 

5 a) the absence of basal membrane. CD34 IHC staining, 

x140 

                             c             a            b 

 
 

 

Figure 3. the same patients 82-year-old patient K. The 

fibers  of intervertebral disc 5) The islets of  hyalinic 

cartilage in the intervertebral disc, B) the intradiscal 

calcifications or ossification areas, c) the lymphocytic 

infiltration, HE staining, x 140. 

 

 

The III group shows weak  intima, for the  example 

(Fig. 4) (a) the  picture of the  vertebral artery 4, where 

are shown well the internal tunic with endothelial cell 

layer (a), in half free, sometimes with a detachment, the 

average tunic with rare and disorganized fibrous elements 

in muscular layer (b) with thewell structured  adventitia 

(c) the average forms of degeneration in intervertebral 

disc (Fig. 5), it is shown: a) the disc tissue fibrosis, with 

b) the areas of edema between the fibers, c) the disc 

cartilage with the chondrocytes into chondroblasts, d) and 

the papillary aspect e) the hemorrhagic areas, f) the 

hyalinisation areas, g) the fibroblast proliferation. 

  



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

534 

 

         a           b                          c 
           

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure  4. 62-year-old patient A. The lumbar vertebral 

artery 5 a) the presence of the half of basal membrane,  

with detachment, b) the average tunic with rare muscle 

fiber elements, c) the capillaries from 

 

     a                             e       f   a           d   g     b 

 
 

Figure 5. A 62-year-old patient A.The pulposus nucleus 

of lumbar intervertebral disc 4 5a) the disc tissue fibrosis, 

b) the areas of edema between fibers, c) the disc cartilage 

with chondrocytes and chondroblasts, d)  the papillary 

aspect e) the haemorrhagic areas, f) the hyalinization 

areas, g)  fibroblast proliferation, H-Ex staining, x 140. 

 

 

 

In II group the intima is moderately pronounced (fig. 

6), a) with different thickness, it is poorly shaped, b) the 

muscle fibers are  in the fibrous tunic. Hematoxelin-eosin 

staining shows (Fig. 7) early degeneration changes of  

 

 

 

 

 

 

 

 

 

 

 

intervertebral disc with the  myxoid degeneration (a) the 

chondrocytes and chondroblasts could be seen  in the 

center (b). 

 

                                   a             b 

 
 

Figure 6. A 42-year-old patient B. The 5 lumbar 

vertebral artery  a) the intima is sometimes interrupted, 

thinned with the irregular outline of the fibrillar structures 

b), CD34 IHC staining, x140. 

 

                                         a              b 

 
 

Figure7. a) the myxoid degeneration, b) the 

chondrocytes and chondroblasts are in the center, H-E 

staining, x 140. 

 

 

The first group with positive intima (Fig. 8) the 

immunohistochemical staining shows a) the vascular 

intima is well defined, b) the persistence of structural 

elements in average tunic and adventitia; haematoxylin- 

eosin staining shows (Figure 9) : a) the chondrocytes and 

chondroblasts (b) the unchanged with well defined 

structural fibrillar structures (c), the persistence of 

fundamental condrogen substance (d). 
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IV. RESULTS AND DISCUSSION 

Currently,the general objectives of the treatment of 

degenerative-dystrophic changes would be both to 

alleviate painful symptoms and to restore the mechanical 

functions. Depending on the degree of degeneration as a 

treatment strategies are designed to act as regenerative or 

restorative effect. The cell, gene and protein therapy have 

a regenerator effect, are most effective in early stage of 

the degenerative process, located in pulposus nucleus [17, 

18, 26, 27, 28]. 

    The cell therapy with mesenchymal stem cells plays 

a significant role in regeneration, being introduced locally 

in the degenerated disc, aimed, these cells proliferate in 

specific cells of disc with the same phenotype and as a 

result improve the degenerative effects, and lead to the 

production of extracellular matrix designed to restore the 

function of healthy disc [17, 26]. The repairing treatment 

is appropriate for more advanced stages of degeneration, 

which are characterized by the structural degradation of 

pulpous nucleus and  annulus fibrous  [16, 22, 23, 24]  

   The injection of the growth factors proteins as (BMP-

7), β (TGFβ) leads to the transformation of tissue having 

an metaplasial effect, the cell differentiation with 5 (GDF-

5) and others, all of which are widely studied, stimulating 

an extracellular production of matrix and a cell 

proliferation [18]. The injected directly into the disc of  

the anabolic factors effect are limited because of the short 

half-life and its rapid diffusion. 

    In animal models, the degeneration of intervertebral 

disc was reduced or even treated [18]. However, the given 

method is difficult to use clinically because it is a long 

process with progressive character [14]. Alternatively, the 

cell regeneration of disc can be manipulated by gene 

therapy, which involves the introduction of genes by 

viral-mediated vectors [27]. 

   The tissue engineering has a significant effect in the 

regeneration of disc, although there are several non-

biological methods, the cells generated by tissues preserve 

its remodeling and growth ability. The dominant 

paradigm of tissue engineering is that cells on a 

biomaterial or scaffold substrate can induce formation of 

new tissue stimulated (biological or physical) 

respectively. The hydrogels, such as alginate, hialuronan - 

collagen gels based, it was proved, support the survival of 

mature nucleus pulpous and promote extracellular matrix 

formation [23, 24]. Although, the engineering of pulpous 

nucleus and fibers of the annulus tissues was a special 

focus throughout the years, by  increasing of discs (in 

vitro), including the translation of these technologies in 

large animal models (bovines), for the clinical trials, 

respecting the nutritional requirements (in vivo)[15, 19, 

22]. 

    The identification of growth factor TGFβ3 has a 

precursor effect on the cells of annulus fibers, during 

morphogenesis, he actively participates in the restoration 

of architecture and function after the degeneration of 

annulus fibers. In the  intervertebral discs in rats, was 

found that TGFβ3 maintains the cell viability and 

improves the extracellular matrix in vitro [25]. 

Furthermore, the application of TGFβ3 on the adult cells 

of bovine fiber annulus cultured in the polymer nanofibers 

led’s to the production of extracellular matrix with the 

optimizing of  mechanical properties in vitro [20]. These 

nanofibers have a laminar structure, which unlike the 

native, the collagen fibers are wrapped in macromolecular 

chains located coiled with the dampers effect and in the 

intervertebral segment-flexion and torsion [21, 24]. 

V. CONCLUSION 

Throughout many years of research the etiology of 

lumbar discogenic pain remains poorly understood, and 

the palliative therapies do not restore the structure of 

healthy disc or the mechanical function. The developing 

of intervertebral disc requires a merging of different cell 

types with some nutrients and oxygen, under the 

leadership of some complex molecular interactions. The 

cellular structures of pulposus nucleus and fiber annulus 

must work in an environment synergistically.         The 

continue mechanical disturbances and poor nutrient 

supply of this throughout life induce the degenerative 

changes of disc. It is possible that early postnatal changes, 

including the vascular regression, modifies the cell 

phenotype of  nucleus pulpous and the altered 

composition of extracellular matrix with biochemical and 

biomechanical changes of disc slowly, and irreversible. 

To establish the postnatal mechanisms of disc 

degeneration need a special attention in the future. The 

establishing of extracellular matrix synthesis has a 

significant role on this process. The investigations 

performed on vessels show its atherosclerosis. 

    With CD34 immunohistochemical study shows that 

vascular intima is better preserved in lumbar vertebral 

arteries in this case it is weak positive (5%); in four cases, 

moderately pronounced (20%); in 15 cases-is pronounced 

(75%), and the most affected is the five vertebral artery, 

intimate lacking vascular event (5%), 3 cases, poorly 

marked, in 10 cases, moderately pronounced (50%), and 6 

cases-preserved.   The  atherosclerosis with vascular wall 

thickening affects the viability of structural elements in 

the intervertebral disc significantly. Initially, the nucleus 

pulpous is affected, then through a series of splitting 

mechanisms  the collagen fibers become fragmentated 

that induce fibroblast proliferation with sclerosis. 
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I. INTRODUCTION 

    The handicapped people have difficulties in  everyday 

communication. For deaf people the main way to 

communicate is their special language. People are 

progressing, that’s why they are searching for new ways 

to extend their possibilities. For  One of the way to 

communicate with computer that present Glove2Speech 

device that brings mobility to everyone. To provide 

maximum simplicity and flexibility, Glove2Speech is 

communicating completely wireless, making user 

absolutely free to move because he will not have to 

struggle with any wires. Glove2Speech can be used 

various fields such as medicine for people with 

disabilities, industrial machinery and robotics for remote 

controlling various units and input interface for different 

platforms.  

II. BASIC CONCEPT 

The basic concept of the Glove2Speech is generating 

input signals by touching unique combinations of 

conductive sensors together which are sent to receiving 

device with the help of the microcontroller. These sensors 

are mounted on the fingers of the glove in strategic points 

which allow creating maximum possible number of 

combinations. Some of these combinations are more 

physically difficult than others, and so these are intended 

to be used less frequently. 
Since some sensors will be unintentionally connected 

while executing some combinations, the software will 

take care of precedence settings to control which 

connections are ignored under certain circumstances. 

Additionally, a sensitivity threshold can be adjusted to 

control how long the sensors must be touched together to 

be considered intentional. Depending on your dexterity 

and desired speed, this might be anything from a few 

milliseconds to a whole second. 

III. FIELDS OF USE 

     3D spatial or VR interaction: Because the 

Glove2Speech is a mobile device, it can be used for 

military or civil UAV aircrafts giving access to the basic 

operations such as controlling altitude, speed, roll and on-

board camera control such as pan, tilt and zoom. 
    Specialized device control in extreme or industrial 

situations: the Glove2Speech can be a simple, no-eyes-

required input device that is easy to keep track of (since 

you'll be wearing it!) and hard to lose, perfect for intense 

activity or dangerous areas where a regular keyboard and 

mouse wouldn't survive intact for long. An example of 

use can be an operator of a heavy lifting machine that will 

be able to control it not only from fixed control panel, but 

also from any desired location. 
    Handicapped or limited-mobility users: Some people 

can't manage the motions necessary for typing on a 

regular keyboard. The Glove2Speech is designed in such 

way that it can overcome many of these problems and 

give a part of computer control back to people who have 

lost it. 
      Graphic interface: Glove2Speech has got an LCD 

display where the user can find all the information about 

the wireless link, battery status, what letters are accessed 

at the moment, is the audio support activated and what 

hot-key phrase is accessed. 
    Gaming: If you find yourself using keyboard 

commands to do things in the games you play, the 

Glove2Speech is the perfect device to allow the same 

control with much less effort and much more efficiency. 

Anything you can do with a keyboard can be done with a 

Glove2Speech, giving immediate availability — you’ll 
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never need to find the right position on the keyboard 

again, since your keyboard is fitted to your fingers! 

 
 

Figure 1. View of the glove from the side of flat of the 

hand. Here are situated contacts points which permits 

creating input signals for microcontroller which translates 

them into letters/words/phrases and send them wireless to 

desired device. 

 

   

 
 

Figure 2. View of the glove from the back of the hand. 

Here we can see electronic components of the glove – 

microcontroller, LCD display, speaker and Bluetooth 

module. Also we can see the battery which supplies 

energy to all of the components mentioned. 

 

 

Mobile devices like smartphones and tablets: Some 

people can get by with miniaturized QWERTY hardware 

or on-screen keyboards — in fact, some people can use 

them with amazing dexterity and accuracy. Others aren’t 

so devoted to learning the skill. The Glove2Speech can 

act as a wireless input device for most smartphones and 

tablets, depriving the need to use other, sometimes 

difficult input options. 

IV. CONCLUSION 

The device was prototyped and successfully tested. The 

results were promising and this gives the point to improve 

further possibilities, usability and design. 
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I. INTRODUCTION 

Pioneers of cellular therapy, the hematopoietic stem 

cells are still an important source of stem cells both for 

clinical practitioners and researchers in the field of stem 

cell biology. It has been noticed that the bone marrow 

stem cells can differentiate in vivo or in viro as: 

Osteoblasts [1,2,3], adipocytes [4], neurocytes [5,6], 

cardiomiocytes [7,8] and hepatocytes [9,10]. 

The number and differentiation potential of the bone 

marrow stem cells decreases in time, thus, the search for 

other sources of stem cells has a significant value.  

Studies performed within the last decade have 

shown that the umbilical cord blood contains 

hematopoietic and mesenchymal stem cells and that it can 

be used as an alternative source of stem cells for 

utilization in cellular terapy. 

The first successful clinical use of umbilical stem 

cells was in 1988. The transplant was made by Elian 

Gluckman, the director of the bone marrow Transplant 

Center of “St. Louis” hospital (Paris), to a 6 year old boy 

who was suffering from the Fanconi anemia. Several 

studies have proven that their use has an efficiency that is 

comparable to that of the use of bone marrow stem cells 

when treating lymphomas, leukemia and other conditions. 

Generally speaking, they have capacities similar to fetal 

stem cells, and don’t raise ethical problems [11, 12]. To 

this day, over 15000 cord blood cell transplants have been 

performed successfully on children and adults [13,  

www.nationalcordbloodprogram.org 2009].  

Cord blood cells have a great capacity to re-build the 

patient’s damaged hematopoietic system almost entirely. 

Even though cord blood contains less mesenchymal stem 

cells when compared to the bone marrow, the quality of 

the graft is superior to the osteomedular one. Thus, tehe 

amount of umbilical stem cells required for a successful 

transplant is 10 times smaller, because they are younger 

than the autologic, older bone marrow and peripheral 

blood cells. It has been found that the blood of a single 

umbilical cord, with a volume ranging from 80 to 120 ml 

contains the same number of hematopoietic stem cells as 

1200ml of bone marrow would [11,14]. 

Umbilical Blood (UB) has the following advantages: 

 Fast availability – once the blood unit is taken, 

tested and conserved it is available for transplant 

[15]. 

 Because the stem cells of the umbilical cord are 

immature, the risk of graft rejection is considerably 

lower, thus the transplant of UB does not require full 

HLA compatibility between donor and recipient, this 

allowing samples from different donors to be used if 

necessity calls it[16]. The explanation is that, if the 

blood of the newborn is immunologically immature, 

the immune system doesn’t have enough time to be 

exposed to different immunogens and create 

antibodies that would counter them [17]. 

 Harvesting cells from the umbilical cord can be 

performed in a comfortable manner, does not 

involve a death-risk for the donor and storage is 

cheaper, compared to harvesting cells from the bone 

marrow or peripheral blood[18]. 

 It has been established that UB has a lower chance 

of cytomegalovirus infection than bone marrow, 

consequently reducing the complications that follow 

a transplant [19, 20]. 

 

The Disadvantages of using UB: 

 The duration of the immune system’s recovery is 

longer when UB stem cells are used because they are 

more primitive than those found in the peripheral 

blood and bone marrow, the patient becoming 

vulnerable to infections for a greater period of time 

[21,22];  
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 The quantity of harvested UB cells may not be 

sufficient for a corpulent child or an adult, because the 

optimal volume required for a successful graft is not 

definitively established, this being an important 

limitative factor.  

 Also, the viability of UB is uncertain, most of the 

blood units that were used until now having been 

cryogenized on a 10 year period [23]. 

Because of these particular reasons, researches 

regarding the collection, testing, isolation and storage 

of UB are being conducted in the present. 

The aim of this study was to optimisation the 

method for isolation and to assess whether certain 

obstetric factors influence the quality of the umbilical. 
. 

II. MATERIALS AND METHODS 

Collecting the umbilical blood 

 The umbilical blood (n=50), has been collected 

from the newborns of the travailing mothers hospitalized 

at the Municipal Maternity Nr.2 from Chișinău. 

Study criteria: 

 Donor’s signed consent. 

 Obstetric and family medical history, so that some 

conditions and genetic anomalies can be excluded. 

 The lack of infectious diseases in the medical 

history, and their testing during gestation: HBsAg, 

viral hepatitis C, HIV, syphilis (in case of 

seropositive reactions, the blood won’t be collected) 

 On term, physiological births (38-42 amenorrheic  

weeks(AW)) 

 Obstetric criteria: - the weight of the newborn must 

exceed 2500g; an Apgar score that is higher than 8;  

a fluidless period shorter than 12 hours; the absence 

of the mother’s fever during labor; the lack of signs 

of infection on the new born; the absence of 

congenital anomalies of the newborn. 

The cord blood units were extracted by puncturing 

the umbilical vein; directly after the child’s birth, the 

tying and sectioning of the umbilical cord; respecting the 

aseptic and antiseptic rules, in standard 300ml closed 

containers (CPDA-1 ((citrate/phosphate/dextrose/adenine) 

Baxter Transfer Bag, C.A. de C.V., Mexico). After 

puncturing the umbilical vein, while the placenta is in 

utero, the blood drains into the container under gravity’s 

influence, avoiding contact with the exterior. 

The extracted samples were subjected to the 

following: CBC, bacteriological anaerobic and aerobic 

tests, immunological tests for HBsAg, Ac-HCV 

(IgM+IgG), Ac-HSV1+2 (IgM+IgG), Ac-anti 

Toxoplasmosis (IgM+IgG), Ac- anti CMV (IgM+IgG). 

The following data has been recorded: 

The gestation period (AW), the pregnancy’s number, 

the fluidless period’s duration, the birth’s type, the weight 

of the newborn and the placenta and the newborn’s 

gender. 

5 ml of the mothers’ blood (n=10) was collected in 

sterile tubes via puncturing of the cubital vein for 

immunologic testing. 

 

 

 

 

Isolating the nucleated cells 

For separating the nucleated cells from the basal part 

of the blood (erythrocytes and plasma) in the UB’s 

fractionation, dextrane of a 60000 molecular mass has 

been used, in a 1:1 ratio. The dextrane was added in the 

large bag. After the the erytrhocytes’ sedimentation 

during a 30-60 minute period (until a visible border was 

created), the supernatant was transferred into the small 

bag of the container and separated from the other one with 

a clip. The liquid is placed into 15ml tubes and then 

centrifuged at 100rpm. The liquid above the sediments is 

removed, and the nucleated cells are placed in a sterile 

tube, counted and stored in cryotubes (NUNC) in a 

DMEM and 10% DMSO (dimethyl sulfoxide) solution. A 

part of these cells were placed in a nourishing 

environment for cultivation/ 

Cultivating the cells 

The cells were cultivated in a DMEM (HIMEDIA); 

100 un/ml gentamicin and penicillin (SIGMA) and 

adjuvant in a CO2 “Binder” incubator with a 5% CO2 

concentration, at 95% humidity, up to 3 passages on 

culture 25 and 75 cm
2
 culture plates (NUNC), and 

changing the nourishing environment every 3 days.  

During the course of the cultivation, the supernatant was 

collected on at 0, 3, 5, 7 and 9 day intervals and stored a -

20
o
C for the performing the following biochemical 

research. 

The general analysis of the UB was performed on 

the PCE – 170 analyzer, observing the cellular elements 

of the blood, the hematocrit value, the mean quantity of 

erythrocytes, the mean hemoglobin content in an 

erythrocyte and the mean quantity of thrombocytes.   

 The cytogenetic analysis  
Karyotyping by G banding was used for finding out 

the karyotype of the UB in the beginning, as well as at the 

end of the cultivation, in order to establish whether the 

cultivation process caused  changes in the structure of the 

chromosomal complex. For performing the test, the cells 

were cultivated in a Lymphochrom (Lonza, Belgia) 

nourishing environment, and Colchihine (HIMEDIA, 

India) was added 3 days later, and then they were fixed in 

a methanol solution and glacial acetic acid in a 3:1 ratio. 

The Giemsa coloration was used for visualization.  

Through biochemical analysis of the supernatant, 

the dynamic of the proteins, lipids, carbohydrates, 

cholesterol and mineral substances (the concentration of 

Na, Mg, Ca, P, K,) from the environment was evaluated at 

different periods of the cultivation process. 

The statistical processing of the obtained results 

was performed using the Microsoft Excel and Stats Direct 

(the 1.9.58u8, 2001 version) software. The arithmetic 

mean was calculated ± the standard deviation (M±σ). For 

testing the significant difference between the studied 

indices, the nonparametric statistical test of analysis, of 

the Spearman (ρ) correlation was applied. 
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III. RESULTS AND DISCUSSIONS 

Collecting the umbilico-placental blood: 

The stem cells are attributed to the nucleated cells 

(NNC), that is why an important criterion in establishing 

the quality of the graft in the umbilical blood is 

appreciating the number of these said cells [25-28]. 

Considering the small amount of blood that can be 

collected from the umbilical cord (100ml on average), the 

first priority is obtaining the greatest possible quantity of 

blood, as well as reducing the risk of bacterial 

contamination.   

To optimize the methods of cord blood collection, 

we have analyzed several obstetric factors and factors 

regarding the newborn, in conformity with the volume 

and the NCN content of the blood units. 

The collected cord blood samples (n=50) using the 

in utero method, had a mean volume of 71,84±25,29 ml 

(42,0 – 147,0), an NNC of 11,2±9,85 x106/ml (1,0 – 52,6) 

and the quantity of CD34+ - 7,9±0,48 x108/ml with a 

vitality of 93,47±0,37%. The mean weight of the 

newborns was 3418,3±428,56g (2400,0 – 4300,0), 23 

(46%) of them being boys and 27 (54%) – girls. 

From the analyzed data we have determined that the 

CBV/NNC was greater for boys than for girls: 78ml of 

UB with a 12,4x10
6
/ml NNC was collected from boys, on 

average, as compared with the 66,6ml and an NNC of 

10,2x10
6
/ml taken from the girls. 

In 24% of the cases , the volume of collected UB 

blood exceeded 80ml (n=12), and in 76% of the cases – it 

ranged between 40 and 80ml (fig.1)  

 

 
 

Fig.1. Volume of the collected cord blood 

 

 

There are 2 main methods of UB collection: 

puncturing the umbilical vein while the placenta is still 

inside (in utero), or after it’s expulsion (ex utero). 

 The ex utero collection is performed in a separate 

room by a well-instructed personnel, right after the 

placenta’s ejection, in a standard collection set that 

contains anticoagulant (citrate-phosphate-dextrose with or 

without adenine). After the umbilical cord’s disinfection, 

it is punctured [14]. 

The in utero method of extraction is performed after 

the child’s birth, after the ligation of the cord, using the 

same hermetic collection system. 

Randomized studies have previously shown that the 

in utero collection method is more efficient, because it 

allows a greater quantity of blood to be obtained, as well 

as a greater number of cells. 

Comparing the in utero and ex utero methods, 

Laskey L.C. and his collaborators [29] haven’t noticed a 

significant difference between these two methods, when it 

came to the number of collected cells, instead they 

noticed a high level of bacterial contamination or blood 

coagulation when the ex utero method was used. Sparrow 
R.L. and his collaborators [30] haven’t noticed a 
difference of volume, leukocytes concentration or the 
total number of nucleated cells, but they noticed they 
remarked a greater quantity   of umbilical blood obtain in 

case of caesarian birth, compared to normal birth. Solves 

P. and his cooperators [31] have noticed an increase in the 

volume of blood and number of nucleated cells, as well as 

CD34 cells  obtained in utero, when compared to the ex 

utero method of extraction. 

Our study shows that the units of UB were collected 

through the gravitational method, in a closed system, 

following physiological births, per vias naturalis; and that 

the placenta was in utero. The duration of the extraction 

was 5-8 min, and the blood unit processing was 

performed within 24-28 hours from the time of extraction. 

There are many obstetric, pre-natal and post-natal 

factors that have an influence on the process of blood 

collection, like: the birth type, the gestational age; the 

gender of the newborn, its weight; the placenta’s weight 

and the time since the child’s birth until the sectioning of 

the umbilical cord [32]. 

< 80 ml     
 

> 80 ml 
 

                                                 Table 1 Results 

 mean±DS min-max 

Cord Blood Volume (CBV),ml 71,84±25,29 42,0 – 147,0 

Weight of the newborn, g 3418,3±428,56 2400,0 – 4300,0 

Weight of the placenta, g 571,7±81,82 350,0 – 855,0 

The mother’s age, years 25,66±3,8 18 – 36 

The gestation period’s duration, AW 39,78±1,01 38 – 42 

Number of nucleated cells (NNC) (x10
6
/ml) 11,2±9,85 1,0 – 52,6 

CD34+ (x10
8
/ml) 7,9±0,48 

Vitality, % 93,47±0,37 

The newborn’s gender 

- Boy 

- Girl 

 

23 (46%) 

27 (54%) 
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Some studies have proven the correlation between 

the ratio of the weight of the child/placenta and the 

volume of umbilical blood and NNC. A heavier newborn 

was associated with more UB and NNC. The weight of 

the placenta could be an obstetric criterion for selecting 

the blood units when the collection method is ex utero, 

and the weight of the newborn – when the collection 

method is in utero [31]. 

The table below shows the data obtained in the 

study, by analyzing the relationship between some factors 

impacting the volume of UB and the number of NNC. 

We have analyzed the difference between the 

studied  

 

indices, using Spearman (ρ) nonparametric correlation 

test, and have determined significant statistic differences 

between the quantity of collected UB and the newborn’s 

weight, the placenta’s weight, the gestational period Thus, 

according to the obtained data, which correlates to those 

presented in literature, the estimation of the fetus’s weight 

could serve as a criterion for collecting UB in utero, and 

the weight of the placenta – when the collecting is 

performed ex utero. The volume of cord blood was 

greater in prolonged pregnancies, when compared to on 

term pregnancies.    
The thing that matters the most for the success of a 

transplant is the number of nucleated cells. The higher the 

NCC involved in the graft is, the more accurate the 

prognosis and the higher the chance of success of the 

transplant. 

 We haven’t found an evident correlation between 

the analyze obstetric factors and the NNC, and the 

correlation between the volume of collected blood and 

NNC is statistically insignificant. This allows us to 

conclude that the quality of the cell graft doesn’t depend 

exclusively on the obstetric factor or the volume of 

collected blood. 

 We also analyzed the cellular composition of the 

cord blood. The results are within the   normal 

parameters of peripheral blood. 

The amount of stem cells obtained from the 

umbilical blood is sometimes insufficient for treatment, so 

we cultivated them in a nourishing environment with the 

goal of multiplying them and excluding the cells that are 

not stem [33].  

As a result of the cultivation, we managed to boost 

the number of cells from 0,25±0,01x 10
6 

to 3,1±0,05x 10
6 

on the 5
th

 day of cultivation, which constitutes a growth of 

12,4 (p<0,05) times  

The collected supernatant was studied at 0, 3, 5, 7 

and 9 days. The studied biochemical parameters were: 

total cholesterol, triglycerides, total proteins, albumins 

and Ca,  

 

Mg and P ions and they indicate that the development of 

the cell cultures is ascendant and within normal limits. 

Each sample is tested in order to asses the quantity 

of CD34+ (antigen marker of the hematopoietic cells); 

determining the blood group using the ABO system and 

the rhesus factor. Other authors [34,35] recommend the 

karyotyping for tracing any genetic maladies. 

Cultivating stem cells could lead to the creation of 

anomalous karyotyped cells which would contribute to 

“spoiling“the cellular graft. Appreciating the cytogenetic 

factors of the stem cells’ quality like: karyotyping, 

determining the ploidy and the chromosomal anomalies, 

represents one of the main control phases. 

Studies made by Бочков H., 2007, through the 

differential analysis of the colored mesenchymal stem 

cells (G-coloration) prove the lack of chromosomal 

disturbances within the first few stages of cultivation. On 

the 11-14 passages in some cultures, clones of a different 

karyotype have appeared (the monosomy of the 6
th

 

chromosome, translocation 21/22)[33]. 

In our study, the karyotyping the umbilical cells 

through cytogenetic analysis, performed on 3 passages’ 

duration (9 days) has established that, in the umbilical  

blood in 356 metaphases, there was found a normal 

karyotype in all of the cases (100%) – 46 XX or 46 XY. 

 

Table 2  The analysis of the factors influencing the collected CBV/NNC 

 Spearman 

correlation 

coefficient  , r 

Value,  

95% IÎ 

p 

Volume of  cord blood,ml / weight of the 

newborn ,g 
0,45* 

0,02 

(0,01-0,03) 
0,001** 

NNC,x10
6
/ml/ weight of the newborn,g 0,09 

0,0025 

(-0,002-0,01) 
0,34 

Volume of cord blood,ml / greutatea 

placentei,g 
0,47* 

0,125 

(0,03-0,24) 
0,0005** 

NNC,x10
6
/ml                                     / 

weight of the placenta, g 
0,12 

0,019 

(-0,01-0,05) 
0,2 

Volume of cord blood,ml, /  NNC,x10
6
/ml 0,25 

0,64 

(0-1,7) 
0,07 

Volume of cord blood,ml                   /  

gestational period, AW 
0,33* 

6 

(2,5-12,5) 
0,003** 

NNC,x10
6
/ml                                     /  

gestational period, AW 
0,16 

1,35 

(-0,5-3,8) 
0,1 
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IV.CONCLUSION 

1. The gestational period, the weight and the gender of 

the newborn and the placenta’s weight correlated with 

the volume of the collected samples, but not with their 

quality. 

2. Separating the cells using macromolecular liquids is 

an efficient, more cost effective way , the quantity of 

mononuclear obtained cells being about 85% of the 

total number.  

3. Biochemical, morphologic and karyotypic research 

indicates that the development of the cells during the 

cultivations periods is ascending and within normal 

limits, no pathological modifications being found. 

. 
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Cancer treatment is one on the main problems of 

modern medicine and a lot of research was done around 

this subject. 

One of the most important and urgent problems of 

modern medicine is to increase the effectiveness of cancer 

treatment. Abnormalities in various regulatory systems of 

the body exactly as the failure of tissue homeostasis 

mechanisms are linked to tumor process and can be 

exacerbated by the use of intensive courses of chemo and 

radiation therapy, which may lead to an even greater 

reduction in anti-resistivity [1]. 

In modern oncology a specific attention given to 

areas where the methodology is focused on the 

mobilization of natural protective mechanisms [2-4]. 

Developing effective methods of using the latest 

physical technologies as mono and combined therapy of 

cancer treatment represents an urgent problem of modern 

medicine. Widespread use of extremely high frequency 

terahertz and infrared low-power radiation is due to  the 

fundamental role of weak and super weak electromagnetic 

interactions in the functioning of medical and biological 

systems of different hierarchical levels.  

At the present stage of experimental and clinical 

oncology is widely and successfully used low-intensity 

electromagnetic radiation of different frequency bands: 

ultra-low microwave extremely high frequency, optical. 

All these radiations lead to an increase in the non-specific 

body anti-resistivity and reduce the toxic effects of 

radiation and chemotherapy. 

In paper [5] is described the study that was 

undertaken to examine whether millimeter 

electromagnetic waves (MMWs) irradiation (42.2 GHz) 

can inhibit tumor metastasis enhanced by 

cyclophosphamide (CPA); an anticancer drug. MMWs 

were produced with â Russian-made YAV-1 generator. 

Peak SAR and incident power density were measured as 

730 ± 100 W/kg and 36.5 ±5 mW/cm2, respectively.  

Tumor metastasis was evaluated in C57BL/6 mice, 

an experimental murine model commonly used for 

metastatic melanoma. On day 2, all animals were injected, 

through a tail vein, with B16F10 melanoma cells, a tumor 

cell line syngeneic to C57BL/6 mice. Tumor colonies in 

lungs were counted 2 weeks following inoculation. CPA 

caused a marked enhancement in tumor metastases 

(fivefold), which was significantly reduced when CPA-

treated animals were irradiated with MMWs. Millimeter 

waves also increased NK cell activity suppressed by CPA, 

suggesting that a reduction in tumor metastasis by 

MMWs is mediated through activation of NK cells. 

In this research [6] is evaluated quantitatively the 

ability of MMWT to influence tumor growth and to assess 

whether endogenous opioids are involved. The murine 

experimental model of B16 FIO melanoma subcutaneous 

growth was used. MMWT characteristics were: 

frequency, 61.22 GHz; average incident power density, 

13.3 x 10 W/cm
2
; single exposure duration, 15 min; and 

exposure area, nose. Naloxone (1 mg/kg. 

intraperitoneally, 30 min prior to MMWT) was used as 

anonspecificblocker of opioidreceptors. Five daily MMW 

exposures, if applied starting at die fifth day following 

B16 melanoma cell injection, suppressed subcutaneous 

tumor growth. It was concluded that MMWT' has an 

anticancer therapeutic potenţial and that endogenous 

opioids are involved in MMWT-induced suppression of 

melanoma growth in mice.  

In [7] is investigated whether millimeter wave 

(MMW) therapy can increase the efficacy of 

cyclophosphamide (CPA), a commonly used anti-cancer 

drug. The effect of combined MMW-CPA treatment on 

melanoma growth was compared to CPA treatment alone 

in a murine model. MMWs were produced with a Russian 

made YAV-l generator. The device produced 

42.2 + 0.2 GHz modulated wave radiation through a 

10x20 mm rectangular output horn. The 

animals, were irradiated on the nasal area. Peak SAR and 

incident power density were measured as 730 ± 100 W/kg 

and 36.5 ± 5 raW/cm2, respectively. The maximum skin 

surface temperature elevation measured at the end of 30 

min irradiation was 1.5 °C. Melanoma cells (0.2 x 106) 

were implanted subcutaneously into the left fiank of mice 

on day 1 of the experiment. 

On days 4 - 8, CPA was administered 

intraperitoneally (30 mg/kg/day). MMW irradiation was 

applied concurrently with, prior to or following CPA 

administration. A significant reduction (P < .05) in tumor 

growth was observed with CPA treatment, but MMW 
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irradiation did not provide additional therapeutic benefit 

as compared to CPA alone. Similar results were obtained 

when MMW irradiation was applied both prior to and 

following CPA treatment.  

In [8], electromagnetic millimeter waves (MM) (λ = 

1 to 10 mm) correspond to the extremely high frequency 

(EHF) band. In those days, scientist all over the world 

discussed possible application of electromagnetic waves 

in non-traditional fields – such as biology, medicine and 

some others.  

The point is that MM-wave radiation is virtually 

absent in natural conditions. This is due to its strong 

absorption by the Earth’s atmosphere: MM waves are 

absorbed eagerly by water vapor. Application of Low 

intensity MM-wave Radiation in Medicine. 

In the early 1970’s academician Devyatkov initiated 

a program of clinical evaluation of MM waves in respect 

of USSR and RSFSR. Ministries of Health. The MM-

wave technique was treated in more than 60 clinics, 

including large medical centers, such as the All-Union 

Cancer Research Center of the Russian Academy of 

Medical Sciences, the Central Research Institute for 

Traumatology and Orthopedics of the Russian Federation 

Ministry of Health, the P.A. Hertsen Moscow Cancer 

Research Institute, as well as clinics affiliated with the 

State Medical University, Moscow Medical Academy and 

Moscow State Institute for Dentistry. The results obtained 

provided evidence for high efficiency of  

In [9], clinical evaluation of low-intensity MM-wave 

radiation and development of therapeutic techniques for 

cancer treatment have been carried out since 1980. These 

investigations were pursued at the P.A. Gertsen Moscow 

Cancer Research Institute. They were made in patients 

with mammary gland cancer. The combined therapy 

(chemotherapy and MM wave therapy before, during and 

after chemotherapy) was used (Pletnev, 1989-1995). 

When the combined treatment was finished 

completely, 95,1% of the patients exhibited a satisfactory 

general state (without blood-circulation stimulants). When 

the chemotherapy course (without MM-wave irradiation) 

was finished, 74,2% of patients revealed an unsatisfactory 

general state as well as a reduced leukocyte count of 

blood. This occurred in spite of the fact that the patients 

received blood transfusion and blood circulation 

stimulants.   

The ability of MM-waves to normalize leukocyte 

count was investigated in patients with leukopenia. The 

investigation was made in 900 patients whose initial 

leukocyte count of blood was less than 3000 (from 2300 

to 2700). A course of treatment lasted for 12 days. The 

sessions were administered daily. After the cure, 

leukocyte count of blood was normalized in 80% of the 

patients. This allowed the patients to undergo a complete 

course of chemotherapy. The proliferative activity of the 

bone-marrow was found to grow 4 to 5 days after the 

MM-wave therapy commencement.  

In [10] represents a review of the literature dealing 

with application of low intensity electromagnetic waves 

of millimeter band in experimental and clinical oncology. 

In [11] was evaluated the electroencephalography 

(EEG) of humans and laboratory animals during and after 

Radiofrequency (RF) exposures. Effects of RF exposure 

on the blood–brain barrier (BBB) have been generally 

accepted for exposures that are thermalizing. Low level 

exposures that report alterations of the BBB remain 

controversial. Exposure to high levels of RF energy can 

damage the structure and function of the nervous system. 

Much research has focused on the neurochemistry of the 

brain and the reported effects of RF exposure. 

In [12] was published works, focusing on the 

microwave portion of the nonionizing electromagnetic 

spectrum. The topics discussed include investigation of 

microwave effects on the spontaneous action potentials 

and membrane resistance of isolated snail neurons, effects 

on the permeability of blood brain barriers in rats, the 

phenomenon and interaction mechanism for the 

microwave auditory effect (the hearing of microwave 

pulses by animals and humans), the development of 

miniature catheter antennas for microwave interstitial 

hyperthermia treatment of cancer, the application of 

transcatheter microwave ablation for treatment of cardiac 

arrhythmias, and the use of noninvasive wireless 

technology for sensing of human vital signs and blood 

pressure pulse waves. 

In [13] was studied the dielectric properties of 

various cancers, namely brain tumor, breast cancer, 

gastric carcinoma, and colon cancer, were measured in the 

frequency range of 500 MHz to 5 GHz. Cancers were 

cultivated applying the xenograft model of growing 

human cancerous tissues using the specific pathogen free, 

homo inbred mouse (a nude mouse).  

In [14] was related the objective of the present 

studies was to investigate whether millimeter wave 

(MMW) therapy can increase the efficacy of 

cyclophosphamide (CPA), a commonly used anti-cancer 

drug. The effect of combined MMW-CPA treatment on 

melanoma growth was compared to CPA treatment alone 

in a murine model. MMWs were produced with a Russian 

made YAV-1 generator. 

In [15] was related epidemiological studies of radio 

frequency (RF) exposures and human cancers include 

studies of military and civilian occupational groups, 

people who live near television and radio transmitters, 

and users of mobile phones. Many types of cancer have 

been assessed, with particular attention given to leukemia 

and brain tumors. The epidemiological results fall short of 

the strength and consistency of evidence that is required 

to come to a conclusion that RF emissions are a cause of 

human cancer. 

Although the epidemiological evidence in total 

suggests no increased risk of cancer, the results cannot be 

unequivocally interpreted in terms of cause and effect. 

The results are inconsistent, and most studies are limited 

by lack of detail on actual exposures, short follow-up 

periods, and the limited ability to deal with other relevant 

factors. In some studies, there may be substantial biases in 

the data used. For these same reasons, the studies are 

unable to confidently exclude any possibility of an 

increased risk of cancer. Further research to clarify the 

situation is justified. Priorities include further studies of 

leukemia in both adults and children, and of cranial 

tumors in relationship to mobile phone use. 

Bioelectromagnetics Supplement 6:S63–S73, 2003. 

In [16] was related the effect of millimeter 

electromagnetic waves (MWs) on cyclophosphamide 

(CPA) induced toxicity to leukocytes, bone marrow cells, 
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and T-cell-mediated immunity was examined. For 

studying the effect of MWs on CPA induced leukopenia 

and myelosuppression, BALB/C mice were irradiated for 

3 days, 30 min each day, prior to administration of CPA 

(200 mg/kg). MWs were produced with a Russian made 

YAV-1 generator. The device produced 42.2_0.2 GHz 

modulated wave radiation through a 10mm_20mm 

rectangular output horn. The animals were irradiated on 

the nose area. Peak SAR and incident power density were 

measured as 622_100 W/kg and 31_5 mW/cm2, 

respectively. For studying the effect of MWs on CPA 

induced suppression of T-cell mediated immunity, a 

delayed type hypersensitivity (DTH) assay in mouse skin 

was used. The DTH reaction in mouse skin was induced 

by topical application of dinitrochlorobenzene (DNCB) 

and quantified by measuring the increase in ear thickness 

and by histological examination.Treatment of animals 

with CPAsignificantly (P<0.05) reduced leukocyte and 

bone marrow cell population, butMWirradiation did not 

show any significant protection from the 

immunosuppressive effects of CPA. 

 Furthermore,MWirradiation did not protect the 

animals from CPA induced suppression of T-cell 

mediated immunity. Bioelectromagnetics 23:614–621, 

2002. 

In [17] was related we present critiques of 

epidemiologic studies and experimental investigations, 

published mostly in peer-reviewed journals, on cancer and 

related effects from exposure to nonionizing 

electromagnetic fields in the nominal frequency range of 

3 kHz to 300 GHz of interest to Subcommittee 4 (SC4) of 

the International Committee on Electromagnetic Safety 

(ICES). The major topics discussed are presented under 

the headings Epidemiologic and Other Findings on 

Human Exposure, Mammals Exposed In Vivo, 

Mammalian Live Tissues and Cell Preparations Exposed 

In Vitro, and Mutagenesis and Genotoxicity in 

Microorganisms and Fruit Flies. Under each major topic, 

we present minireviews of papers on various specific 

endpoints investigated. The section on Epidemiologic and 

Other Findings on Human Exposure is divided into two 

subsections, the first on possible carcinogenic effects of 

exposure from emitters not in physical contact with the 

populations studied, for example, transmitting antennas 

and other devices. Discussed in the second subsection are 

studies of postulated carcinogenic effects from use of 

mobile phones, with prominence given to brain tumors 

from use of cellular and cordless telephones in direct 

physical contact with an ear of each subject. In both 

subsections, some investigations yielded positive 

findings, others had negative findings, including papers 

directed toward experimentally verifying positive 

findings, and both were reported in a few instances. 

Further research on various important aspects may resolve 

such differences. Overall, however, the preponderance of 

published epidemiologic and experimental findings do not 

support the supposition that in vivo or in vitro exposures 

to such fields are carcinogenic. Bioelectromagnetics 

Supplement 6:S74–S100, 2003. 

In [18] was related effects of radiofrequency 

electromagnetic fields (RFEMF) on the pituitary 

adrenocortical (ACTH), growth (GH), and thyroid (TSH) 

hormones have been extensively studied, and there is 

coherent research on reproductive hormones (FSH and 

LH). Those effects which have been identified are clearly 

caused by heating. The exposure thresholds for these 

effects in living mammals, including primates, have been 

established. There is limited evidence that indicates no 

interaction between RFEMF and the pineal gland or an 

effect on prolactin from the pituitary gland. Studies of 

RFEMF exposed blood cells have shown that changes or 

damage do not occur unless the cells are heated. White 

cells (leukocytes) are much more sensitive than red cells 

(erythrocytes) but white cell effects remain consistent 

with normal physiological responses to systemic 

temperature fluctuation. Lifetime studies of RFEMF 

exposed animals show no cumulative adverse effects in 

their endocrine, hematological, or immune systems. 

Cardiovascular tissue is not directly affected adversely in 

the absence of significant RFEMF heating or electric 

currents. The regulation of blood pressure is not 

influenced by ultra high frequency (UHF) RFEMF at 

levels commonly encountered in the use of mobile 

communication devices. Bioelectromagnetics Supplement 

6:S187–S195, 2003. 

In [19] was related this article is a reviewof the 

effects of radiofrequency (RF) energy on (1) survival and 

(2) cancer in the same animal populations having survival 

data. The literature consisted of 18 studies with survival 

data, and 16 of these have information on cancer. In one 

study, a significant decrease in lifespan was observed at 

6.8 W/kg but not at 2 W/kg. Thermal stress appears to be 

the causal factor for the effect on lifespan because the 

higher dose rate, unlike the lower dose rate, was estimated 

to increase body temperature significantly. The finding 

that the lower level was without effect is consistent with 

the results of a number of recent studies showing that long 

term, low level exposure to RF energy did not affect 

survival adversely. Many of these recent studies 

addressed the cancer issue by histopathological analysis 

of many organs and tissues following exposure up to 2 

years, the average lifetime of rats and mice. Some 

investigations examined the effect of RF fields from 

mobile phones on brain cancer, including the progression 

of chemically induced brain cancer. The results 

demonstrate that RF exposure did not adversely affect 

cancer incidence at whole body specific absorption rates 

(SARs) 4 W/kg and brain SARs 2.3 W/kg. The weight-of-

evidence of these 18 studies shows that long term, low 

level exposure to RF energy does not adversely affect 

survival and cancer in laboratory mammals. 

Bioelectromagnetics Supplement 6:S101–S106, 2003. 

In [5] was related one of the major side effects of 

chemotherapy in cancer treatment is that it can enhance 

tumor metastasis due to suppression of natural killer (NK) 

cell activity. The present study was undertaken to 

examine whether millimeter electromagnetic waves 

(MMWs) irradiation (42.2 GHz) can inhibit tumor 

metastasis enhanced by cyclophosphamide (CPA), an 

anticancer drug. MMWs were produced with a Russian-

made YAV-1 generator. Peak SAR and incident power 

density were measured as 730_100 W/kg and 36.5_5 

mW/cm2, respectively. Tumor metastasis was evaluated 

in C57BL/6 mice, an experimental murine model 

commonly used for metastatic melanoma. The animals 

were divided into 5 groups, 10 animals per group. The 
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first group was not given any treatment. The second group 

was irradiated on the nasal area with MMWs for 30 min. 

The third group served as a sham control for group 2. The 

fourth group was given CPA (150 mg/kg body weight, ip) 

before irradiation. 

The fifth group served as a sham control for group 4. 

On day 2, all animals were injected, through a tail vein, 

with B16F10 melanoma cells, a tumor cell line syngeneic 

to C57BL/6 mice. Tumor colonies in lungs were counted 

2 weeks following inoculation. CPA caused a marked 

enhancement in tumor metastases (fivefold), which was 

significantly reduced when CPA-treated animals were 

irradiated with MMWs. Millimeter waves also increased 

NK cell activity suppressed by CPA, suggesting that a 

reduction in tumor metastasis by MMWs is mediated 

through activation of NK cells. 

Bioelectromagnetics 27:258–264, 2006.  

In [7] was related to identify the mechanisms of 

biological effects of mm waves it is important to develop 

accurate methods for evaluating absorption and 

penetration depth of mm waves in the epidermis and 

dermis. The main characteristics of mm wave skin 

dosimetry were calculated using a homogeneous unilayer 

model and two multilayer models of skin. These 

characteristics included reflection, power density (PD), 

penetration depth (d), and specific absorption rate (SAR). 

The parameters of the models were found from fitting the 

models to the experimental data obtained from 

measurements of mm wave reflection from human skin. 

The forearm and palm data were used to model the skin 

with thin and thick stratum corneum (SC), respectively. 

The thin SC produced little influence on the interaction of 

mm waves with skin. On the contrary, the thick SC in the 

palm played the role of a matching layer and significantly 

reduced reflection. In addition, the palmar skin 

manifested a broad peak in reflection within the 83–277 

GHz range. The viable epidermis plus dermis, containing 

a large amount of free water, greatly attenuated mm wave 

energy. Therefore, the deeper fat layer had little effect on 

the PD and SAR profiles. We observed the appearance of 

a moderate SAR peak in the therapeutic frequency range 

(42–62 GHz) within the skin at a depth of 0.3–0.4 mm. 

Millimeter waves penetrate into the human skin deep 

enough (dј0.65 mm at 42 GHz) to affect most skin 

structures located in the epidermis and dermis.  

In [21] was related much of the research and reviews 

on extremely low frequency (ELF) electric and magnetic 

fields (EMFs) have focused on magnetic rather than 

electric fields. Some have considered such focus to be 

inappropriate and have argued that electric fields should 

be part of both epidemiologic and laboratory work. This 

paper fills the gap by systematically and critically 

reviewing electric-fields literature and by comparing 

overall strength of evidence for electric versus magnetic 

fields. The review of possible mechanisms does not 

provide any specific basis for focusing on electric fields. 

While laboratory studies of electric fields are few, they do 

not indicate that electric fields should be the exposure of 

interest. The existing epidemiology on residential electric-

field exposures and appliance use does not support the 

conclusion of adverse health effects from electric-field 

exposure. Workers in close proximity to high-voltage 

transmission lines or substation equipment can be 

exposed to high electric fields. While there are sporadic 

reports of increase in cancer in some occupational studies, 

these are inconsistent and fraught with methodologic 

problems. Overall, there seems little basis to suppose 

there might be a risk for electric fields, and, in contrast to 

magnetic fields, and with a possible exception of 

occupational epidemiology, there seems little basis for 

continued research into electric fields. 

In [22] was related as the application and 

commercial use of millimeter- and submillimeter-

wavelength radiation become more widespread, there is a 

growing need to understand and quantify both the 

coupling mechanisms and the impact of this long 

wavelength energy on biological function. Independent of 

the health impact of high doses of radio frequency (RF) 

energy on full organisms, which has been extensively 

investigated, there exists the potential for more subtle 

effects, which can best be quantified in studies which 

examine real-time changes in cellular functions as RF 

energy is applied. In this paper we present the first real 

time examination of RF induced changes in cellular 

activity at absorbed power levels well below the existing 

safe exposure limits. Fluorescence microscopy imaging of 

immortalized epithelial and neuronal cells in vitro 

indicate increased cellular membrane permeability and 

nanoporation after short term exposure to modest levels 

(10-50 mW/cm2) of RF power at 60 GHz. Sensitive patch 

clamp measurements on pyramidal neurons in cortical 

slices of neonatal rats showed a dramatic increase in 

cellular membrane permeability resulting either in 

suppression or facilitation of neuronal activity during 

exposure to sub-μW/cm2 of RF power at 60 GHz. Non-

invasive modulation of neuronal activity could prove 

useful in a variety of health applications from suppression 

of peripheral neuropathic pain to treatment of central 

neurological disorders. 

In [23], stress reaction - this is a generalized 

reaction. In this regard, particularly in its formation play 

an important role interconnections, primarily realized 

between the nervous, humoral and visceral systems of the 

body. In cases where the physiological response assumes 

the character of stress, among the earliest signs of this 

transition are changes in autonomic components. In this 

case, the main indicators of the metabolic status of 

becoming a significant importance for the diagnosis of 

acute and chronic stress. In this regard, the objective of 

this study was to examine the influence of terahertz waves 

at frequencies of molecular spectrum of emission and 

absorption of nitric oxide 150,176-150,664 GHz 

poststressornye changes in metabolic status of male rats. 

Studied blood samples from 60 white mongrel male rats 

weighing 180-220. As a model to simulate disturbances of 

the metabolic status of the white male rats, used a long 

immobilization stress - fixation of rats on their backs for 3 

hours, daily, for 5 days. Biochemical studies of the main 

characteristics of the metabolic status, in particular, lipid 

and carbohydrate meta-bolism, indicators of exchange of 

nitrogen compounds, transaminases and lactate 

dehydrogenase were carried out on an automatic 

biochemical analyzer Vitalab Flexor «E» (Vital Scientific, 

The Netherlands). Daily for 5 days of exposure xiphoid 

process of sternum of animals in a state of chronic 

immobilization stress, was carried by electromagnetic 
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waves at terahertz frequencies of molecular spectrum of 

emission and absorption of nitric oxide 150,176-150,664 

GHz at a power density - 0.2 mW/cm2, prescribed 

apparatus "EHF - Orbita."  Exposure to terahertz radiation 

at frequencies of nitric oxide 150,176-150,664 GHz to 5 

minutes per animal in a state of prolonged stress, not 

cause statistically significant changes of indices of 

metabolic status. That daily for 5 days exposure to the 

stress of electromagnetic terahertz waves at frequencies of 

nitric oxide 150,176-150,664 GHz to 15 minutes, there is 

partial, but more pronounced than in the daily 5 - minute 

exposure mode, the normalization of metabolic status, as 

statistically restored only triglyceride levels, whereas all 

other investigated metabolic parameters was significantly 

different from the control group. 

With daily for 5 days, the application of terahertz 

radiation at the frequencies of molecular spectrum of 

emission and absorption of nitric oxide 150,176-150,664 

GHz to 30 minutes there is complete recovery of all 

parameters, characterizing the metabolic activity of the 

internal environment of an organism. 

In this work [24], reported that compensation of the 

geomagnetic field to a level less than 0.4 μT («zero 

magnetic field», or ZMF) affected human cognitive 

processes. The compensation of the geomagnetic field 

was organized in a special wood box of 1×1×1.5 m3 in 

size. The box included a wire mesh that shielded a person 

from the outer randomly variable electrostatic field. A 

similar wire mesh inside the box generated a controllable 

electrostatic field that modeled the outer field in 

magnitude but was constant in time and direction. 

Magnetic field inside the box was measured near the 

human head to supply a feedback. This allowed the active 

system of magnetic exposure to compensate the outer 

magnetic field together with its variations caused by the 

city electric vehicles and industrial pulses.  Forty tested 

persons who all have given their informed agreement to 

take part in the experiment were tested for the perfection 

of their cognitive processes. Each person has been tested 

twice: in ZMF and, for comparison, in sham conditions. 

The second session was organized usually in 30–50 days 

after the first one. Measured were the parameters (task 

processing times and the number of errors) of the 

following tests: (i) the rate of a simple motor reflex, (ii) 

colored words recognition, (iii) short-term color memory, 

and (iv) recognition of rotated letters. There were eight 

measurable parameters altogether. Under ZMF, the 

number of errors was grown and the task processing times 

were increased by about 2%, in average. This conclusion 

was made after the measured values were statistically 

treated using MANOVA.  However, individual effects 

that deviated from the mean by more than «three sigma» 

have been found in the array of magnetic effects 

calculated from the measured parameters. At that, 

practically all of them had the same sign as the observable 

mean effect. It was unclear in what extent could these 

readings change the main result of the work, the statement 

that ZMF affects the parameters of the persons’ cognitive 

processes in average? Therefore, in the present work, 

methods of multivariate statistical analysis other than 

MANOVA have been used to study individual human 

sensitivity to zero magnetic fields. Using the discriminant 

analysis and the factor analysis, indices of the individual 

sensitivity of 40 persons have been defined and 

calculated. Previously reported findings that women and 

elderly people are more sensitive to ZMF have been 

confirmed. Temperature and pressure did not influence 

significantly on the effects of ZMF. At the same time, the 

effects of ZMF depended on how persons felt and on their 

allergic status. It has been shown, that non-allergic 

persons who felt «excellent» executed tests better when 

those who had occasional allergic reactions and/or felt 

just «well» or «moderately well». Based on the individual 

sensitivity indices, different distributions of the magnetic 

effects over persons have been calculated. Then, the 

group of persons particularly sensitive to ZMF and that of 

persons showing no such sensitivity were separated. In 

the group of sensitive persons, the average magnetic 

effects reached 9%, and the number of errors in letter 

recognition reached 28%. The known syndrome of 

electromagnetic hypersensitivity (EHS) is discussed with 

regard to these findings. 

In [25], irradiation of animals at the state of acute 

stress with theragert waves at the frequency of molecular 

spectrum emission and absorption of nitrogen oxide 

150,176 – 150,664 GHZ of high facility during 15 

minutes don’t cause normalization of platelet aggregation 

properties and behavior reactions of animals. Irradiation 

of animals at the state of acute stress during 30 minutes 

don’t cause statistically equivalent changes in indexes of 

platelet aggregation ability in comparison with indexes of 

acute immobilization stress. During analysis of animal 

behavior in Small’s labyrinth were shown statistically 

equivalent increasing of total time during which animals 

transit the labyrinth and total time of washing. It was 

shown that exposure to rays of white mail rats situated in 

conditions of acute stress with theragertz waves at the 

frequency of molecular spectrum emission and absorption 

of nitrogen oxide 150,176 – 150,664 GHZ of high facility 

during 60 minutes bring to increasing of functional 

platelet activity – increasing of their ability for 

aggregation.  During it occur statistically equivalent 

increasing of maximal size of formed platelet aggregates, 

maximum speed of formed platelet aggregates, time of 

maximum speed of aggregation in comparison with data 

of acute stress in animals. Investigation of animal’s 

behavior reactions show the properties of depression, 

because we observe increasing of time interval during 

which animals pass the labyrinth and summated time of 

washing and amount dumb drift in which fall the animals. 

In[26] was related in this review the materials 

showing to possibility of early diagnostics of action of 

electromagnetic waves of a millimetric range of low 

intensity and a centimetric range on a wide spectrum of 

phototrophic and heterotrophic microorganisms – 

cyanobacteria, microalgae and actinomycetes. Diagnostics 

probably to carry out the offered method of the chemical 

models which have proved in a number of directions, on 

change of reactivity of the exometabolites allocated in the 

culture liquid in the course of growth by cells which is 

closely connected with a physiological condition of 

cultures producing them. Earlier we had been offered the 

general classification water-soluble and flying 

exometabolites, connected with functions carried out by 

them which their regulating role in natural biocenoses is 

shown. Changes in qualitative and quantitative structure 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

550 

of native exometabolites serve as the important 

information on a physiological condition producing them 

unicelled and multicelled and according to these changes 

properties of exometabolites and, as consequence, 

functions carried out by them can vary. The works begun 

by us in 1986-88, have shown presence of stimulating 

action of a unitary irradiation by millimetric waves of low 

(not thermal) intensity (EHF-radiation) on phototrophic 

organisms – cyanobacteria (prokaryote) and green 

microalgae (eukaryote). At the irradiated cultures the 

biomass exit, growth rate and viability of cells increased. 

Also the effect of an intensification of photosynthetic 

processes in cells of the irradiated cultures, accompanied 

by increase in the maintenance of photosynthetic 

pigments in cells, and also increase of excretion by them 

in medium of some organic connections has been found 

out. Also correlation between level of stimulation of 

growth of cultures by means of the physical factor and 

corresponding values reactivity of the native 

exometabolites has been received. Changes of daily and 

hour rhythmic of reactivity of the exometabolites at the 

irradiated cultures of cyanobacteria and microalgae have 

been received. Thus, it is possible through the integrated 

characteristic offered by us allocated in medium 

exometabolites, received by means of chemical model, 

quickly, during tens minutes to estimate various 

influences on objects already on early terms of growth, 

diagnosing character and level of their influence. A 

number of experiments have been executed on action 

EHF- and microwave radiation on not photosynthetic 

organisms – actinomycetes in which the stimulating effect 

also has been shown at an irradiation of spore suspension 

and mycelium cells which size also, as well as 

phototrophic objects correlated with changes of reactivity 

of the native exometabolites. 

Use of values reactivity of the exometabolites in 

culture liquid at partners of the mixed cultures consisting 

from heterotrophic (actinomycetes) and phototrophic 

(cyanobacteria, green microalgae) microorganisms, as an 

indicator was studied at creation of the mixed cultures. 

The materials presented in this review show possibilities 

of early diagnostics of the influence EHF- and microwave 

radiation on cultures of phototrophic and heterotrophic 

microorganisms, proceeding from values reactivity of the 

native of exometabolites in culture liquid that is 

connected with a physiological condition of cultures 

which can change under the influence of such physical 

factor as electromagnetic radiation of low intensity. 

In [27] was related the influence of the low intensive 

electromagnetic radiation extremely high-frequency band 

on activity of the process peroxide oxidation and 

antioxidant activity of blood in vitro have been studied. 

Biochemical investigation was conducted according to the 

standard clinical and instrumental criteria. Radiation of 

donor blood (stabilizator – heparin) took place in the 

diapason of frequency 48-67 GHz (density of power 

stream 0.2 mW/sm2, time of radiation 70 minute). The 

presents of the narrow interval of frequencies is 

established (~ 64.5 GHz) that meets the stimulation of the 

ferment activity – catalases with simultaneous reducing of 

consist thiabarbiturate sourness-active product. That 

testifies about great stopping of the lipid peroxidation 

processes. These changes took place with increasing of 

the erythrocyte peroxide resistension figures and general 

antioxidant activity of blood. 

In our research papers [28-42] was studied the 

interaction of the immune system with tumor cells, usage 

of extremely high frequency electromagnetic waves in 

medicine in general and particularly in the treatment of 

mammary gland cancer and genecology, also were 

researched non-linear, stochastic and cooperative effects 

during the interaction of millimeter waves with medical-

biological objects, and the conformational molecular 

transformations of the electromagnetic field during the 

interaction with biomacromolecules. After this researches 

were registered several patents for the treatment of breast  
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More and more attention is being paid lately to 

nonmedicinal therapy methods, which could reduce 

significantly or substitute the usage of medicinal 

substances, acting from different  aspects on pathological 

processes, being able to regulate the impaired 

homeostasis, the functional improvement of various 

organs and systems, the development and intensification 

of the body’s defence. 

Ozonotherapy may be as a perspective method of 

treatment of marginal parodontites. 

Parodontitis is situated on the II place of frequency 

of buccal cavity ilnesses, and has the trend to become 

more and more as the incidence of dental caries. [1,2] 

As method of therapy with ozonated solutions to 

treat the marginal parodontites, it can be an alternative to 

medicinal treatment. 

The ozone has a bacteriostatic effect which acts on 

the bacterial cell’s membrane, causing the disturbance of 

integrity, caused by the oxidation of phospholipids and 

lipoproteins. 

The ozone is considered to be the strongest known 

oxidant. The additional radical of the oxygen from the 

ozone molecule binds rapidly with every compound 

coming in contact with ozonic molecule. This is due to 

the instability of the ozone molecule that tends to return to 

its initial state O2. 

In this way the organic materials can be oxidated, 

and the inorganic ones (oxidation) or the microorganisms 

viruses, bacteria or the fungi. 

The features of ozone are well studied such as: 

bactericidal, fungicidal, antiviral, antiinflamatory, 

immunocorrective and it is a strong antioxidant causing 

antihypoxic action, improves rheological qualities and 

activates bioenergetic features. [3] 

The work includes a study carried put of the 

influence of ozonated liquids and radiated with laser in  

 

 

 

the therapy of marginal parodontitis of different grade of 

affectation in a group of patients. 

The patients addressed with gingival bleedings 

during brushing, dolorific sensations in the dental necks 

region of the teeth beginning with thermal and chemical 

irritants, changing of the colour and configuration of the 

gum, fetid smell from the buccal cavity, paradontal sacs, 

dental motility. 

During marginal parodontitis therapy, it was 

carried out the removing of calculus, professional 

brushing, later on the parodontal sacs and the gums 

underwent laser radiation and simultaneously treated with 

aerosol from the ozonated liquid. 

Figure 1 represents the photo of the buccal cavity 

of the patients before (A) and after therapy (B), this state 

on the next day. 

The success of researches in terms of the study of 

interaction’s mechanism and of determining of doses to 

be administered of ozone in dissolved gaseous state in 

different solutions depends on: 

 the purity the oxygen-ozone mixture 

where can be introduced impurities 

during ozonizing; 

 of the ozone concentration in oxygen and 

in the solutions; 

 of the way of administering; 

The work also presents the findings of researches 

in working out of ozonizing method of liquids and  

intensification with laser radiation in the process of 
administering as aerosols to treat marginal parodontitis. 

The experimental installation has been made based 

on a photochemical method to obtain ozone in oxygen 

flux under the action of radiation in ultraviolet field with a 

wave length up to 210 nm. 
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Fig.1 Bucal cavity before (A) and after therapy (B). 

 
To supply with oxygen we use the cylinder 1 to 

which the reduction gear is connected 2 with the limits of 

pressure in the cylinder from 20 to 1 MPa and the exit 

pressure 0,4 MPа ± 0,05 MPa and equiped with a safety 

valve from 0,6 to 0,8 Mpa. 

In figure 2 it is shown the scheme of the 

experimental installation to ozonate the liquids and 

intensification with laser radiation in the process of 

administering as aerosols. 

The oxygen from the ampoule with double walls 3 

is exposed to the flow of radiation generated by the lamp 

of discharge in mercury vapors. Under the action of 

radiation with the wave length up to 210 nm the 

molecules of ozone are formed. 

The degree of ozonizing exposed to radiation 

depends on the time duration, the pressure of the oxygen 

from the ampoule and the temperature. 

The pressure of the gas in installation is 

established with to eliminate the gas from installation 

after it passes through the distilled water. 

The efficacy of the dissolved ozone in water is 

determined by the dispersion of the gas flow by the 

porous element 7 and the formation of bubbles of small 

diameter. At higher temperatures of 35-40ºC of the liquid 

gas mixture the quantity of dissolved ozone increases. To 

maintain a constant temperature the ozonizer 6 is 

equipped with  a cooling system. Under the action of the 

pressure exerted by the gas, ozonized water is directed to 

the dozer 14. 

To determine the concentration of dissolved ozone 

in installation, we use the method of spectrophotometry 

which is performed with a spectrophotometer 10. During 

the interval of wave length 200-300 nm the absorption 

spectrum of ozone contains a wide track maximum at 

254,7 nm while for the oxygen with vapors of water the 

water, the absorption at this length of wave lacks which 

allows its use to determine the ozone concentration in 

respective mediums. 

The spectrophotometer of the installation to 

determine the concentration of the dissolved ozone in 

liquid consists of a minimonochromator with a network of  

 
Fig.2  The scheme of the experimental installation. 

1-Oxygen cylinder; 2-reduction gear; 3-ampulla with quartz with double walls;4-lamp with discharging of mercury vapors; 

5-source of supply; 6-ozonizor; 7-porous material element; 8-distilled water; 9-reduction gear; 

10- spectrophotometer; 11-laser; 12-optic guide; 13-precincts to intensify the solution with laser radiation; 

14-dozer; 15-aerosol. 
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diffraction adjusted at the wave length of 254 nm, 

a lamp with hydrogen and a quartz  tub connected to the 

network of the installation, a receiver to record the flow 

of radiation and a device for reading of the data. 

To activate the liquids and the surface of the tissue 

in the precincts 13 the laser radiation is transmitted 

through the optic guide 12 from the laser HeNe. Under 

the action of the pressure of the liquid with the dozer 14 

the aerosol flow is established which concomitantly with 

the laser radiation is applied on the surface to be treated. 

The method of treatment performed with the 

present installation in this work has a whole range of 

priorities to increase the efficacy of treatment: 

 to produce ozone, to dissolve ozone in 

liquids and its application is performed 

with him a single technological process; 

 the application of laser radiation and of 

aerosol flow allows to determine the 

doses for various diseases; 

 the presence of laser radiation in the 

process of application of aerosol, 

increases the absorption ability of the 

tissue and could promote the passage of 

the oxygen from third state into a singled 

state in case as in case of photodynamic 

therapy.  
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I. INTRODUCTION 

Dejours and al. (1961) proposed the concept of 

“Dejours and al. (1961) proposed the concept of 

“personnalité ventilatoire” as an individual combination 

of respiratory rate, tidal volume and airflow shape for 

each subject [1]. Proctor and Hardly (1949) [2] performed 

the quantitative analysis of the pneumotachograms: 

acceleration, velocity time, relationships between the 

points of the airflow trace. These authors reported that the 

airflow characteristics were reproduced cycle by cycle 

and during repeated recordings [2].  

An important problem is related with the studies 

of breathing pattern as an expression of oscillatory 

regulation by the respiratory center- process of obtaining 

a representative, or average trait of respiratory cycle. One 

approach is the calculation of  averages for certain 

features of the respiratory cycle, such as the ratios of 

inspiratory time to duration of respiratory cycle, mean 

inspiratory flows, values for the peak inspiratory flow 

[3,4]. Another idea is to divide respiratory airflow into 

several segments and to calculate averages of these 

segments [5, 6].  

But the study of fundamental individual 

characteristics of the breathing pattern needs the 

transformation of the airflow shape in a non-dimensional 

form. Gray and Grodins (1951) [7] have further proposed 

the transformation of respiratory tracings to a completely 

non- dimensional form. Several methods are proposed for 

obtaining mean airflow profiles (Bachy and al. 1986; 

Painter and al., 1987; Sato and Robbins, 1998) [8, 9, 10]. 

 Lafortuna and al (1984) [11] performed 

harmonic analysis of the inspiratory airflow in order to 

compare the respiration at rest and that in the course of 

exercise. The harmonic analysis of the whole airflow 

cycle was proposed by Bachy and al. (1986) [8] and 

applied in studies concerning the individuality of 

breathing at rest and different from the rest conditions 

(Benchetrit and al. 1987, 1989; Shea and al. 1989; 

Calabrese and al., 1998; Eisele  

and al. 1989) [12, 13, 14, 15, 16]. However it must be 

pointed that harmonic analysis can be performed on the 

regulated airflow cycles were selected according certain 

criteria.  

Our goal was to study the individual 

characteristics of respiration during voluntary 

hyperventilation and determine if the individual 

respiratory traits of the resting breathing are conserved 

during voluntary hyperventilation.  

II. MATERIALS AND METHODS  

Subjects: Thirteen healthy volunteers, 9 men and 4 

women (mean ± SD height: 171.9 ± 6.5 cm; weight: 73.2 

± 13.8 kg) between 25 and 63   years of age (mean 36.5 

± 12.4) participated in the study. After a description of 

the experimental protocol, each subject signed a consent 

form. The experimental protocol was approved by the 

Institutional Ethics Review Board of the CHU Grenoble. 

Experimental protocol (VHT):  Volunteers were 

comfortably laid in semi supine position in a quiet room 

and were asked to relax and to breathe freely. They wore 

a face mask on which were mounted a flowmeter (Fleish 

head No.1) and a differential pressure transducer 

(163PC01D36, Micro Switch). Leaks from around the 

mask were checked for, prior to initiating recording, 

using an infra-red CO2 analyzer (Engström Eliza/Eliza 

MC). End tidal CO2 (FETCO2) was subsequently 

measured continuously using the same apparatus. 

Volunteers were asked to keep their eyes open during the 

whole recording period. The sequence of the protocol 

VHT was 3 minutes of rest breath (REST), 3 minutes of 

voluntary hyperventilation at a breath rate of 20 per 

minute (VH) and nine minutes of posthyperventilatory 

period. In this study we made analysis only in the rest 

and hyperventilation periods. The breath rate of the 

voluntary hyperventilation period was driven by an 

auditory cue indicating to subject the beginning of the 

Airflow and Volume Profiles Involve Some 

Respiratory Individual Peculiarities  
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inspiration, and the depths of tidal volumes were set to 

decrease FETCO2 less than 1% below the rest level. The 

conditions of described protocol were reproduced during 

second recording over time interval between a month and 

a year.  

Analysis: A breath-by-breath analysis was performed on 

periods of the protocol (REST1and VH1 for the first 

recording, REST2 and VH2 for the second recording) 

only for those breaths where swallowing or sighing was 

not observed.  

 On the remaining breaths the shape of the 

airflow profile was quantified for each breath using Fast 

Fourier transforms of 64 interpolated equidistant points 

from original digitised airflow cycle (figure 1).   

 The eight cartesian coordinates (ASTER) of the 

first four harmonics are enough to quantify the shape of 

airflow profile (contain more than 95% of the power of 

breath (Bachy and al., 1986) [8]. Similarly, a mean 

airflow profile can be reconstructed from a mean ASTER 

(figure 1). For each recording, a mean ASTER was 

calculated which allows the reconstruction of a mean 

airflow profile (Benchetrit and al., 1989; Calabrese and 

al., 1998) [13, 15]. 

  

 

 
 

Figure 1. Harmonic analysis of airflow signal. 

Superposition of original signal and reconstructed signal 

from the first four harmonics. Fresnel representation-

Aster of these harmonics (amplitude and phase). Power 

specter of harmonics. 

 

 In addition, the flow signal was analyzed breath-

by-breath in order to obtain tidal volume (VT) by 

integration of the flow signal, breath duration (TTOT), 

and inspiratory (TI) and expiratory (TE) durations, minute 

ventilation VE, VT/TI, TI/TTOT and FETCO2 were 

calculated for each breath. Mean values of these variables 

were then calculated for each recording. The shape of the 

volume trace, which was termed TRIAD (fig. 2), was also 

quantified by taking mean TI, TE and VT together 

(Benchetrit and al., 1989; Calabrese and al., 1998) [13, 

15]. 

 

 
Figure 2.  Représentation of air flow cycle and resulting 

respiratory triplet - TRIAD (VT, TI, TE). 

 

For each subject and each recording the mean 

value of the respiratory variables duration of respiratory 

cycle (TTOT), inspiratory (TI) and expiratory (TE) 

times, the rate of inspiratory time (TI/TTOT), tidal 

volume (VT), mean inspiratory flow (VT/TI), minute 

pulmonary ventilation (Ve)  and fraction of CO2 in 

expired air (FETCO2), and the multivariate ASTER and 

TRIAD was calculated. Paired tests (t-paired test for 

variables with normal distribution and Wilcoxon for non 

normal distributions) were applied to compare 

respiratory variables between the following two periods 

of test: REST1 versus VH1, and between same period of 

repeated recordings: REST1 versus REST2 and VH1 

versus VH2. A statistical analysis for similarity 

(Benchetrit and al., 1989; Calabrese and al., 1998) 

[13,15] was designed to test whether a breathing pattern 

(flow profile-ASTER and volume profile-TRIAD) is 

maintained within an individual during hyperventilation, 

relative to the differences occurring between different 

individuals in the same group under two conditions. The 

test was applied to compare: VH1 versus REST1, REST1 

versus REST2, VH1 versus VH2) for all subjects recorded 

with the VHT protocols. For the comparisons between 

ASTERs in order to take into account only the airflow 

shape, each ASTER was normalized in amplitude. The 

normalization consisted of dividing each coordinate by 

the square root of the sum of the square of all eight 

coordinates. The similarity test was also applied to 

compare univariate variables: TTOT, TI, TI/TTOT, VT, 

VT/TI. The differences between two recordings were 

expressed in terms of distance. The Mahalanobis 

distance (Mahalanobis, 1936) [17] was used because it is 

equally applicable to single variables as to the 

multivariate ASTER and TRIAD. For a single variable 

(TTOT, TI, TI/TTOT, VT, VT/TI.), this distance is 

calculated as the square of the difference between the 

means, divided by the pooled variance. For more than 

one variable the difference between the means is divided 

by the pooled covariance matrix for the calculation of the 

distance. The statistical analysis was designed 

(Benchetrit and al., 1989; Calabrese and al., 1998) [13, 
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15] to compare differences between 2 periods within 

individuals with those differences observed between 

random pairs of recordings from the two conditions in 

the same 13 individuals. Statistical significance was set 

at p<0.05. 

III. RESULTS 

The values of respiratory variables (presented as: mean ± 

standard deviation) of the rest and hyperventilation 

periods of 13 subjects recorded twice with VHT protocol 

and results of paired comparisons between rest and 

hyperventilation periods are presented on the figure 3  

 

 
Figure 3. Respiratory variables of the 13 subjects 

recorded twice following VHT.***points significant 

difference p<0.001 

 

     The comparisons of periods of first recording 

(REST1 versus VH1) show significant differences between 

all variables (p<0.001) excepting TI/TOT. And 

comparisons between periods of repeated recordings 

(REST1 versus REST2 and VH1 versus VH2) did not find 

any significant difference. 

Results of similarity test (p values) applied on the 

airflow (ASTER) and the volume (TRIAD) profiles and 

of univariate variables: TTOT, TI, TE, VT, TI/TTOT, 

VT/TI of 13 subjects recorded twice with hyperventilation 

test VHT after time interval (1month- 1 year) are 

presented in the table 1. The individual averaged volume 

profiles (TRIAD) and airflow profiles (ASTER) of these 

13 subjects are represented on the fig. 4 and 5. 

The ASTERS, TRIADS and univariate respiratory 

variables are not similar between REST and VH periods. 

But comparisons between two recordings (REST1 

/REST2; VH1/VH2) show significant similarity for 

multivariate ASTER and TRIAD and some univariate 

variables: TI and TI/TTOT.  

 

Table 1. P values of similarity test applied on ASTER,  

TRIAD and unvaried variables of 13 subjects recorded 

twice following VHT.  

 

 VH1 

/VH2 

REST1 

/REST

2 

REST1 

/VH1 

ASTER <0.001 <0.001 0.9 

TRIAD <0.05 <0.01 0.9 

TTOT 0.86 0.07 0.9 

TI <0.01 <0.05 0.9 

VT 0.18 0.08 0.9 

TI/TTOT <0.01 0.26 0.9 

VT/TI 0.19 0.07 0.9 

p<0.05 shows significant similarity 

 
 

 

Figure 4. Volume profiles –TRIADS of 13 

 subjects recorded twice following VHT 
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Figure 5. Reconstructed averaged airflows of 13 subjects recorded twice. VH1/VH2 and REST1/REST2: 

reconstructed airflows of hyperventilation and rest periods of two repeated recordings 
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IV. DISSCUSION 

       

The averaged airflow of an individual of the 

hyperventilation (VH1/VH2) or rest periods 

(REST1/REST2)   can be more similar as those of subject 

1 or can be different like airflow shapes for 

hyperventilation periods of the subject 7 (figure 5). But 

individual differences between hyperventilation periods 

(HV1/HV2) and between rest periods (REST1/REST2) are 

significantly smaller than inter- individual differences. 

The same situation can be observed in comparisons of 

volume profiles (figure 4): despite some differences 

between TRIADs of repeated recordings the inter-

individual differences are significantly greater than intra-

individual variations. 

         The similarity of multivariate or univariate variables 

of one subject in two conditions (repeated recordings) is 

reported to inter- individual differences of the group. The 

between individual variability is used as the basis for 

assessing whether intra-individual variability is 

meaningful or not.  

    Father studies: Benchetrit and al. (1989) found the 

conservation of respiratory individuality of the 

spontaneous quiet breathing in repeated recordings 

performed over long term period [5]. Calabrese and al., 

(1998) determined that airflow profile inspiratory time 

ratio TI/TTOT at rest are preserved over a certain increase 

in ventilator effort or minute ventilation, beyond which 

airflow profile is changed as evidenced at high resistive 

load [7]. Eisele and al. (1989) found the individuality of 

breathing between breathing in condition of physical 

exercise performed in conditions of hypobaric hypoxia 

and normobaria [9]. These results [7, 9] suggest the 

possibility of some individual peculiarities that appears in 

some conditions different from the rest. 

      In our study we also observed the conservation of air 

flow and volume profiles of the rest periods recorded over 

time despite some respiratory irregularities that occurs 

during steady quiet breathing. The variation of chemical 

stimulations or/and some behavioural influences can 

produce these variations (Benchetrit, 2000) [18]. We 

determined also “another respiratory personality” that 

appears in conditions of voluntary hyperventilation: the 

airflow and volume profiles of VH periods were 

conserved during second recording.  

    The respiratory individuality of the rest period was lost 

during voluntary hyperventilation at 20 respirations per 

minute: The inter- individual differences in the increase of 

tidal volume (to decrease the FETCO2 with 1%), 

associated with the same duration of respiratory cycle for 

all subjects (≈ 3 sec) made airflow and volume profiles 

different from the rest profiles but reproducible in similar 

conditions. 

Individuality of breathing is probably an inherent 

peculiarity of respiratory system. Factors that determine 

this individuality are not completely elucidated. Dejours 

and al. (1961) [1] did not found causal relations of 

individual tidal volumes and duration of respiratory 

cycles to height, value of vital capacity (VC), reserve 

inspiratory and expiratory volumes, forced expiratory 

volume in 1 sec (FEV1) and to the ratio FEV1/VC. These 

authors did not found correlation between respiratory rate 

and the respiratory compliance, resistance or resistance x 

compliance product.  

 Benchetrit and al. (1987) [12] did not found 

features of mean airflow profiles attributable to height, 

weight, body surface area sex or smoking habits of 

individuals.   

The activity of brainstem respiratory center, 

chemical influences, forebrain influences upon breathing, 

activity of respiratory muscles, morphological 

peculiarities of the respiratory system or more any 

combination of these factors can be a source of 

respiratory individuality. The similarity of breathing of 

pairs of identical twins (Shea and al., 1989) [14] improves 

the role of the complex of traits determined genetically: 

morphology of respiratory ways and probably 

peculiarities of respiratory control.   

The breathing pattern at rest is controlled by 

brainstem oscillator. Pre-Bötzinger complex is considered 

to be a pacemaker, the interactions between its neurons 

and other neurons of central generator of respiratory 

rhythm (Smith and al. 1991, 2009) [20, 21], as well as 

variations of the PaCO2 determine respiratory 

characteristics and breath by breath variability at rest 

(Benchetrit 2000) [18]. The conservation of individual 

respiratory traits during deep NON REM sleep is 

important argument for the importance of medullar- 

pontine oscillator for respiratory individuality during 

resting breathing [22].    

       The voluntary control of breathing involves cortical 

and subcortical structures (Shea, 1996) [23]. In order to 

explore the functional neuroanatomy of voluntary 

respiratory control, McKay and al. (2003) [24] 

investigated healthy individuals during voluntary 

hyperpnea by functional magnetic resonance imaging. 

The increase in neuronal activity was determined 

bilaterally in the primary sensory and motor cortices, 

supplementary motor area, cerebellum, thalamus, caudate 

nucleus, and globus pallidum. The raised activity within 

the medulla suggests that the brain stem respiratory 

centers may have a role in mediating the voluntary control 

of breathing in humans [24].  

        The respiratory airflow can be regarded as the output 

of brainstem respiratory controller. Some mechanical 

conditions (as the tonus of respiratory airways and others) 

can also change the shape of airflow profile. The precise 

role of these factors and their interrelationships are not 

completely elucidated.  

       Our study of individuality did not involve respiratory 

irregularities (sigh and deglutition) and is possible than 

irregular breathing pattern can involve some individual 

peculiarities (Benchetrit, 2000) [18].  

V.  CONCLUSIONS 

     The individuality of breathing during voluntary 

hyperventilation is proved by conservation of airflow and 

volume profile and TI in two repeated recordings 

performed over time. This respiratory individuality seems 

to be independent than the rest individuality. 

     The description of respiratory personality represented 

by the shape of mean airflow should be completed by 

results of similarity test applied on univariate variables 

and multivariate complexes of respiratory variables.   
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I. INTRODUCTION 

 Temperature sensors capable of monitoring 

temperature changes in asphalt or hazardous walls are 

needed in order to monitoring traffic, changes in 

structures of asphalt and wall, and prevent possible 

disasters, caused by structural or system functional 

failures due to increasing temperatures. 

Response to such emergencies is critical in order to 

protect resources including human life and also we can 

save property from damage. 

 In this paper developing temperature depth sensor in 

thick film technology (thermistor) is presented, which is a 

part of sensor node. Temperature sensor (thermistor) is 

made in thick film technology using NTC paste and PdAg 

electrodes applied on alumina substrate [1]. Another part 

of sensor node is sensor board, data board which is 

communicating using wireless communication with 

master board [2], or monitoring node which is working on 

data processing. Data board and master board are realized 

on printed circuit boards using Reduced Instruction Set 

Commands (RISC) 8-bit Microcontroller Atmega48. 
 Using wireless sensor it is possible to inform 

appropriate user in timely manner, and in this way to save 

life of people, or avoid damage of property.  

II. REALIZATION OF TEMPERATURE DEPTH 

SENSOR IN THICK-FILM TECHNOLOGY 

In recent years thick film temperature sensors 

(thermistors) have been used in a variety of 

microelectronic applications. They are often utilized as 

the temperature detectors or temperature compensating 

elements. 

 
Figure 1.  Realized NTC thermistor.  

 

Thick film thermistors offer advantages in package size 

and ease of integration in the ceramic circuits, as well as 

generally lower unit cost. The growth in their utilization 

has been stymied, however, mostly because of lower 

temperature sensitivity than their monolithic counterparts. 

NTC thermistors are ideally used for temperature sensing 

applications over range of -80o C to – 250o C. NTC 

thermistor (Fig.1.) was printed and sintered on alumina 

base, using NTC paste. On the upper layer were placed 

four PdAg electrodes, and on the lower layer were placed 

five PdAg electrodes, in zigzag order. A thermistor can 

actually be seen as a serial connection of five thermistors. 

The contacts with the electrodes are realized by two-

component conductive epoxy adhesive, because of the 

sensitivity to higher temperatures of soldering.  

The realization of temperature depth sensor is made by 

connecting of three NTC thermistors (Fig 2.) This is 

actually a serial connection of three thermistors, with 8 

realized contacts. As you can see, three thermistors (Fig 

1.) are mounted on the drilled pertinax board. Dimensions 

of the prototype are 150x28mm. In order to easy access, 

the contacts were conducted to the 2x4 header. In this 

way of the connecting, 7 thermistors actually were 

realized, giving the opportunity for more precisely 

sensing temperature by depth. 

 

 

NTC layerPdAg

Alumina

Wireless communication system for  

temperature monitoring  
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Figure 2.  Prototype of temperature depth sensor.  

 

The use of an NTC thermistor device as a temperature 

sensor allows resolutions of ± 0.1 to ± 0.2 to be easily 

achieved [3]. The high sensitivity of NTC thermistor 

sensors, combined with the availability of tight resistance 

tolerances, makes them the ideal choice when designing 

temperature control systems. 

A thermistor is a type of electronic component whose 

principle characteristic is that its electrical resistance 

changes in response to the changes in temperature. The 

relationship between the resistance and temperature is 

non-linear. Although there are mathematical models 

available for establishing the non-linear relationship.. All 

segments, between two outputs, were tested using 

impedance analyzer HP 4914 was used for the 

measurements, in impedance mode CpRp. The 

temperature sensor is heated by pistol with hot air, and a 

temperature of thermistor was measured by a thermal 

camera of manufacturer Ulirvision. 

The investigations were performed at 25
o
C, 50

o
C and 

at 80
o
C, in the range of 100 Hz to 40 MHz, in order to 

test a behavior of the temperature sensor at higher 

frequencies, and to obtain information about an influence 

of parasitic elements. For each segment, particular 

thermistor, is obtained graphic dependence of the 

resistance, frequency at temperatures 25
o
C, 50

o
C and 

80
o
C. All measurements were performed at room 

temperature and humidity. One of obtained graphics of 

temperature dependence is shown in Fig. 3, from where is 

possible to notice Negative Temperature Coefficient 

dependence. 

The obtained graphics are showing that an impedance 

of each segment depends by temperature, and in a same 

way by the parasitic capacitance between the PdAg 

electrodes of an NTC thermistor. 

 
Figure 3.  Tested segment of temperature depth sensor.  

III. DESIGN OF WIRELESS COMMUNICATION FOR 

TEMPERATURE MONITORING   

 

Digital processing capability is available in many 

electronic systems at reasonable cost. The basic principle 

of such systems is the Micro-Converter, (μC) IC concept. 

Such devices have an Analog to Digital Converter (ADC), 

microprocessor and output stages integrated in a single 

module or chip. They have the capability to be  

programmed by the user to perform various 

mathematical functions. In systems based on such 

devices, the NTC thermistor can typically be interfaced to 

the ADC stage in a potential divider configuration.  

Other configurations may also be suggested in the 

application notes supplied with the ADC or μC. The 

choice of resistance value of the series resistor is 

determined by considerations such as the current levels in 

the thermistor and power consumption in the circuit. 

Limiting the current in the thermistor is advisable to 

minimize power dissipation in the thermistor, which can 

cause undesirable self-heating effects. Typically the 

power dissipation in the thermistor should be lower than 

100 μW. 

The proposed time-driven Wireless Sensor Network [4] 

consists of peripheral nodes, router module and receiver 

module connected with personal computer. Router is 

connected with peripheral nodes through wireless RF 

interface, in a star topology. The task of router is to 

interact with peripheral nodes and to collect periodically a 

measured temperature. The received data are stored in the 

SD Card memory of router, and when it is necessary, it is 

sent to receiver module and to personal computer. 

The peripheral modules of the system are designed to 

interact with analog and digital interface sensors for data 

collection. The sensor nodes perform analog to digital 

data converting, sending packets of information to the 

router module, data board, when it is required. 

The peripheral node is composed of several modules: 

microcontroller, transmitter/receiver module, analog part, 

analog interface and digital interface temperature sensors, 

battery and power management module. In Fig. 4 is 

shown a structural scheme of the peripheral module. 

 

 
 

Figure 4.  Structural scheme of the peripheral module.   

 

The functionality of the peripheral node is based on 

Reduced Instruction Set Commands (RISC) 8-bit 

Microcontroller Atmega48. The MCU has the following 

functions: 

 Interaction with transmitter/receiver module to 

receive commands and transmit temperature data to 

the main device; 

 Interaction with the analog part of the module into 

a digital signal conversion, changing the 
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operational amplifier gain of the final cascade to 

achieve an optimal level of input signal at the input 

of analog to digital converter,  digital signal 

processing of the data from the sensors; 

 Collect data from digital interface sensors; 

 Convert analog data to digital using internal 

Analog to Digital Converter (ADC); 

 Packaging the measured data from sensors and 

sending to the router;  

 Power management. 

To convert the variations of resistance into the 

variations of electrical signal at thermistor output, it is 

used resistance’s Wheatstone Bridge, where one of the 

resistors is our temperature sensor. 

The temperature sensor and one fixed resistor make a 

voltage divider. Output voltage is dependent of 

temperature sensor’s resistance and is applied at one input 

of the differential amplifier based on operational 

amplifier.  

Another two resistors from the Wheatstone Bridge 

form another voltage divider. The output voltage will be 

reference voltage, and will be applied at another input of 

amplifier.  

The signal obtained from Wheatstone Bridge is too 

small in order to convert it into a digital signal. The 

microcontroller has 8 inputs, 10-bit resolution ADC that 

means 2
10

 = 1024 values from 0 volts to Reference 

Voltage (in our case 3.3 Volts). Therefore, the minimum 

measurable value of input signal of ADC is 3.22 mV. In 

order to obtain desired level of the signal from the sensor, 

a signal has to be firstly amplified. 

The analog part of the device consists of 8 identical 

channels with Wheatstone Bridges and differential 

amplifiers in order to use 8 thermistor outputs. 

The peripheral node has possibility to measure 

temperature from the digital sensors also, using One-Wire 

Interface. The power supply of the digital sensors is 

realized through microcontroller pins, to reduce as well 

power supply. 

In order to provide stable voltage for power supply in 

a wide range of input voltage from battery, peripheral 

node uses the DC/DC converter, based on buck-boost 

converter small size, which demands just one inductor as 

external component. The transmitter/receiver module has 

a large power consumption current in an active transmitter 

mode as well as in an active receiver mode. To reduce the 

power consumption the microcontroller provides 

transceiver’s sleep mode.  

The amplifiers and digital interface sensors are 

supplied likewise by microcontroller, for a short period 

when, it is necessary to measure the temperature. For the 

same reason, to have less consumption and longer battery 

life, the microcontroller can also be transferred into a 

sleep mode [5]. After fixed period of time (6 hours) the 

microcontroller can wake up by using an internal timer 

and all needed measurements could be performed. All 

data can be packed in a current time from Real Time 

Clock module, in data packet, and to be sent to router 

module. After receiving acknowledge from a router, 

peripheral node can go back to sleep mode, waiting the 

next measurement operations.  

The router task is to collect data from all peripheral 

nodes, and to store collected data in the internal memory. 

It must be near peripheral nodes, less than 20 meters, and 

router must have low power transmitter/receiver modules 

in order to be able to collect data from them. The 

transceiver module of router node has larger power. In 

this way, it is possible to have communication with 

receiver module, connected to personal computer, which 

can be at long distance from the router, up to 1 km open 

air.   

The router module consists of several modules: 

microcontroller, transmitter/receiver module, Real Time 

Clock module, SD Card memory, battery and power 

management module. The structural scheme of the router 

module is presented in Fig. 5. 

 

 
 

Figure 5.  Structural scheme of the router module.   

 

SD Card memory which is being used in this module 

represents a highly cost-efficient small package with a 

large volume memory. The interface between the 

microcontroller and memory is SPI (Serial Peripheral 

Interface) which works at speed of 10 MHz. This 

frequency allows the big quantity storage of received data 

until they have to be sent to receiver module.  

The router module has also possibility of sleep mode, 

in order to save the energy, but when it must to receive 

data from the peripheral modules, it must wait and 

looking for data packages from peripheral nodes and to 

send back confirmations. 

If a router is placed at too large distance from the main 

receiver module, it can include a GSM module [6]. The 

router module can also be supplied by the power of AC 

adapter to work continually. 

The receiver module (Fig 6.), main board, has task to 

collect data from the router and send it to personal 

computer, through serial to USB interface. It has also 

large power transceiver module, in order to communicate 

with router, to receive collected and stored data. 

 

 
 

Figure 6.  Structural scheme of the receiver module.   

 

The receiver module, based on 8-bit microcontroller, 

transceiver module and serial/USB converter, provides 

the communication between microcontroller and personal 

computer. This module can be supplied by the USB bus 

and doesn’t need additional batteries. The task of this 

module is to receive all data collected from peripheral 

nodes through router modules. 

The receive module can be connected to laptop and 

can be portable, if the distance between receiver module 

and the router is too long, for handling device. 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

564 

IV. HARDWARE REALIZATION OF WIRELESS 

COMMUNICATION FOR TEMPERATURE 

MONITORING   

Using software Proteus Design Suite of producer 

Labcenter Electronics LTD, Printed Circuit Board, in two 

layers, for the Peripheral Node was designed.  

The Top layer includes 8 connectors for Analog 

Temperature Sensors (thermistors), 4 analog channels are 

implemented in realization of Wheatstone Bridges and 

amplifiers for the measurement of temperature, the 

connector and RF Transceiver module, 4 connectors for 

Digital Temperature Sensors and one connector for power 

supplying and a Light Emission Diode (LED) for 

indicating operation of the module. 

The Bottom layer of PCB includes another 4 analog 

channels for measurement and analog processing of signal 

from the thermistors (Wheatstone Bridges and 

amplifiers), microcontroller and Buck-Bust converter for 

providing stable power supply for the board. 

In Fig.7 Peripheral Module with the Transceiver 

module realized on PCB is presented. 

 

 
Figure 7.  Realized peripheral sensor node.   

 

The peripheral node is designed to be implemented in 

environments where is exist a demand for the monitoring 

of temperature. Its dimensions are small – 32 mm x 84 

mm. Due to the buck-bust converter the input voltage of 

the power supply can be in a wide range – from 1.8 to 5.5 

volts. For big autonomy of operation the peripheral node 

can be supplied from 2 or 3 batteries size AAA or a 

Lithium Ion Battery from cellular phones. 

The receiver module was realized on the prototyping 

board, and it includes next components: RF Transceiver 

module, microcontroller and UART to USB converter.  

The personal computer is using the virtual serial port 

to communicate with the receiver module.  

 

V. CONCLUSION 

In the second chapter of this work is shown realization 

of temperature depth sensor, in thick film technology, 

made by segments of NTC thermistors. Obtained results 

during tests on outputs of realized temperature sensor are 

satisfied, and they are giving Negative Temperature 

Coefficient dependence.  Design of wireless 

communication system and realized hardware for 

monitoring of temperature sensors (peripheral nodes) 

showed in 3
rd

 and 4
th

 chapter are giving the satisfied 

results in a Real Time, collecting data in router on 10 

MHz. Amplified analog signals from temperature depth 

sensor are successfully digitalized, processed in realized 

communication, and collected on PC using realized 

receiver module. 

In future investigations, the intent is to conduct the 

testing of temperature depth sensor built-in the asphalt 

and wall of hazardous room. This data will be used for 

optimization and calibration of signal levels on the output 

of thermistors. Therefore, the possible improvements will 

be done on user friendly software and database for 

collecting data from receiver module. 
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I. INTRODUCTION 

Telecommunication providers are dedicating 

considerably efforts to the development of computer 

controlled test and measurement techniques. At physical 

layer, most networks use clusters of devices variously 

interconnected that cooperate in order to forward 

information signals. Such clusters are in practice physical 

racks, and often one or more slots of a rack can be 

dedicated to a measurement device. The aim is usually to 

continuously monitor network performances or the quality 

of transmitted signals. Nowadays, modern test systems 

available in the ICT industry as well as in research 

laboratories are again commonly organized as instrument 

clusters controlled by a host computer via suitable 

standardized interfaces. This operating scheme has 

considerable advantages especially in the organization of 

repeatable and well-designed test procedures, where for 

ISO certified factories it is mandatory to develop most of 

their test procedures in computer-controlled way. A 

natural, even though not trivial, extension to the computer 

controlled test system is represented by a remotely 

controlled test system. In this case the logical structure of 

a test system can be represented by a set of clusters, each 

composed by more devices or instruments, connected to 

some communication network. An operator can control 

separately the devices of each remote cluster or more 

clusters simultaneously by sending commands, and by 

receiving the corresponding answers. One really 

interesting case of transport network is constituted by the 

Internet network. In fact, services can be designed where 

test applications could coexist with well-known general 

purpose network services in an integrated way. The final 

end-user can benefits from many other advantages 

including, indeed not limited to, the deep diffusion of the 

network at a reasonably low cost. At the present time 

well-accepted standards are available at the level of 

physical and logical neighborhood between computers 

and instrumentation or devices, such as the well-known 

IEEE-488 standard, just to provide a simple example. 

Moreover, standards are available at the network side at 

many level of abstraction, from the physical level, up to 

the definition of rather high-level protocols such as TCP 

or HTTP. A skilled system designer or integrator can also 

advantageously exploit well accepted or quickly evolving 

tools for the delivery of end-user services. One simple 

example consists in the use of applet techniques 

associated to web services, even though more promising 

approaches based on JINI are currently under discussion. 

Besides, commercial products originally designed for the 

control of physical devices and instruments through some 

computer interface, are now being expanded by 

manufacturers in order to add network-aware services. 

Despite the presence of all the previous available 

resources, still the organization of a complex application 

where multiple instruments or devices have to be 

controlled is not a trivial task. The designer has to cope 

with many different design aspects. For instance, a good 

design should take into account the possibility that 

instruments are substituted with the passing of time with 

more updated versions of themselves, or also that 

functionally identical devices could be used in a unified 

way, despite each could require different programming 

procedures. On the other side, access policies to devices 

have to be planned in a way that could depend on run-

time considerations. Different procedures could 

simultaneously require the use of the same remote 

physical device, so that some time-sharing policy has to 

be assessed. 

This paper presents architecture for a rapid prototyping 

of test and measurement applications in a networked 

environment. The main goals of the proposed system are 

its open architecture, the facility of integration with both 

existing development tools (Java and LabView), the 

compliance with both interface standards from the 

device's side, and network protocols at the Internet side. 

The described approach provides abstraction layers that 

allow the designer a unified view of devices in terms of 

easy interchangeable commands, which noticeably 

simplify programming issues. It also yields a simple yet 

effective separation between functional services that a 

networked system should provide. This logical separation 

considerably lowers the design efforts and hence provides 
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Bioengineering Field 
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a clearer approach both from the point of view of 

development and of maintenance of a remote test system. 

In the next section it is discussed the architecture of the 

proposed laboratory.  

II. THE ARCHITECTURE OF THE VIRTUAL 

LABORATORY 

A deep knowledge about computer network 

programming is required to develop a remote laboratory 

from scratch. Such prerequisite could be a major 

constraint and hence could constitute a serious limit to the 

development of a number of experiments. To overcome 

this problem, the authors have firstly tried to define a 

simple though flexible communication protocol between 

client and server computers and then have developed a set 

of programs and libraries that are intended to help the 

organization of a remote experiment; therefore they will 

no longer be required to tackle with network 

programming issues. By using these programs that 

constitute a "service layer", the operator can concentrate 

the attention strictly on the organization of the standard 

computer-controlled laboratory experiment. The topology 

of the distributed measurement laboratory developed in 

this work is schematically represented in the Fig.1. 

 
Fig. 1 Laboratory Architecture 

 

The laboratory (Fig.1) can be composed from any 

number of "test stations" each controlled by a server 

computer. The server is connected at one side to a 

network, and on the other side it interacts with 

programmable instruments. The instruments are 

permanently connected to one or more Devices Under 

Test by means of a switch matrix, not shown in the figure 

for the sake of clearness. The "client side" (Fig. 2) of the 

laboratory is composed of several workstations installed 

at the same laboratory location. Such workstations are 

connected to the same computer network of the laboratory 

and provide the location. Such workstations are connected 

to the same computer network of the laboratory and 

provide the programs used by the students. During a 

classroom guided exercise, the students use pre-arranged 

programs that interact with the instrumentation to 

highlight the lesson topic. 

 
Fig. 2 Internal Laboratory Structure 

 
The students can freely choose an application and a test 

station to work with. If more student groups decide to use 

the same test station, the server programs which control 

the instruments grant the remote access to the device 

under control in time-sharing fashion with suitable 

priority policies. The local computer network of the 

laboratory can be connected to other computer networks, 

in particular to the Internet one, by means of an optional 

firewall computer. In this case, other external 

workstations may access the instruments and device under 

control controlled by the laboratory server computers by 

exchanging information with the General Server. In this 

way, the students can use the laboratory devices without 

reaching the university location, for instance from their 

home. 

The General Server is responsible for applying proper 

user authentication procedures and for hiding the IP 

addresses of SVR and WS computers to the rest of the 

network. Several advantages are obtained by employing 

this configuration. First of all valuable and expensive 

instrumentation can be shared between many users. This 

allows the development of laboratory experiments even 

when many students attend the same course, without 

making overwhelming money investments. The 

availability of remote test stations that can be used from 

any far location allows the students to best tailor the 

number of laboratory hours to their effective needs. The 

laboratory can be left unattended, or unqualified 

personnel can be employed for laboratory surveillance. 

Hence, the teacher can better be involved in discussions 

with the students concerning the problems they have 
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encountered in the development of the exercises, rather 

than in trivial supervision activities. The network 

topology supports a high flexibility in the definition of the 

number and on the kind of test stations. Moreover, the 

work computers and the server computers can also host 

hypertext web pages, which explain better the 

experiments available by connecting to that computer, and 

the procedures that they have to follow. This additional 

documentation can greatly decrease the time required by 

the students for carrying out the experiments. 

The system concept is based on user-server paradigm. 

The purpose is to allow the user to drive a test or an 

experiment to an instrument trough Internet. Grosso 

modo, the system has four parts: the user interface, the 

server, the process computer (measurement server) which 

commands the instruments and the instruments. 

The users will work on a normal internet explorer 

where through the virtual instrumentation they can have 

access to one real instrument resource in order to 

effectuate a test or they can imagine and develop a 

process testing and in same time they have the visual 

information about the process running from a video-

camera installed on every process stands. 

Client 

The user needs a computer with internet connection 

and a web browser. There are different possibilities in the 

transport layer: TCP, UDP, DataSocket, etc. The only 

application needed for the client is a web browser. To 

easily develop a client application it is mandatory to have 

simple tools to communicate through the network and to 

dialogue with the instruments. This role is accomplished 

by the Server side of the environment, so the client 

developer is free to concentrate on the peculiar 

characteristics of the measurement system she or he wants 

to prepare.  

Laboratory server 

A general server has to manage the queries from the 

clients, redirecting them to the correct local laboratory 

server. Two cases have been foreseen for remote teaching 

and education. In the first case, a professor can teach in 

the same time all the students connected to the local 

server from all partner countries. In order to obtain such a 

pursuit, the local server has to be set to all users slave 

mode. This way, the students from their home study 

points can receive and follow the lessons on a common 

web page. Due to the web publication, the number of 

students that can connect to the system at the same time is 

unlimited. 

In the second case, the students should carry out some 

research activity based on the instruments. In this case, 

the local server has to be set to all users master mode. Of 

course, the number of students that can establish the 

connection at the same time is less or equal to the number 

of operational measurement stations within the two 

distributed laboratories.  

A laboratory server is needed in each laboratory. It 

consists in a computer with a web server, a data base and 

management applications. The laboratory needs to know 

the equipment, instruments, setups, users, therefore a 

resource manager is the main application needed. It 

checks the measurement servers connected to the 

laboratory, and gets from them the data about instruments 

and setups available in each measurement server.  

Process computer  

The rapid development of new instrumentation, test 

procedures and software tools implies that a networked 

test system has to be continuously updated in order to 

reflect the changes in current technology or in the whole 

system to be monitored. Furthermore, instrumentation is 

sometimes rather expensive. Hence some instruments 

should be shared in order to save and optimize money 

investments. This means that at a same location various 

instruments can be placed, all organized in different 

benches. The benches can be used both in order to 

perform different measurement tests or also the same test 

but with different instruments for comparison. Due to the 

possible large variety of computer controlled experiments 

there is needed a method that allows the management of 

the instruments set-up and software programs. The 

management procedure should not affect the need of 

flexibility in the usage of resources, because of the 

sharing of laboratory instruments. Hereby, the process 

computer is the computer that joins the instrument with 

the virtual laboratory. There may be multiple 

measurement servers. Each measurement server must 

have information about instruments and setups available 

for measuring. This information of all the measurement 

servers will be transmitted to the laboratory server to 

obtain the virtual laboratory capabilities. Once checked 

and authorized the user access by the laboratory server, it 

transfers the user control to the measurement server. 

Proceeding in this way, the lab server is released so all 

measurement transactions travel directly from the 

measurement server to the user.  

Instrument 

The first aspect that should be taken into account 

consists in how to manage the various instruments to 

obtain an efficient use of both instruments and computers. 

In fact, in a modern laboratory many instruments can 

coexist. They can be simply different models in a same 

family or they can have a completely different structure 

and functionality. For instance, stand alone traditional 

instruments such as Digital MultiMeters (DMM’s) from 

different vendors can be used together with rack mounted 

instrumentation (VXI, PXI, etc.). Moreover, one can 

prefer the use of Analog to Digital (A/D) or Digital to 

Analog (D/A) expansion boards mounted inside a 

computer. Besides the choice of instruments one should 

also deal with a number of different and well-standardized 

options for the connection between instruments and a host 

computer. The protocols provided by IEEE-488, EIA RS-

232, CAMAC, VXI and Ethernet link are just a few well-

known examples of such options. These interface 

standards are similar from a very high-level point of view. 

In fact, they all offer an end user basic operation such as 

‘send’ and ‘receive’ of data or commands. Unfortunately, 

they often implement such operation in a subtly different 

way so that user-developed software is seldom easily 

portable from one interface set-up to another one.  
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The instrument includes the signal routing block. This 

block is very important in order to provide a single 

instrument with multiple devices for making 

measurements. The test signal must be routed to the right 

device, and the output signal must reach the measuring 

instrument through the adequate routing. 

Example of laboratory tests 

Different programs may be made available to the 

students, depending on the actual need of courses. 

Moreover different remote devices can be remotely 

controlled by means of simple plug-in modules that can 

be easily added at the server side in run-time. For a 

theoretical point of view any equipment which can offer 

an electronic interface toward a computer can be 

controlled in the above system; it suffices to write down 

the code for a suitable driver. Such a code fragments are 

reasonably simple and basically have to translate a 

function at the server side in the corresponding operating 

system toward the actual device interface. At the present 

time the driver for any measurement instruments provided 

with serial and IEEE-488 standard interfaces are supplied. 

For the sake of simplicity some case study are presented 

in the following in order to let the reader understand the 

capabilities of the whole system The simplest example is 

just constituted by client applications which present a 

replica of the front panel of one or more instruments 

physically connected to the test stations. The students can 

interact with the remote instruments by means of the 

graphical interface provided by the programs. They can 

easily change the instrument configuration and observe 

the corresponding effect. Such programs are designed to 

prevent the user from using improper set-up conditions, 

so that the students can quickly learn the correct use of 

complex instrumentation. Fig.3 shows the front panel of 

three client programs of this type. Programs 1 is designed 

to remotely control a Signal Generator, Program 2 

controls a signal acquisition board connected to a suitable 

demo test circuits and Program 3 is a Function Generator. 

It is also important to remind that the execution speed of 

the client application is comparable with that of a direct 

interaction with the instrumentation, provided that the 

physical network is sufficiently fast. Besides, the 

development of a Laboratory Client requires more or less 

the same time required to build an application for a direct 

dialogue with the instrumentation through a computer 

interface. 

III. CONCLUSION 

The usage of internet-based tools as a support to 

traditional laboratory experiences can significantly 

improve the learning curve of students. Moreover an 

internet based distributed laboratory considerably lower 

the costs since expensive equipment can be more 

efficiently shared between more courses for teaching 

purposes. 
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I. INTRODUCTION 

The proposed system is assigned to the investigation of 

cardiovascular medical technology, the operating principle 

of which is based on the method of photoplethysmography 

wave and the electrocardiography. Photoplethysmography 

principle is reflection of radiation from blood cells moving 

through the small vessels, under the skin.  [3,4] 

Photoplethysmography recording and processing allows 

obtaining information about the state of cardiovascular 

system, the segmented blood pressure, detection of blood 

vessel damage through screening large caliber method. 

The device allows also investigating the variability of 

cardiac rhythm based on processing of the 

photoplethysmography and electrocardiography signals. 

II. STRUCTURAL SCHEME OF THE DEVICE   

The device is composed of several modules: ARM 

microcontroller, the analog module LCD Display with 

touch screen panel, SD Card memory, Real Time Clock 

(RTC) module, serial to USB converter, a battery and a 

power management module (figure 1). 

 

 
Fig.1. Structural diagram of the device 

 

The functionality of the device is based on a Cortex-M3 

Advanced Reduced instruction set computer 

Microcontroller (ARM) Microprocessor LPC1768, with 32-

bit architecture that works at the clock frequency of 100 

MHz’s, designed for embedded applications requiring a 

high level of integration and low power dissipation.  

Its functions are the following: interaction with the 

analog module into a digital signal conversion, changing the 

operational amplifier gain of the final cascade to achieve an 

optimal level of input signal at ADC, digital signal 

processing; interaction with Color display and touch screen; 

menu-user interface; interaction with the power control unit 

– ensuring the transition to sleep regime, provident power to 

all blocks of the device in active mode operating voltage 

level monitoring of battery charging. By connecting the 

computer through the USB interface device can operate as a 

computer peripheral mode – photoplethysmography signal 

can be collecting and send directly to your computer , or 

read from memory and transmitted to the personal computer 

only necessary data.  

The internal Data Base is designed to perform dynamic 

allocation of memory space for the patients and signals. It 

can capture more than 65 thousands patients and 240 signals 

for each patient.  

Analog site of the device consists of a channel that 

process signal from the photoplethysmograph sensor and a 

channel of ECG processing. Figure 2 shows the block 

diagram of the analog part of the device. 

 

 
Fig.2. Block analog scheme of the device 

 

The photodiode of the sensor is connected in a circuit of 

Current to Voltage Converter. The signal from the output of 

it will be dependent of the level of the light which will pass 

through the biological material. 

The analogic signal from the exit of the converter is 

filtered against high frequency noises by a 3 order active 

Low Pass Filter. The active Notch filter clears the signal of 

interference from Alternative Current supply with 50 Hz 

frequency. 

The device measures both fast component and slow 

component of photoplethysmography, so further the signal 

is separated into two signals: signal of slow component and 

signal of fast component of photoplethysmography.  

To obtain fast component from the signal, the dc 

component is removed by using a 3 order High Pass Filter 

(figure 2). After it, the output signal is amplified using 

amplifier with gain which can be change by the 

microcontroller, to obtain optimal level of the signal at 

input of the Analog to Digital Converter. 

Electrocardiograph signal (ECG) is gathered using three 

electrodes placed on the patient’s body - two active 
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electrodes and one neutral electrode. The signal is amplified 

with an instrumentation amplifier, after which the high 

frequency noises are removed using a low-pass filter, the dc 

component is filtered using a high-pass filter, and 50 Hz 

noises are filtered using an active Notch filter.  

Getting data from analog to digital converter, 

microprocessor continuously monitors the signal level. If 

the signal amplitude is too low for a period of time, will 

made to increase the coefficient of amplification, if too high 

- to zoom out.  

The display of the device is an LCD Color, with 

resolution of 320240 pixels and 65 536 colors, which 

allows to display the time evolution of one or two signals 

simultaneously, but also create a user interface, extensive 

menu, intuitive and easy to interact. The menu consists of 

pages, buttons, keyboard - similar to a personal computer, 

making it easier to access the menu for personal computer 

users. 

III. USER INTERFACE 

The user menu of the device is designed to be intuitive 
and easy to use. It is based on high resolution color display 
of the device and operator’s interaction with device through 
touch screen panel. 

User menu consists of four pages: "Patient", "Signal", 
"Graph” and "Setup."  

The page "Patient" is intended to work with the 

database: add a new patient into the database or choose a 

patient previously investigated. At the bottom of the 

window, is the keyboard, similar to the personal computer, 

designed to introduce a new patient database. The 

database’s interface allows us to navigate through the list 

of patients to look for a particular patient in the database, to 

remove a patient and to select a particular patient (figure 

3).  

 

 
Fig.3. Patients Database window 

 

On the page "Display" operator can choose desired 

signals to be represented: fast and slow component of the 

photoplethysmography and electrocardiogram. On the same 

page there is signals database where operator can look 

through stored signals, delete or choose one for displaying. 

The signal’s name consists of the date and time when it 

was collected. 

The page “Graph” is intended to represent the time 

evolution and processing results of collected data. If a 

signal from the internal memory was selected for 

displaying on this page, it is possible to place 

photoplethysmography basic points directly on the screen, 

using touch screen panel, and to calculate 

photoplethysmograph few basic parameters, which can 

give some clues about the state of the cardiovascular 

system.  

On the figure 4 the photoplethysmography signal from 

the memory and placed basic points are presented. 

 

 
Fig.4. Processing of photoplethysmography signal 

 

The operator has possibility to navigate through signal, 

zoom in or zoom out the signal, to cut a part of the stored 

signal which represents noises or movement artifacts. 

After digital processing of the stored signals the device 

determines moments of the heart contraction. Analyzing 

the cardiac intervals the device can do statistical processing 

of the heart rate variability.  

The first result is the Rhythmogram which represents 

natural variations of the hearts rhythms (figure 5). I gives 

important indications of the reaction capability and 

“healing power” of an organism. 

 

 
Fig.5. The Rhythmogram 

 

The histogram allows determining an evident deviation 

of the cardio intervals from the normal area. Figure 6 

shows an example of the histogram. The green rectangles 
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represent the normal area, red rectangles – tachycardia and 

yellow rectangles - bradycardia. 

 

 
Fig.6. The Histogram 

 

The page "Settings" contains the device settings: time 

and date setting, backlight, viewing of memory status and 

option for switching off the device.  

Through this page operator has possibility to adjust the 

date and time of the real time clock module (figure 7). Date 

and time are used to give a name to the stored signals with 

information. After it, operator can find a needed signal 

knowing when it was stored in. 

 

 
Fig.7. “Setup” Page 

 

A fairly large part of the energy consumption of the 

device is due to the LEDs backlight. Reducing energy 

consumption of the device is provided by the automatic 

switch off the lights over a certain amount of time after you 

pressed a touch screen panel. The interval of time can be 

set by choosing optional values: 20, 40 or 60 seconds. 

The operator of the device can see the level of memory 

usage and has the possibility of clearing of all the data from 

memory (formatting of the SD Card memory). 

IV. CONCLUSION 

The developed device for heart activity monitoring 

allows the time analysis of electrocardiograms and 

photoplethysmograms, quality parameters, visual 

comparing of the stored signals and collected at the 

moment, allows study heart rate variability. 

The system has the following technical parameters: 

 Number of channels – 1 channel of slow and fast 

components of photoplethysmography and 1 

channel electrocardiography; 

 Frequency Band – from 0.5 to 18 Hz (PPG) and                                                                              

hhhhhhhhhhhhhhh  from 0.5 to  80 Hz (ECG); 

 Signal sampling frequency – 500 Hz; 

 Active mode power consumption – 0.6 W; 

 Minimum operating time without recharging in  

active mode – 16 hours; 

 Dimensions – 110x65x30 mm; 

 Weight 200 g. 

 

The measurement and data processing of the designed 

device has technical characteristics (price, size, number of 

functions performed, parameters) high, competitive with 

existing ones and can be recommended for the production 

and subsequent implementation in health care. 

THE PROJECT WAS DEVELOPED WITH FINANCIAL SUPPORT OF 
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Odessa State Medical University, Diagnostic Center "South Ukrmedteh" 

  

I. INTRODUCTION  . 

Problem of vascular dementia devoted countless 
works both in Russia, Ukraine and Europe (NN Yakhno.; 
B. Mankovsky; P.V.Chuyskaya; S.P.Markin; 
I.V.Damulin; M Forstein, J.Morris and all.) creates 
numerous scales, supposedly allows differential diagnosis 
of vascular dementia from degenerative diseases and, in 
particular, Alzheimer's and other Bisvangera (Pick's 
disease, Hunting, Parkinson): Ischemic Scale Khachin 
(1975) rating scale psychological status - M Folstein 
et.all., 1975; clinical rating scale J.Morris1993; common 
scale violations B.Reisberg et.all., 1982; 
neuropsychological tests Folstein et all., 1975 test hours 
Drawing S. Lovenstone et Ganthier, 2011. 

 

In index HIC-10 (1998), under the dementia (F-00-
F03) understood syndrome, brain disease chronic or 
progressive nature, with severe disorders of the cerebral 
cortex, including memory, thinking, orientation, 
awareness, language, erudition, reasoning without 
obscuring the memory. Cognitive dysfunction often 
accompanied by a lack of emotional control, social 
behavior, or motivation (sometimes accompanied by a 
disorder of cognitive function). 

 

Most often, dementia syndrome occurs in vascular 
disorders of the brain (F01) due to cerebral infarction, 
including hypertensive disease. 

 

In clinical practice and literature attempts to 
differentiate these diseases, using a scale of ischemic 
Khachin, Romana et all. (1993) and others). However, it 
is now believed that all these scales have a high 
specificity but low sensitivity. Roman scale is more 
sensitive, but also not able to differentiate between these 
diseases. Attempts to use a number of other methods that 
would allow for the early stages of the disease carry 
differential diagnosis and start timely treatment, which is 
quite justified and possible. 

 

With the introduction into clinical practice of 
neuroimaging such as CT, MRI, fMRI, PET allowed to 
revise the existing views on the problem of how to 
identify the morphological features of this disease, and 
their differentiation. First, we should recognize that 
vascular dementia (SD) are chronic disorders of cerebral 
blood flow and Discirculatory encephalopathy (YES). 

 

The objective of our research was to identify with 
the above methods of characteristic morphological 
changes in the structure of the brain, their location, the 
size, the study of association cortex, subcortex, the 

establishment of differential diagnostic features for 
vascular discirculatory encephalopathy various etiologies 
(aneurysms, AVMs, tumor lesions of the brain, various 
vasculopathy ). 

 
In our research, we strictly adhere to the 

classification of vascular dementia, established 
categorization of ICD-10 (1998), which are divided into 
cortical dementia, subcortical, mixed and unexplained 
etiology. 

 
II. METHODS 

 
We used a CT scanner ASTENYON-SUPER 4 (firm 

Toshiba), staffed workstation «VITREA-2» and 
«VITREA-3" firm "VITAL IMAGES Inc." (U.S. and 
Avanto MRI T1, 5 (Siemens). 

 

Patients were a number of vessels staining to 
identify existing vascular pathology :100-150 mL of 
nonionic contrast medium (350.0 - 370.0 mg I / ml). 
Bolus 3.0-3.5-4.0 mL / sec., Slice thickness of 0.5 mm. 
Scan delay: start automatically with bolus SURE START 
(define a region of interest in which the measured 
intensity of the staining of blood vessels, when the 
specified threshold is automatically started helical 
scanning), delay time (10-20 seconds). 

 

In the study of the internal structure of the method, 
we used a three-dimensional representation of a (3D 
volume rendering); shaded surface display method 
(surface shaded display); method of maximum intensity 
projection (MIP); method minimum intensity projection 
(Min IP). The main focus is on the most modern method - 
a three-dimensional representation of a (volume 
rendering). Majority of patients, we used a virtual 
angiography. 

 

Virtual CT angiography can detect potential causes 
of acute ischemia, such as arterial stenosis high degree of 
plaque ulceration or aneurysm with partial thrombosis, 
which can take thrombolytic therapy or cancellation it. 
Virtual endoscopy - a method of 3D images without the 
introduction of the endoscope. It creates perspective 
views on means of central projection beam instead 
parallel.orientation in space is performed using 
reformatting (MPR) and by the virtual-endoscopic 
images. 

 

The results  showed that, of the surveyed patients 
with severe cognitive impairment in patients with 
Discirculatory encephalopathy (108 pers.), The share of 
Alzheimer's disease (AD) with late-onset (senile dementia 

The role of methods of radiation diagnosis in 

detecting vascular dementia. 
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of Alzheimer's type - pass) account for almost half of the 
cases of dementia in old age ( 52 people). At the same 
time, 23% (30 people). Installed mild dementia (a simple 
form) and 12% (22 pers.) - Symptomatic dementia 
(surrender). 

 

Accordingly, the recommendations of national age 
psychiatry we have traditionally identified the following 
clinical forms of Alzheimer's disease: late-onset simple 
form with a predominance in the clinical symptoms of 
cognitive impairment, paranoid form with mnestiko and 
intellectual decline, paronoid form with a tendency to 
formation of delusion, false memories and konfabulation 
products, the combination of signs of cognitive decline 
konfabulation intelligence-intensive products. 

When surrender with Alzheimer disease violation of 
higher cortical functions reaches a degree of focal cortical 
disorders. 

In the study of disease pathology and cognitive 
changes in dementia was found that the changes tend to 
be associated with changes in the anterior and posterior 
cerebral arteries and their territories, most often in the 
region of the hippocampus, mamillary cells, tonsils. Other 
strategic sites included the anterior cortex, basal ganglia, 
the knee of the internal capsule. 

With vascular dementia, Alzheimer's we have 
revealed the following changes: atrophy (cortical and / or 
subcortical), pronounced ventricular enlargement - 
infarcts (usually in large areas), different sizes of the gap 
and leukomalacia. 

CT can detect early signs of cerebral infarction, 
which are listed below: 

- Loss of differentiation between gray and white 
matter - the smoothness of cortical gyri,-reduced density 
of cortical gyri - the existence of linear bands hipertensiv 
affected trombosis vessels. 

Recommended primary research performed without 
contrast, to avoid the risk of secondary hemorrhage in the 
area of  infarction in the case of the introduction of 
contrast. 

With the introduction of contrast (CTA) can 
determine the location of occlusion, get detailed 
information about the topography of the surrounding 
vascular network, which is very important when planning 
surgical intervention; 

When using the CT perfusion could specify basic 
parameters patfiziologich stroke. Application of spiral CT 
endoscopy examination of the inside of the vessel lumen 
can provide information on the nature of the stenosis, its 
size, and most importantly to assess the morphology 
rather density identified in stenosing vessel thrombus, 
which was extremely important for intravenous 
thrombolytic therapy. MRI and CT scans as well as gives 
the same practical evaluation of lesions of the vasculature, 
especially in the first 3 hours after the alleged insult. CT 
usually reveals a stroke in 18-24 hours. However, MRI is 
inferior CT especially in the study of patients in an 
unconscious state, with contraindications to MRI 
(presence of cardiac defibrillators, pacemakers, artificial 
metal implants). At subcortical brain lesions, mainly 
white matter on CT and MRI showed a decrease the 
density of the white matter, mainly in the zone of the 
anterior horns of the ventricles of the brain 
(periventricular space.) we noted interesting patterns in 
the clinical picture, the white matter lesions in the 

projection of the globus pallidus. With the localization of 
stroke contour medial globus pallidus movement disorder 
marked by foot, the localization on the lateral dissent 
observed movement disorders by hand, and the 
localization of stroke in the area of the thalamus were 
observed oculomotor disturbances. The nature of these 
changes may persist long after the acute stroke 
(monitoring of patients was conducted for 10,20,45 days 
and 3 months). These terms are marked cognitive 
impairment (loss of memory, intellect, preservation of 
motor disorders in varying degree, depending on the size 
of the stroke occurred. Some patients were impaired 
control of pelvic organs. 

 

Here we should note the following, in some patients, 
even without a history of stroke were observed similar 
symptoms of cognitive impairment (bradykinesia, gait 
disorders (apraxia), some pseudobulbar violations even 
more pronounced than in patients with stroke. During the 
CT and MRI are we have seen the expansion of the 
ventricles, the expansion of subarachnoid space, in some 
cases even leykoareoz, moderate atrophy of the anterior 
fronto-temporal regions of the brain. In these cases, we 
have exhibited a diagnosis of atherosclerotic 
dyscirculatory encephalopathy. 

 

Often lacunar infarctions on CT or MRI detected in 
cerebellum.Patsienty complained of visual and 
oculomotor disorders, structural analysis and 
coordination, vestibular narusheniya.Pri bringing CT 
angiography of the vertebral vessels were observed in 
varying degrees of severity of the aneurysm, the excesses 
of the internal carotid outside the skull their occlusion . 

 

CT and PT M allow us to estimate the changes in the 
structure of the brain with the same accuracy. Leykoareoz 
detected by CT in 90% of cases, the expansion of the 
ventricles of the brain in 100%, lacunar infarctions in 
100% of cases, the nuclei of white matter damage in 
100% cases. Leykoareoz MRI reveals almost all patients 
with vascular dementia. Changes are well detected by 
MRI in the structures of the hippocampus, the tonsils of 
the brain stem. 

SPECT, fMRI, PET showed that vascular dementia 
is characterized by the presence of multiple zones of 
hyperperfusion and asymmetrical hypometabolism. 

Assessing possible methods of beam diagnostics for 
detection of vascular dementia, we identified the 
following changes:-lacunar infarcts in the projection of 
the white matter of the brain;-ventricular enlargement, 
atrophy of anterior structures, fronto-temporal lobe. 

II. CONCLUSION 

Multislice CT angiography is a fairly modern 
method in clinical practice and in the foreign medicine, 
this method has long been the "gold standard" in the 
examination of patients with vascular disease of the brain. 
With virtually no contraindications for the study (only 
idiosyncrasy of iodine-containing preparations), this 
method provides a very clear picture of the vascular bed, 
both in two-, and three-dimensional projection, to relate it 
to the bone structure. Revealed vascular disorders are not 
always accompanied by cognitive changes and their 
evaluation should be a whole range of additional studies 
(EEG, rheoencephalography, clinical research methods). 
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I. INTRODUCTION 

Cannabinoids in general are low-molecular-weight 

lipophillic compounds, with a varying degree of affinity 

at specific cannabinoid receptors. Researchers T.B Wood, 

W.T.N. Spivey and T.H. Easterfield isolated the first 

cannabinoid substance from Cannabis sativa plant, 

cannabinol, in 1896, in the Agricultural Chemistry 

Laboratory in Cambridge, UK and R.S Cahn proposed its 

chemical structure in the 1930s. The major 

phytocannabinoid, called delta-9-tetrahydrocannabinol 

(Δ9
-THC), was isolated and described in 1964 by the team 

of Y. Gaoni and R. Mechoulam in Israel [1,2]. It was the 

biggest milestone of the direction to that day, and the 

pharmacology of cannabinoids has been extending since.  

R. Mechoulam working together with W. Devane 

discovered anandamide (named after the Sanskrit 

‘ananda’ meaning bliss or joy), the first human 

endocannabinoid to be known, in 1992, and 2-

arachydonoylglycerol, the second major one, also in his 

laboratory, in 1995 [3,4]. The first specific receptor, 

referred CB1 ‘cannabinoid binding’, was discovered in 

1988 by A.C. Howlett from US, then cloned in 1990 by 

japanese team of L.A. Matsuda and colleagues. 

Afterwards, CB2 has been identified and cloned in 1993 

by S. Munro in Cambridge, UK [5,6,7]. These exquisite 

advancements made in less than 10 years led to acquiring 

even more information. In such way, unprecedented 

volume of studies on the topic were conducted and 

published by now.  

The human endocannabinoid system consists of 

cannabinoid receptors (CB1, CB2 and other non-specific), 

cannabinoid naturally synthetized human ligands 

(anandamide, 2-arachydonoylglycerol 2-AG, 

virodhamine, oleamide OEA and others), plus the 

enzymes and cofactors taking part in the biosynthesis and 

degradation characteristic processes. The CB receptors 

bind the phytocannabinoids, endocannabinoids and 

synthetic cannabinoids that have analogue or antagonist 

action with the representatives from the first two groups 

or the enzymes participating in their cell fate [8]. 

This article is an introductory review based on the 

medical literature regarding the endocannabinoid system, 

focusing within the nervous system and emphasizing the 

physiological and biochemical mechanisms, consequently 

the therapeutic values, based on the cellular biology 

implied.  

II. THE CB1 RECEPTOR 

The endogenous cannabinoid system includes two 

major receptors: CB1 and CB2. The CB1 receptors are the 

most abundant G protein-coupled receptors in the central 

nervous system. They have a density 10 to 50 times 

greater than that of dopaminergic and opioidergic 

receptors. Electron microscopy studies demonstrated CB1 

receptors being predominantly on presynaptic terminals 

[9]. They are found mainly in the CNS in brain areas such 

as the globus pallidus, the hippocampus, the cerebral 

cortex, the hypothalamus, the cerebellum, amygdala, the 

striatum, the mesencephalic periaqueductal gray matter 

and other regions. Some parts of the brain display a 

moderate density (neocortex, basal amygdala, medial 

hypothalamus, solitary nucleus), while others like the 

thalamus and brain stem exhibit lower levels of CB1 

receptors. The CB1 receptors are found at periphery as 

well, in reproductive, cardiovascular, locomotory and 

gastrointestinal systems, also lungs, kidney, thyroid gland 

and adrenal gland, either in nerves or tissue cells [10].  

The CB1 receptors are coupled with Gi or Go 

protein, negatively to adenylate-cyclase (adenylyl-

cyclase), thus attenuating the production of cAMP, and 

positively to mitogen-activated protein kinase (MAP). 

The CB1R are also coupled to ion channels through Gi/o 

proteins, positively to A-type and inwardly rectifying 
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potassium channels, and negatively to N-type and P/Q-

type calcium channels and to D-type potassium channels.  

Based on these findings, it has been suggested that 

cannabinoids play a role in regulating neurotransmitter 

release. Inhibition of presynaptic calcium channels by 

cannabinoids decreases neurotransmitter release from 

CB1-expressing presynaptic terminals [11]. 

Endocannabinoid-mediated activation of CB1 

receptors on neurons inhibits neurotransmission in many 

brain regions, including striatum, hippocampus, 

cerebellum, cortex, hypothalamus, and nucleus 

accumbens, and also inhibits release of neuropeptides 

from CB1 receptor-containing nerve terminals. Inhibition 

of Ca
2+

 channels and stimulation of K
+
 channels both 

contribute to inhibition of neuronal excitability and 

suppression of neurotransmitter release [10,12]. A 

schematic view is presented in Fig. 1.   

The CB1 receptor expression was detected in 

regions influencing a number of major functions, among 

which mood and emotions, motor coordination, 

autonomic function, memory, sensation and cognition 

[13,14].  

 

 

Figure 1. Inhibition of Ca
2+

 channels and 

stimulation of K
+ 

channels both contribute to the 

inhibition of neuronal excitability and the suppression of 

neurotransmitter release. 

 

CB1 receptor activation leads to inhibition of 

voltage-gated Ca
2+

 channels, involving decreased 

neurotransmitter discharge. Inhibition of adenylate 

cyclase downstreams several signaling. The onset of K
+
 

channel induces hyperpolarization of the cell with 

subsequent decrease in neurotransmitter release. Both 

mediations serve in balancing neuroprotection and 

neuroadaptation. 

 

The CB1 receptors, among stated, play an 

important role in the central and peripheral regulation of 

food intake, fat accumulation, energy metabolism and 

homeostasis [13,15].  

III. THE CB2 RECEPTOR 

The CB2 receptor is also coupled to Gi/o proteins 

and thereby negatively coupled to adenylate-cyclase and 

the cAMP pathway in various types of cells, and it 

stimulates mitogen activated protein kinase (MAPK) 

cascades. Inwardly rectifying potassium channels can also 

serve as a signaling mechanism for the CB2. This receptor 

is located principally in peripheric tissues of the immune 

system, as those of spleen, tonsils and thymus, also on the 

surface of immune cells like monocytes, macrophages, B-

cells, T-cells, besides that in central and peripheral 

nervous structures as well [9,16]. 

The most prominent staining for CB2 receptor in 

CNS was observed in the anterior olfactory nucleus, in the 

neurons of the piriform, orbital, visual, motor and 

auditory cortex. Glial cells, also display from moderate to 

dense CB2 specific immunostaining. Some thalamic 

nuclei exhibit prominent cell bodies with CB2 markers, 

and reticular thalamic nucleus contain a dense plexus of 

CB2 immunoreactive fibres [12]. 

Moderate density of CB2 immunopositive cell 

bodies were found in the periaqueductal gray (PAG), 

substantia nigra pars reticulata, and other nuclear 

structures of the brain stem, together with Purkinje cell 

bodies of the cerebellar lobules [17]. 

The CB2 receptors can modulate immune cell 

migration and cytokine release in periphery and in the 

brain. The gathered knowledge about cannabinoid 

receptors revealed that both of them control central and 

peripheral functions such as cellular functions, neuronal 

development, neurotransmission, inflammation, 

cardiovascular, reproductive and hormonal functions, 

energy metabolism, antinociception, muscle development, 

skin protection as well as therapeutic possibilities and 

osteopathic perspectives in numerous pathological 

conditions including cancer [11,18]. 

 

IV. OTHER TARGETS 

Among other endocannabinoids (eCBs) binding 

structures there are surface non-cannabinoid receptors, 

ion channels receptors and nuclear receptors. A structure 

noted GPR55, a new G protein-coupled receptor has been 

identified as a cannabinoid receptor, which favours 

neuronal excitability. Moreover, it has also been 

discovered that anandamide is an endogenous activator of 

the transient receptor potential, vanilloid sub-type, 

TRPV1 receptor [8]. TRPV1 is activated by inflammatory 

factors and nerve growth factors. It is found on dopamine 

neurons in the substantia nigra, on pyramidal neurons in 

the hippocampus, the locus ceruleus and several cortical 

layers [9].  

There is a specific interaction between anandamide 

and an intracellular site of TRPV1. The effect of 

anandamide on this channel can be diminished or blocked 

by specific antagonists of  TRPV1, whereas it is not 

affected by antagonists of CB receptors. Noteworthy, 2-

AG does not activate TRPV1 receptors. The action of 

eCBs on dopamine transmission may be mediated via 

TRPV1 receptors [19]. Anandamide and analogues are 

full TRPV1 agonists, while Δ
9
-THC does not bind 

vanilloid receptors. Endocannabinoids also interact with 

nuclear receptors, such as peroxisome proliferator-

activated receptors (PPARs), a family divided in three 

sub-types α, β, γ, all of them expressed in the nervous 

system. Anandamide activates PPAR α and γ subtypes. In 

addition, oleamide and anandamide have a high affinity 

for the binding site of PPAR, which confer them 

anorexigenic, anti-inflammatory, neuroprotective, anti-
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seizure, cognitive enhancing and anti-addictive properties 

[19,20]. 

 

V. BIOSYNTHESIS AND DEGRADATION OF 

MAIN ENDOGENOUS LIGANDS 

The endogenous ligands, like major AEA and 2-

AG, are not stored in resting cells but unlike other 

mediators they are synthesized and released ‘on demand’, 

when and where necessary, following physiological or 

pathological stimuli, in a way depending upon Ca
2+

 

influx, either on activated metabotropic and ionotropic 

receptors. The synthesis of AEA and 2-AG is associated 

with the formation of non-cannabimimetic, or weakly 

cannabinoid receptor active compounds, such as N-acyl-

ethanolamines and 2-acylglycerols, which have been 

suggested to potentiate the effects of endocannabinoids, 

known under the name of ‘entourage compounds’ or 

‘entourage effect’ [21].   

There are several alternative pathways and 

enzymes for the biosynthesis and inactivation of AEA and 

2-AG. Anandamide was suggested to come from 

phospho-anandamide, a product of the hydrolysis of N-

arachidonoyl phosphatidyl ethanolamines (NArPE), 

catalysed by a phospholipase-C-like enzyme. An tyrosine 

phosphatase was identified as the most likely enzyme 

responsible for phospho-anandamide hydrolysis to 

anandamide. Another possible route for anandamide 

formation is via the sequential cleavage of the two acyl 

groups of NArPE, catalysed by a/b-hydrolase, followed 

by phosphodiesterase-mediated hydrolysis of 

glycerophospho-anandamide to anandamide. The cellular 

biosynthesis of endocannabinoid anandamide might also 

occur via conversion of NArPE into 2-lyso-NArPE by 

phospholipase A2, followed by the action of 

phospholipase D [16,22]. A putative endocannabinoid 

membrane transporter (EMT) involved in the cellular 

uptake of endocannabinoids may also be involved in their 

release. Besides that, transportation of anandamide and 2-

AG, when present in the extracellular space, can also take 

place by facilitated diffusion, in neurons or any other 

cells. However, a specific anandamide transporter protein 

has yet to be cloned. Regarding the intracellular 

degradation of anandamide it has been concluded that it is 

mediated predominantly by fatty acid amide hydrolase 

(FAAH) that breaks it down to arachidonic acid and 

ethanolamine [22,23]. The endocannabinoid 2-AG 

is synthesized in most cases from the hydrolysis of 

diacylglycerols containing arachidonate in the 2nd 

position (DAGs), catalysed by a specific DAG lipase 

known of two forms – DAGLa and DAGLh. The 

molecule of 2-AG can also be formed in pathways from 

both phosphatidylcholine and phosphatidic acid by the 

action of DAG lipase [24,25]. Intracellular 2-AG could be 

esterified into neutral lipids and is inactivated in a one-

step reaction, being catalyzed by monoacylglycerol lipase 

(MAGL) [25]. 

Ethanolamine, arachidonic acid and glycerol, the 

hydrolysis products of AEA and 2-AG are recycled into 

the membrane, in order to be used again for synthesis of 

eCBs and for membrane structuring. It was also 

established that AEA and 2-AG can be enzymatically 

transformed into prostaglandin ethanolamides 

(prostamides) and prostaglandin glyceryl esters [26]. 

Other potential catabolic pathways for the 

endocannabinoids employ the enzymes of the 

arachidonate cascade, like cyclooxygenase-2, 

lipoxygenases and cytochrome p450 enzymes, all 

reported and reviewed [21,23]. 

VI. BASIC ENDOCANNABINOID NEURONAL 

ACTIVITY 

The first demonstration of retrograde 

endocannabinoid signaling came from the discovery that 

eCBs mediate forms of short-term synaptic plasticity 

known as depolarization-induced suppression of 

inhibition (DSI) by Ohno-Shosaku et al. and separately by 

Wilson et al., both in 2001, and depolarization-induced 

suppression of excitation (DSE) by Kreitzer in the same 

year [27]. It was later shown that eCBs also mediate 

presynaptic forms of long-term depression (LTD) at both 

excitatory and inhibitory synapses [28]. 

Endocannabinoids have since emerged as the best 

characterized retrograde messengers, with numerous 

examples of short- and long-term synaptic plasticity 

reported throughout the brain (Fig. 2). 

Their localization at neuronal terminals strongly 

suggests that cannabinoid receptors play important roles 

in regulating synaptic function. The CB1R activation 

inhibits and controls neurotransmitter release at synapses 

with glutamate, acetylcholine or noradrenaline 

communication, through two main mechanisms. For 

short-term plasticity, in which CB1Rs are activated for a 

few seconds, the mechanism involves direct G protein-

dependent inhibition of presynaptic Ca
2+ 

influx through 

voltage-gated Ca
2+ 

channels (VGCCs) [30]. For long-term 

plasticity, the predominant mechanism requires inhibition 

of adenylyl-cyclase and downregulation of the 

cAMP/PKA. The expression mechanism for eCB-LTD 

may involve presynaptic proteins Rab3B/RIM1or a 

reduction of P/Q-type of VGCCs [29,31].  

While 2-AG seems to be the head eCB required for 

activity-dependent retrograde signaling, the functional 

crossing between 2-AG and AEA signaling was reported, 

and recent findings suggest that 2-AG and AEA can be 

recruited differentially from the same postsynaptic 

neuron, depending on the type of presynaptic activity 

[13,28]. Growing evidence indicates that glia participate 

in eCB signaling. The synthetic machinery for eCB 

production was observed in oligodendrocytes, astrocytes, 

and microglial cells [30,32]. Likewise, cultured astrocytes 

and microglial cells can produce 2-AG or AEA. 

Several findings support a role for eCBs signaling 

to astrocytes and their ability to indirectly mediate 

synaptic function [31,33]. Astrocytes may have long-

distance neuromodulatory effects that are mediated by 

eCB signaling. Endocannabinoid mediated neuron-

astrocyte communication has also been implicated in 

long-term plasticity [32].   
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Figure 2. Essentials of retrograde signaling 

conducted by endocannabinoids. 

 

Endocannabinoid synthesis in response to direct 

depolarization is strongly dependent on increased 

intracellular Ca
2+

 influx, which may synergize with the 

activation of metabotropic glutamate receptors (mGluR) 

as well as phospholipase C-linked receptors (GPCR) to 

further stimulate endocannabinoid production. 

Postsynaptic depolarization opens voltage dependent 

Ca
2+

 channels that activates enzymes to synthetize eCBs 

from membrane lipid precursors. Activation of mGluR 

can also generate eCBs likely by activation of 

phospholipase C. Endocannabinoids leave the 

postsynaptic cells and activate presynaptic CB1 

receptors. G protein activation liberates Gβγ and inhibits 

presynaptic Ca
2+

 channels, which decreseas the 

neurotransmitter release.  

Adapted from Wilson RI et al. [29]  

 

In addition to the classical, activity-dependent 

phasic mode of eCB mobilization, tonic eCB signaling 

has been reported. Tonic signaling can be observed as an 

increase in basal synaptic transmission after 

pharmacological blockade of CB1Rs [34].  

The fact that most 2-AG is hydrolyzed by MGL 

suggested that 2-AG mediates tonic eCB signaling, which 

is consistent when happening release of 2-AG in cultured 

neurons. AEA can also contribute to tonic eCB signaling. 

Chronic inactivity in neuron cultures reduced the AEA 

tone by augmenting AEA uptake and degradation. 

Together, these studies suggest that tonic eCB signaling 

can control in some conditions basal synaptic 

neurotransmitter release [33]. 

 

VII. THERAPEUTIC POTENTIAL OF 

CANNABINOID MEDICINES 

Currently, three synthetized medicines that activate 

cannabinoid CB1/CB2 receptors are in the clinics of the 

countries that approved it: Cesamet (or Nabilone; 

synthetic mixture of THC isomers), Marinol (Dronabinol; 

also THC) and Sativex (THC with cannabidiol CBD) 

[35,36]. These can be prescribed for the amelioration of 

chemotherapy-induced nausea and vomiting (Cesamet 

and Marinol), stimulation of appetite (Marinol), and 

symptomatic relief of cancer pain or management of 

neuropathic pain and spasticity in adults with multiple 

sclerosis (Sativex), as protocoled examples [37].  

Authors provide an up-to-date account of where 

the field stands and underline additional reliable 

therapeutic targets for cannabinoid receptor agonists 

[12,20]. These include other types of pain, like different 

forms of migraine as well as fibromyalgia, epilepsy, 

anxiety, depression, Parkinson disease, Alzheimer’s, 

Huntington disease, amyotrophic lateral sclerosis, stroke 

and ischemia, a variety of cancer types, drug dependence, 

glaucoma, osteoporosis, sepsis and hepatic, renal, 

intestinal and cardiovascular disorders [26,37,38].  

Therefore, the CB receptors agonist are indicated 

to be used for medication as potential hypnotics, wide 

range analgesics, antiemetics, antiasthmatics, 

antihypertensives, immunomodulatory drugs, anti-

inflammatory and neuroprotective agents, antipsychotics, 

antiepileptics, for treating spasticity and other movement 

disorders, post-traumatic stress disorder and alcohol or 

cocaine dependence and withdrawal [17,19,39].  

There are several potential strategies for improving 

the efficacy and benefit-to-risk ratio of these agonists in 

the standard usage. It is notably used the targeting of 

cannabinoid receptors in the brain, CBRs located outside 

the blood-brain barrier, CBRs expressed by a particular 

tissue, upregulating cannabinoid receptors, together with 

selective targeting of cannabinoid CB1 or CB2 receptors 

and/or adjunctive ‘multi-targeting’ [40].  

In conclusion, the medical utility derives either as 

using agonists and phytocannabinoids stimulating the 

activity of the endocannabinoid system, or antagonists 

that are preventing the binding of endogenous ligands and 

thus inhibiting the activity in certain locations and 

conditions  
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I. INTRODUCTION 

Functional Electrical Stimulation (FES) is a 

technique that uses small electrical pulses applied to 

paralyzed muscles to restore or improve their function. It 

is primarily used to restore function in people with 

disabilities caused by spinal cord injury (SCI), head 

injury, stroke and other neurological disorders. FES can 

also be referred to as Neuromuscular Electrical 

Stimulation (NMES)[1]. 

FES was initially named Functional 

Electrotherapy by Wladimir Liberson [2] and it wasn't 

until 1967 that the term Functional Electrical Stimulation 

was coined by Moe and Post and used in a patent entitled, 

"Electrical stimulation of muscle deprived of nervous 

control with a view of providing muscular contraction and 

producing a functionally useful moment". The first 

commercially available FES devices treated foot drop by 

stimulating the peroneal nerve during gait. In this case, a 

switch, located in the heel end of a user's shoe, would 

activate a stimulator worn by the user (fig. 1). 

Fig.1. The Odstock Dropped foot stimulator 

 

 

Lieberson announced a considerable 

improvement in the movement of hemiplegic patients  

 

 

who have tested this type of neuroprosthesis. The idea 

became the basis for research programs at such facilities 

as (University Rehabilitation Institute – Ljubljana, 

Rancho Los Amigos, Downey, USA, etc.) [3,4]. In 

consequence many FES devices were designed and tested; 

nonetheless few made it into clinics for the treatment of 

patients.  

II. IMPLEMENTATION 

Functional electrical stimulation coordinates the 

activation of the groups of muscles in such a way that the 

resulting movement of the inferior or superior limbs will 

correspond to the normal, voluntary one. 

    The patients who can benefit from treatments 

based on functional electrical stimulation are: 

 Patients with a stroke, or cerebrovascular accident 

(the first 6 months are decisive in recovery) 

 Patients with multiple sclerosis (improves the quality 

of movements) 

 Patients with Parkinson’s disease (the quality of 

walking is improved significantly) 

 Paralyzed patients (sustaining exercises)[5,6] 

Research in the neural-prosthesis field resulted in 

the following applications: 

 Neural-prosthesis controlling urination and 

defecation[8,9]; 

 Neural-prosthesis implanted in arms intended for 

controlling the grabbing function[10]; 

 Neural-prosthesis that help paraplegic patients 

transfer from wheel-chair on the toilet and from chair 

to bed[11,12]; 

 Neural-prosthesis for walking[13]; 

An implanted system called “Free Hand” [10] 

considerably improves the functional abilities of a 

tetraplegic patient’s hand, with lesions of the spinal cord 

at the C6-C7 level. 

All around the world there are a total of 150 

patients that benefit from using this implanted system. 

Thought, few of the integrated neural-prostheses are used 

in typical clinical treatment. 
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III. FUNCTIONAL ELECTRICAL STIMULATION 

 

 Electrical stimulation is done using implanted 

electrodes or electrodes placed on the surface of the skin. 

Surface electrodes are easier to use, however they cause 

problems related to electric conductivity and muscle 

selection and isolation. They also move with the skin on 

which they are placed and can become inefficient during 

functional movement. 

 Implanted electrodes are much more difficult to 

set up, they can cause complications such as infection. 

However, when placed correctly they allow precise 

control over the muscles and nerves that need to receive 

stimulation. Furthermore, due to the advancement in 

microelectronics implanted electrodes have become more 

and more miniaturized [7]. 

 Stimulation is performed with electrical pulses of 

a square waveform. When using surface electrodes on 

muscles with an intact motor neuron, the pulse parameters 

are: 20Hz-40Hz frequency, pulse duration between 5 µs 

and 350 µs and a current of 20 mA - 100 mA [6]. In the 

case of implanted electrodes, contraction can be achieved 

with a 20 mA current and pulse duration of 200 µs. 

Muscles deprived of innervation require a pulse duration 

around 150 ms for contraction. 

 The objectives of our group were to build a 

working model of a FES device using the methods and 

materials available today and demonstrate the efficiency 

of functional electrical stimulation when it comes to 

improving control over paralyzed muscles. Our secondary 

goal is to encourage research in this field by illustrating 

how accessible and flexible this method is, and what 

potential benefits it may have in the future. 

IV. DESIGN  

 FES devices consist mainly of two parts: a 

stimulator and a microcontroller. The stimulator is the 

source of electrical impulses and the controller – a way of 

programing various algorithms for contraction and 

relaxation. 

 Our stimulator was made up of 4 simple mosfet 

circuits equipped with a voltage regulator, a potentiometer 

(connected as a voltage divider) and signal LEDs for each 

of the 4 channels. The circuit was assembled on a 

breadboard. 

 The microcontroller we used is called Arduino, a 

single-board microcontroller designed to make the 

process of using electronics in multidisciplinary projects 

more accessible. Arduino is a descendant of the open-

source Wiring platform and is programmed using a 

Wiring-based language (syntax and libraries), similar to 

C++ with some slight simplifications and modifications, 

and a Processing-based integrated development 

environment (fig. 2) 

 The implantable electrodes used in our 

experiments were improvised from insulated copper wire 

and stainless steel needles. 

 

 

 

 

 

Fig.2. Example of one of the programs used 

V. TESTING 

 Experiments were conducted on frog hind legs 

which required the use of special parameters adjusted for 

frog muscle fibers. These parameters were obtained from 

a study at Northwestern University USA where students 

determined the relationship between different types of 

electrical stimuli and frog muscle response (fig. 4). Based 

on their results, our FES system used a signal of 41.6 Hz 

and 50% duty cycle and a voltage that varied from 3V to 

6V depending on the case. This combination showed an 

acceptable degree of contraction and movement. 

 In every experiment we used paralyzed frogs 

with no motor or sensory functions of the lower limbs.  

 

 
 

Fig.3. Frog hind leg anatomy 
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Electrodes were inserted in individual muscles or muscle 

groups of the thigh and leg (fig. 3). Our results were 

recorded in video format and can be found online [16] 

 In our first experiment we began by alternately 

stimulating only one muscle and obtained a movement of 

flexion and relaxation, we also showed that the duration 

of each phase of this cycle can be modified via changes in 

the controller’s program. 

 In the second experiment we stimulated two 

muscle groups that gave us a movement of flexion and 

extension in the ankle joint.  

 In the final third experiment we aimed to obtain 

knee flexion which proved to be difficult due to the 

proximity of muscles performing other functions to the 

muscles responsible for flexion. By inserting electrodes in 

the muscle group containing the flexors, other muscles 

were triggered resulting in movement not required by the 

experiment. A simple workaround was found by 

“electrically isolating” the needed muscles from a group. 

One electrode was inserted in the thigh while the other 

was placed below the knee joint, thus the shortest path for 

our stimuli was from the flexor muscles in the posterior 

group of the thigh to their insertion point below the knee. 

The result was satisfactory. 

 An additional experiment was attempted using 

all 4 channels of our stimulator to control 4 muscles at 

once. However our stimulator proved to be inappropriate 

for such a task as it lacked stimulus isolation.\ 

 

 
Fig. 4.  Force transducer reading for different stimulus 

frequency levels 

 

VI. FUTURE DEVELOPMENT 

 

 The future of SEF technology is within the 

concept of the Brain-Computer Interface (BCI)(fig. 2). 

Integrating these two would allow muscles to receive 

stimuli directly from the brain and not from a pre-

programed device. This essentially solves the problem of 

damaged nerve fibers as the information is transported to 

the target cell via synthetic pathways. BCI works by 

reading brain activity and using that data to generate 

electrical impulses that perform functional electrical 

stimulation. Currently we know of at least two major 

breakthroughs in this field that we came to know of 

through two experiments. One from 2008(fig. 3) in which 

a team from the Department of Neurobiology in 

Pittsburgh, Pennsylvania USA allowed a monkey to feed 

herself using a robotic arm controlled through a brain-

computer interface[14]. The other experiment from 2012 

(fig. 4) comes from Northwestern University where a 

monkey was able to successfully perform a grasping task 

with a paralyzed arm with the aid of a FES system 

controlled through BCI[15]. 

 

 
Fig.5.  The Brain-Computer Interface 

 

 
 

Fig.6. Cortical control of a prosthetic arm for self-feeding 

 

 
 

Fig.7. Restoration of grasp following paralysis through 

brain-controlled stimulation of muscles 

 

VII. CONCLUSION 

 In conclusion we believe that FES is an efficient 

technique when treating paralysis and other forms of 

damaged innervation. FES devices are easy to 

manufacture develop and test. And most importantly 

functional electrical stimulation must be developed and 

coupled with the brain-computer interface in order for it 

to reach its maximum efficiency. 
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I. INTRODUCTION 

Hypothermia for therapeutic purposes is used for its 

cooling effect on some areas of patient’s body, in order to 

reduce the risk of ischemic tissue trauma after a period of 

insufficient blood supply [1]. Period of insufficient supply 

with blood may be caused by heart failure or blockage of 

arteries when an embolism occurs, as it is usually happens 

after a stroke.  

Studies have shown that patients under risk for 

ischemic brain injury present better results using 

hypothermic methods of treatment [2]. This studies where 

focused on researching ischemic accidents that unlike 

usual strokes reduces coagulation threshold. This 

researches shown that hypothermia used in therapeutical 

purposes has a neuroprotective effect [3]. Studies showed 

as well that use of therapeutic hypothermia in order to 

control intracranial pressure (ICP) after an ischemic 

stroke is a safe and feasible procedure [4]. 

Medical therapeutic hypothermia may be implemented 

using invasive techniques, where heat transportation is 

directed by a catheter inserted into femoral vein, or 

through noninvasive methods when usually is used 

water/ice. To achieve the required temperature, patient’s 

torsos are covered with specific applications or with 

sheets soaked with water which are in direct contact with 

patient’s skin.   

II. METHODS 

In specialty literature authors propose construction and 

testing of a special device which use hypothermia for 

medical purposes, in order to control cooling of specific 

areas and tissues on head. In fig.1 researchers present us a 

sketch of this device which uses cooling elements with 

sensors. For primary experiments are used 4 cooling 

elements and further their number increase to 20 which 

should be enough to cool the blood flow. For control of 

temperature we will use sensors placed near ears, neck 

and nose (fig1). Routing algorithms will be based on 

Fuzzy logic rules [6] which in present are developed in 

collaboration with medical officers from their specific  

 

 

domain. Fuzzy logic rules will allow smart routing of 

temperature reducing inertia of reaction system [5]. 

 

 
Figure 1.  Localization scheme of temperature sensors and cooling 

elements 

III. CIRCUIT DESIGN 

Block diagram of the hypothermal therapy device (fig. 

2) consists of cooling module, collector module and 

temperature processing, automatic guidance module, PC 

interface module and the UI Graphical interface on the 

PC. 

 

 
Figure 2.  Block diagram of the device 

 

Cooling module consists of 4 Peltier elements with 

power supply driver. As cooling elements the Peltier 

elements are used because they are small, which permits 

the creation of managed cooling surpasses and will end up 

with an area with non-uniform temperatures.  

Drivers based on power MOS-FET transistors 

(IRF3808) used for controlling of the Peltier elements. 

Modification of the duty-cycle (PWM) is used as a 

controlling algorithm. 
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Four digital sensors [8] (DS18B20) are used for 

temperature monitoring. They measure the temperature 

with a resolution of 12 bits, witch a delta error of 0.1
0
C 

which is sufficient for measuring dynamically low 

biological signals. Temperature sensors are connected to 

the 1-Wire protocol (fig. 3) on the microcontroller data-

bus. The 1-Wire protocol has been implemented on the 

software level. 

 
 

Figure 3.  Sensors connection with 1-Wire protocol 

 

Atmega16 microcontroller [9] is used. It has a 14.7456 

MHz working frequency. This microcontroller was 

chosen because of the fact that a cheap microcontroller is 

used to check the preceding algorisms and the 

management of the cooling elements and also for 

checking and creation of the temperature filed.  

To generate 4 PWM signals, 3 Timer Modules are 

used, which are working at a 115.2 kHz frequency. To 

obtain a SMART control of Peltier elements we use a 

proportional PWM signal obtained by using Fuzzy control 

algorithms [7]. 

UASRT module for hypodermic and computing 

communication is used to modify and control the 

necessary parameters and also for visualization of the 

sensor’s temperature filed figures. UASRT module allows 

a 250kbps data exchange speed. Data package is formed 

of 4 bits of data and the control sum, so the integrity of 

date is guaranteed. 

 
Figure 4.  USB-UART converter 

 

USB-UART converter (Fig. 4) is assembled according 

to a scheme based on ATTINY2313 controller [10]. We 

used the converter due to low price and acceptable 

functionality. Reason of this choice was intention to 

elaborate a device at a low cost.  

Therapeutic hypothermia device operates 

autonomously. In case that there is a need of changing the 

treatment program, there can be made some changes to 

initial soft program which can be used from any working 

computer with an USB port. In order to connect this 

device there was made an user guide interface that allows 

to display temperature of monitored areas.  

 

 
Figure 5.  User guide interface 

 

IV. CONCLUSION 

 

Authors build a sample of a device for therapeutics 

with hypothermia used in medical purposes for directed 

cooling of specific tissues using Peltier, elements. Peltier 

cooling elements allow elaboration of a small mobile 

device that can be operated in emergency medical service, 

in this way reducing the risk of ischemic tissue trauma 

after heart failure or blockage of arteries to embolism.  
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I. INTRODUCTION 

Intrusion monitoring systems are designed to detect 

unauthorized intrusion into buildings, protected 

territories, perimeters, etc.
1-4

 Fiber optic sensor 

technology offers the most powerful tool for intrusion 

monitoring.
5-9

 In recent years fiber optic sensor 

technology has been growing in both interior and exterior 

security applications with possibility for both detection 

and location of the intrusion.
9-12 

A fiber optic intrusion 

monitoring systems can detect attempt to cut, lift, crawl 

under, climb over a fence or protected area.  

Various operation techniques are being used in 

development of fiber optic intrusion monitoring systems.
1-

3
 These techniques use as operation basis the principle of 

variation of a specific parameter of the light beam that 

propagates into an optical fiber. Various different 

techniques basically refer to speckle effect, 

interferometry, Raleigh or Brillouin scattering, etc.
1,2,4

 

The most performing among them are fiber optic 

distributed intrusion monitoring systems based on light 

scattering in a single mode optical fiber. While these 

systems ensure a long surveillance perimeter as well as 

the possibility for location of the intrusion, they are 

relative complex and expensive. On the other hand the 

systems that are based on the principle of speckle effect in 

a multimode fiber are simple, reliable and cost-

effective.
1,7,12

  

Fiber optic intrusion monitoring systems system 

may find application in surveillance of perimeters and 

various individual objects from unauthorized intervention, 

e.g. civilian and military objects, deposits of radioactive 

or chemical waste materials, etc. We describe here a fiber 

optic perimeter intrusion monitoring system based on 

registration of the speckle pattern in the far-field of a 

multimode optical fiber.
12

 The system employs an optical 

fiber that can be fence-mounted, or deployed along the 

protected perimeter, buried under gravel , etc.  

II. DESCRIPTION OF THE SET UP 

When a coherent light beam is injected into the input 

end face of the fiber, the far-field distribution of the 

probing light beam is represented by the speckle pattern 

(Fig. 1). This speckle pattern is highly sensitive to 

external perturbations that hit the lateral surface of the 

fiber. For example, when a mechanical perturbation hits 

the lateral surface of the fiber, the speckle pattern 

changes, this change can be used for operation of a short 

distance perimeter-intrusion monitoring system. By 

processing the speckle pattern one can derive the 

information on the amplitude of the perturbation that hits 

the fiber.  

 

 

Fig. 1. Illustration of the speckle pattern in 

the far field of the fiber. 

The experimental set-up is represented in Fig. 2. It 

consists of a multimode optical fiber, a coherent light 

source, a microscope objective, a CCD detector, and a PC 

for speckle image processing. The probing lightfrom a 

laser source is injected into the input end face of the fiber 

and at the output end face of the fiber the far-field 

distribution of the probing light intensity (the speckle 

pattern) is registered. When a physical perturbation hits 

the fiber, the speckle pattern changes.The CCD is used for 

registration of the variations of the speckle pattern of the 

multimode fiber. 
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Fig. 2. Illustration of experimental set-up: 1 - 

coherent light source; 2 – optical fiber; 3 - 

photodetector; 4 – perturbation; 5 – processor; 6 - 

probing light beam. 

 

 

The probing light source is a He-Ne laser (  = 633 

nm) with the output power of P = 10 mW. A multimode 

optical fiber with a parabolic refractive index profile and 

the core diameter 50 µm was used as a sensing element. 

The speckle pattern was registered with a HDCS-1020 

CMOS image sensor with the pixel size 7.4×7.4 µm, and 

image array size VGA 640×480. The full frame video rate 

at 8 bit resolution was 30 fps. A typical speckle pattern of 

the fiber used for measurements is shown in Fig. 1. 
 

Analyses of the intensity distribution ),( yxI  of the 

probing light in the far-field plane of the fiber provides 

information about the perturbations that hit the optical 

fiber.
12,13

 The speckle image actually is the result of 

destructive and constructive interference of propagating 

modes in the far field of the fiber. For a separate mode at 

the output end of fiber the magnitude of electric field 


E  

can be represented as:
13

  

 

)cos(0  


tEE ,  (1) 

where 


0E  - is the amplitude of electrical field,  - the 

phase of probing light wave 
 


L

neff2 ,  L - is the 

geometrical path length of the k-th mode in the fiber,   – 

the wavelength of probing light; neff – the effective 

refractive index of for the k-th mode,  – the frequency of 

electromagnetic wave, and t - is the time. The total 

amplitude of the electric field in any point of speckle 

pattern in the plane of CCD sensor can be represented as 

the sum of contributions of all N propagating modes of 

the fiber core:
13 
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where kE  – denotes the amplitude of the k-th mode of the 

fiber, k  -  is the phase for the k-th mode at the output 

end of the fiber, N  – is the total number of modes 

propagating in the core of the fiber.  
 

The algorithm for processing of the speckle images 

registered by the CCD camera is based on comparison of 

the current speckle image kI  taken at the time kt  with 

the previous speckle pattern image taken at the time 1kt . 

(Here and below, when speaking of storing 

and processing images we mean matrices 
storage and processing those images). 

Each of the current image kI  is subtracted pixel-by-pixel 

from the reference image 1kI  as is described by the 

relation: 

 

),(),(),( 1 jikjikji
d
k yxIyxIyxI  ,  

where i =1,2,3… 1r ; j =1,2,3….. 2r  and d
kI

represents the absolute value of the difference of two 

signals registered at the moment tk and tk-1 for the n-th 

pixel with the coordinates (xi,yj). The next processing step 

represents summation of all M  pixels’ differences (

21 rrM  ) for determination of the absolute value Sk 

for the corresponding time moment tk: 

 

 
 


1 2

1 1

,

r

i

r

j

ji
d
kk yxIS ,  (6) 

 

where r1 and r2 are the number of pixels along X  

and Y  coordinates respectively. The resulting value of the 

sum kS  is plotted on the PC screen as an output signal of 

the CCD detector at the time tk.  
 

In other terms, the speckle image in the far-field for 

a current time value tk is put into correlation with a matrix 

of data kF . Each element of this matrix <xi,yi> (the 

current matrix kF ) gives the intensity of probing light 

corresponding to a specific pixel with coordinates (xiyi) in 

a specific time moment tk. The output signal is obtained 

by summation of the absolute values of the all matrix 

elements dkF . Note, that the matrix dkF  represents the 

difference between the current matrix kF  and the 

reference matrix 1kF . 
 

The magnitude kS  correlates to the amplitude of the 

perturbation that hits the fiber and can be calibrated to 

represent exactly the amplitude of the perturbation. 

Because we do not utilize too many routines for image 

processing the rate of the procedure is sufficient high. The 

dependence of the output signal vs. the amplitude of the 

perturbation keeps linear for a sufficient wide segment of 

the speckle spot.
12,13

  

The numerical value of the sum Sk is compared with 

the reference value set for triggering the alarm. Provided 

the value kS  exceeds the reference signal then the alarm 

signal is switched on (Fig. 4).  
 

The module for generation of the output signal is 

represented a processor, which contains a numerical 

differentiator for processing the matrices of speckle 

images, and a summator of difference-images of two 
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consecutive speckle patterns. The comparator, which is 

connected in parallel to the sensitivity module, generates 

the alarm signal every time when the sum of the signal-

differences exceeds the sensitivity threshold of the 

system. 

 

 

Fig. 3. Illustration of the algorithm for 

processing the speckle image: 1 – coherent light 

source; 2 – optical fiber; 3 - photodetector (CCD); 

4 – intrusion perturbation; 5 – processor; 6 – 

probing light beam; 7 – capturing of the reference 

speckle pattern; 8 – capturing of the current 

speckle pattern; 9, 10 – subtracting matrices 1kF  

and kF ; 11 – summation of the elements of the 

matrix dkF ; 12 – setting the sensitivity of the 

system; 13 – output signal. 

 

 

 
 

Fig. 4. Illustration of the perturbation and of the 

output signal. The alarm signal is triggered when the 

perturbation exceeds the level of alarm signal 

triggering. 

 

The PC program that controls the system provides 

the user the possibility to monitor on the screen in real-

time the output signal, and to adjust the sensitivity of the 

system. The sensitivity and threshold parameters can be 

adjusted by setting the corresponding parameters on the 

PC screen “Scale”, “Time”, “Frames”, “Zero” (Fig. 5).  
 

The system is designed as an outdoor perimeter 

intrusion monitoring system that could provides a reliable 

and cost effective solution for a variety of perimeters. The 

sensing optical fiber can be deployed along a fence or 

buried under gravel along the perimeter (Fig. 6). The 

system is suitable for outdoor application in the extreme 

environmental conditions. The sensing optical fiber can 

be attached to the fence in a double loop configuration. 

The basic advantages of the system are: 

 High probability of detection; 

 Immune to EMI, RFI and to lightning strikes; 

 Uniform detection along the entire perimeter; 

 Possibility to be mounted on various types of 

fences; 

 Stable under extreme weather conditions; 

 Possibility for network integration; 

 Low maintenance cost. 

 

 

 

Fig. 5. The screenshot of the program 
 

 

 

 

Fig. 6. Illustration of the attachment of the optical 

fiber to a fence and installation of the fiber in the 

ground. 

III. CONCLUSIONS 

A fiber optic perimeter intrusion monitoring system 

is based on a registration of speckle pattern in the far-field 

of a multimode optical fiber. The intrusion monitoring 

system comprises a multimode optical fiber connected to 

a coherent light source, a CCD detector and a processor 

for generation of the output signal. The system is based 

on the principle of variation of speckle pattern in the far 

field of a multimode optical fiber under the action of 
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mechanical perturbation. By processing the speckle 

pattern one can derive the amplitude of the output signal. 

Intrusion monitoring system can find application in 

surveillance of civilian and military objects, deposits of 

radioactive or chemical waste materials, etc. 
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1. INTRODUCTION 

 

The importance of the medical application relates to 

the fact that internal organs requiring radiation therapy are 

subject to movement within the body over time. 

Therefore, location of a tumor determined by an x-ray 

computerized tomography scan or magnetic resonance 

imaging prior to the onset of the radiation treatment 

becomes inaccurate once organs readjust position due to 

eating, walking, or other bodily motions. As a result, 

radiation extending periodically over days or weeks can 

miss the intended target with collateral damage to 

neighboring tissue.  By sensing the position of a small 

implanted tag magnetically it becomes possible to 

pinpoint a tumor’s location just prior to or during 

treatment. 

It is known that a cast amorphous microwire in glass 

encapsulation (CAMGE) with positive magnetostriction 

possesses a rectangular hysteresis loop and its 

magnetization is reversed by a large Barkhausen jump 

(LBJ), the coercive force of which can be regulated by 

both the residual and external mechanical stresses (see, 

fig. 1  and  [1]). 

Various wires (including micro- and nanowires) 

feature properties of magnetization reversal with the use 

of LBJ, and their magnetic structure can differ from the 

magnetic structure of the CAMGE. In this case, the 

possibility of their long-term existence in certain (one of 

two) magnetized states and the stepwise transition from 

one magnetized state to another is called the magnetic 

bistability effect (by analogy with similar effects in other 

sections of physics). However, as was already noted in 

[2], the particular domain structure of these micro- and 

nanowires can differ from one another. Therefore, a wider 

theoretical study of the bistability phenomenon in 

magnetic materials that will not depend on the particular 

magnetic structure makes some sense. 

Bistable ferromagnet (BF) technology is usually 

reduced to its formation in material with a strongly 

pronounced gradient of the magnetic potential profile, 

which is possible, e.g., in CAMGE, in the presence of 

quasi-mono-axial magnetic anisotropy. Then, both 

bistable states can be abstractedly represented as energy 

levels of the system spaced by the energy barrier. BFs 

were earlier obtained by thermal and mechanical 

treatment. Thus, in particular, the well-known Wiegand 

vicalloy wire was obtained [2]. In contrast to the Wiegand 

wire, since the production moment, the CAMGE with a 

positive magnetostriction is a BF.  

In addition to the CAMGE manufacturing 

technology, there is the Unitika technology (Unitika Ltd.). 

The wires manufactured by the Unitika technology (this 

technology is also called in rotating water quenching) 

possess another magnetic structure and different (from 

CAMGE) magnetic characteristics, although they are also 

referred to BF. 

 

The properties of CAMGE are basically discussed in 

this work, but our many results can be referred to any BF. 

We will start to discuss the magnetization reversal 

mechanisms, which were opened, in particular, in studies 

of the magnetization reversal of materials out of the 

Wiegand vicalloy wire and earlier in studies of multiple 

jump materials and theoretically studied in detail in [2]. In 

our opinion, it is necessary to theoretically analyze the 

experimental results obtained in [3] from this position. 
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Fig 1 Differential (a) and integral (b) hysteresis loop by large Barkhausen jump. 

 

 
 

Fig. 2.  The experimental arrangement of measure for dipole 

 

 

2. THEORETICAL and EXPERIMENTAL RESULTS 

 

Let us show magnetic dipole with the scheme of 

measuring of coil (see fig. 2).  

Components of the magnetic intensity are written as: 
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(1)  , 

                                                                                       

where ω/c = 2π/λ, and λ is the radiation wavelength, m0 

is dipole moment, G is propagation  function (
7

0 104  m H/m).  

 

(The absolute values of the vector projections are 

given without taking the signs into account.)  

Let us consider the extreme case when r/λ< 1. This 

case corresponds to low frequencies by which the LBJ is 

characterized, and the contribution of the member that is 

proportional to 
31 r is important for them. It is known 

that the electric and magnetic fields of these members are 

shifted in phase by π/2  ; hence, the averaged energy flow 

of the near field is equal to zero.  

Below, we will be interested only in the dependence 

of the magnetic field intensity on the distance to the 

dipole. Formulas (1) reflect the dynamic and quasi-static 

processes. The propagation function G(ω) should reflect 

the actual movement of the domain wall. The simplest 

form of the delta shaped pulse will be used. That does not 

actually reflect the magnetization reversal process and can 

be only used in the estimates. 
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Equations (2) enable to theoretically estimate the BJ 

recording range.  

Could be noted the special features of recording the 

magnetic pulse data:  

 
1. The signal of the scheme measuring of coil - X 

(see fig. 2), which is twice larger than the signal of the 

scheme  measuring of coil -
 
Z (see fig. 2) makes it 

preferable, and this is used in experiment (see below). 

There is no radio signal in this configuration, but it exists, 

e.g., in the measurements in accordance with scheme 

measuring of coil - Z. 

2. For the CAMGE dipole with the saturation 

induction value B
S 

≈1 T (for an Fe-based microwire) and 

with the microwire volume V ≤10–11 m3 (for a microwire 

with a core diameter of ~ 40 μm and a length of ~10
–2

 m), 

the equipment fixing this dipole radiation field should be 

sensitive to magnetic fields of 10
–7

 A/m near the dipole (r 

< 1 m). The smallness of this value (below the magnetic 

noise level) is determined by the smallness of the dipole 

volume.  

 
The possibility of recording the LBJ in the near-field 

zone of the signal by an induction measuring coil was 

checked in [3] (see on the scheme of measuring of coil –X 

fig. 2 and on high – inset fig. 3).  

The signal of the magnetic flow variation owing to 

the component H
r
 was recorded. The end wall of the 

measuring coil was directed at a right angle to the vector r 

and perpendicular to the dipole’s center. The external 

magnetic field, which initiated the magnetization reversal 

of the dipole, did not create an induction EMF in the 

measuring coil. 

 

 
 

 

Fig. 3. Dependence of the EMF at the measuring coil plotted in the Y-direction (in mV) on the distance between the 

center of the dipole and the end wall of the measuring coil in the X-direction (in cm) [3]. The vector r (the distance 

from the dipole to the coil) is perpendicular to the center of the dipole and the end wall of the measuring pickup coil. 

(Insets: schema magnetic location and principal electronic schema measure are presented). 
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Therefore, in this scheme (the scheme measuring of 
coil -X in fig. 2, and on high – inset fig. 3), a 
compensating coil is not needed. In this case, the radio-
field component is absent, and the measuring coil receives 
the near field of the microwire dipole (with a length of 3 
cm and a core diameter of ~50 μm [3]).  

The studies were performed using Fe - and Co - 
based CAMGE [4] where the measuring coil was placed 
along the dipole’s axis (with the end wall at a right angle 
to the dipole) at some distance from it. In this case, a 
compensating coil is needed. (It is corresponding to 
scheme Z presented on fig. 2). 

The maximum distance for the signal receipt from the 
Fe - based CAMGE reached ~20 cm (according to [4], 
when the core diameter is ~20 μm and the dipole length is 
~3 cm), but, in this geometry, one can expect a significant 
increase in the signal reception distance at large switching 
rates, when the radio signal from the dipole can be 
significant. 

As was noted, only the signal corresponding to the 
near - field zone was observed in [3]. Therefore, the 
induced electromotive force (EMF) of the received 
radiation signal varied in accordance with 1/r

3
 law (Fig. 

3). The angular dependence obtained in [3] also 
corresponds to formulas (2). The results obtained in [4] 
differ from those of [3] since the 1/r

3
 law is not true for 

them, probably, because not only the near - field zone 
radiation was measured (at least we have no other 
explanations). 

It follows from the results of [3, 4] that the 
application of magnetic labels out of microwires is 
strongly limited due to the small distances of the signal’s 
reception. However, this does not prevent one from using 
similar microwire labels for medicine, as was proposed in 
[3]. 

It is known that the average energy flow from the 
radiating dipole is proportional to the radiation frequency 
to the fourth power [5]. The increase in the radiation 
frequency is intended to substantially raise the radio 
signal’s power (see the possible technical solution in [6, 
7]). 

As is known, the electromagnetic wave actually 
carries the electromagnetic energy, which decreases, as 
that of any point electromagnetic energy source, 
according to the 1/r

2 
law (spherical wave). In addition, the 

indexation of the electric field component by the 
measuring unit can be more preferable in this case. 

Note that there are conditions in which the radio 
waves are strongly absorbed. However, in these 
conditions, the radiation of the near- field zone can be 
revealed, thus making just the near - field signal urgent. 

3. CONCLUSIONS  

The critical length of the CAMGE sections at which 
the BF effect with the LBJ is preserved is about a 
millimeter, being as least ten (or more) times smaller than 
bistable tapes and wires obtained by other methods. The 
magnetization reversal rate of the CAMGE is higher than 
those of its analogs. One can hope that, for nanowires, 
which can be obtained from CAMGE by constriction with 
thinning, these parameters will be better.  

At present, bistable micro- and nanowires can be 
used for applications in code labels for goods, car parts, 
valuables, documents, securities, and money; the creation 
of informational files; for the remote control of actuating 
mechanisms; and the creation of sensitive elements 

(sensors) in measuring equipment. They also find 
application in medicine for distinguishing affected organs 
or observations of transport process of medicinal 
preparations (with magnetic labels) in organisms. Note 
that this transport process could be controlled by an 
external magnetic field. 

The obtained experimental and theoretical results 
testify that labels made out of magnetic micro- and 
nanowires can be used only at small distances from the 
recording units (at distances of ~ (0.1 – 1) m) depending 
on the micro- and nanowires’ diameter. In this aspect, 
they are not competitive for the known radio-frequency 
identification (RFID) systems. However, if the location of 
the label (as, e.g., in [3]) and the use of the label in 
environments absorbing radio waves are necessary or the 
priority of using the label is not the reading distance but, 
e.g., confidentiality, the use of the magnetic label out of 
micro- and nanowires can become preferable. In addition 
to the Barkhausen effect, the CAMGE labels also possess 
natural ferromagnetic resonance (NFMR), which can be 
also used as an additional property for identification.  

The present measurements in [3] of re-entrant flux 
reversal as a function of position confirm that short 
sections of implanted wire will be useful in locating 
visibly inaccessible living tissue, and hence, have the 
desired medical applications. Initial conditions have so far 
required that the wire be straight and its length known. A 
more difficult task remains, namely, that of locating the 
magnetic dipole for an arbitrary unknown initial position 
which corresponds more realistically to a medical 
implant.  

At present, need to working on finding will be made 
the algorithm to solve this problem using multiple sets of 
interrogation coils. To date we are encouraged that even 
very short wires (~3 cm, 50 μm in diameter) have the 
potential of being used as tags to accurately locate hidden 
portions of the human body requiring medical treatment. 
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I. INTRODUCTION 

 

 Oil is the most important energy resource in the 

world economy, involving a lot of activities with a 

negative impact toward the environment:  research, 

exploration and exploitation in different parts of the 

world.  The main oil pollution sources of water resources 

are: extraction, transport and accidental spills of oil in the 

water. Nowadays, the development of simple, rapid, 

cheap and efficient methods for oil pollution prevention 

of the environment is a first degree priority and a 

technological challenge. In order to reach this target, the 

adsorbent materials, especially the natural cheap ones, 

become a first option in the choice of the pollutants 

removal processes. Based on the adsorptive properties of 

the natural materials (high hydrophobic character) toward 

various petroleum fractions, a methodology for the 

detection and measurement of oil content in water has 

been developed. In an opposite manner this idea can be 

used so as some low cost sorbents with a high affinity to 

water (high hydrophilic character), can be used in the 

development of sensors for the detection of low water  

content in oil.  

 The advantages to use natural sorbents are:  their 

biodegradability, renewability, low cost, low 

environmental impact, and simplicity in manipulation. 

After the use of natural sorbents for the petroleum 

products spill, the generated waste can be treated using 

the bulk biodegradation (composting); thus, both sorbent 

and oil product are decomposed in simple products [1-9]. 

 The main objective of this study is the 

development of an inexpensive transducer for the 

detection of petroleum products, allowing the monitoring 

of the above mentioned compounds from the  ground 

waters. 

 

II. EXPERIMENTAL 

 

         Different petroleum products were investigated, 

in order to simulate the water pollution by petroleum 

products: Gasoline, Diesel oil, Light oil available in the 

PETROM gas stations. Their main properties (density, 

total content of sulfur, total content of water, total content 

of aromatic hydrocarbons) are presented in TABLE I.  

 The transducer comprises a tubular chamber 

where the sorbent material is introduced. The bottom 

surface of the tubular chamber is perforated and covered 

with permeable hydrophobic material, in order to allow 

passing of the oil and to avoid the water penetration. 

 As a result of oil capillarity of the sorbent pack, 

the electric permittivity of the sorption medium, (the 

cylindrical capacitor) is changed in comparison with the 

initial one. This signal is amplified and recorded, being in 

line with the intensity of pollution with petroleum. 

 In order to develop the transducer designed for 

the in-situ determination of petroleum products from 

water, some studies on the capillarity and sorption 

capacity of various materials placed in tubes with 

different geometric dimensions were previously carried 

out. 

             The use of the sorption process for the petroleum 

products requires understanding the phenomenon of 

capillary rise. When a liquid is placed in contact with a 

dry porous medium, i.e., a sorbent, the liquid is 

"channeled" through the porous medium [10]. 

 The fluid absorption/adsorption and retention 

mechanisms depends on the shape and size of pores, the 

specific surface of the solid, the surface tension of the oil 

product and the angle of contact [11]. By using several 

capillary columns, with different diameters, filled with 

sorbent material and immersed in several liquids 

(different  
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type of petroleum products), it is possible to simulate the 

liquid penetration into the dielectric material of the 

cylindrical capacitor introduced between the electrodes of 

the proposed system for detection and measurement.  

 The constructive diagram of the transducer, 

based on the detection principle above mentioned [12], is 

presented in (Fig.1) 

 

 

 
Fig.1 The transducer (constructive diagram) for in-situ 

determination of oil in contaminated water 

1-the floating part; 2- tubular chamber; 3-sorbent 

pack; 4-perforated plate; 5-hydrophobic material; 6-

electrode; 7-electrode; 8-box containing the electronic 

circuits for capacitance measurement and wireless data 

transmission; 9-radio transmission antenna 

 

 If an oil thin film is present on the surface of 

contaminated water, it will pass through the hydrophobic 

material of the membrane 5, due to the capillary rising, 

and impregnates the granular porous dielectric material. 

Since the dielectric is located between two insulated 

electrodes 6 and 7, arranged vertically and parallel with 

the tube 2, its electric permittivity changes. The contacts a 

and b are the connection points of the condenser 

transducer in the measuring circuit. The change of the 

electric permittivity values leads to variations in the 

capacitance which was measured with a specialized 

integrated circuit of AD7747 type. 

 The sensor selectivity is achieved by using a 

hydrophobic material which prevents the penetration of 

water in the structure of the dielectric material. Thus, in 

the absence of the thin layer of oil, the sensor generates 

no signal in correlation with the change in electrical 

permittivity of the sorptive medium, corresponding to the 

pollution-free groundwater with respect of petroleum 

products in layered state. 

 After the occurrence and identification of an 

accidental pollution with petroleum products and after the 

depollution, the sensor sorbent cartridge is replaced, but 

its  

 

 

electronic circuits and antenna are reused, thus the cost of 

such a monitoring system is low and quickly amortized. 

Figure 2 presents the schematic functionality diagram 

of the sensor for the monitoring of groundwater 

susceptible of pollution by layered oil products. 

   

 
 

Fig.2. The schematic diagram of the real time monitoring 

system of oil pollution in ground waters using the 

developed oil transducer 

I-groundwater monitoring well; II-oil transducer with 

radio transmission system; III-protective casing including 

a radio retransmission system; 

IV-receiving station 

 

 According to Fig.2, the oil transducer II is 

inserted in the monitoring well, floating on the 

groundwater surface by the means of a floater. When an 

oil product layer appears on the water surface, the signal 

measured by the sensor is sent to the emitting antenna E1 

towards the signal relay system III (retransmission relay) 

provided with a receiver antenna AR1 and a 

retransmission antenna E2. The signal intercepted by the 

retransmission system III is amplified and retransmitted 

to the receiving system IV equipped with a receiver 

antenna AR2 and a digital display monitor, and finally the 

information is sent to a computer for data storage [13]. 

 The low cost sorbent material (based on 

Romanian peat bog) [14-17] for construction of oil 

detection transducer is presented in Fig.3 
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a-magnifier x1 

 
b-microscope magnifier x10 

 
c- microscope magnifier x100 

 

Fig.3. The low cost sorbent material (based on 

Romanian peat bog) for construction of  oil detection 

transducer   

 

 

III. RESULTS AFTER EXPERMENTAL TESTS 

Based on the above general considerations and on the 

effective constructive elements (sorbent, hydrophobic 

membrane, metallic electrodes, capillary) an oil 

transducer was developed to detect oil spills on 

groundwater, pointing out the pollution state, using the 

principle of the capillary rise. The sensor presents a 

simple construction and represents an inexpensive 

solution for oil spills monitoring in groundwater. After 

the development of the transducer as a functional 

prototype, it was tested to study all the selected petroleum 

products, leading to the generating of a capacitive signal 

of pF magnitude, when the sensor was plunged for 30 

minutes in water with oil layer of 0.5 mm thickness.  

The capillary ascension and the change of the 

capacitance values as a result of the dielectric 

modifications of the cylindrical capacitor of the 

transducer under the tests with the petroleum products are 

displayed in TABLE I. 

 
TABLE I. EXPERIMENTAL TESTS OF TRANSUCER FOR OIL 

DETECTION 

No Product 

name 

Density 

(g/L) 

Total 

sulfur 

(%, 
w/w) 

Water 

content 

(ppm) 

Aromatic 

hydro-

carbons 
(%, w/w) 

Capilar 

ascen- 

sion 
(mm) 

Change 

of 

Capacity 
(%) 

1  Gasoline 753 0.5 5 0.5 13.2 36.1 

2 Diesel 

oil 

845 9 200 8 9.3 28.3 

3 Light 

oil 

 

 

930 1.4 1 - 8.7 24.5 

 

           After a while, the water reaches saturation by the 

capillary rise in the pores and the hydrophobic polymer 

layer minimizes its entry in the column, acting as a 

selective membrane.  

 The hydrophobic selective membrane was 

prepared according to the methodology developed at 

"Petru Poni" Institute of Macromolecular Research of 

Iasi, branch of the Romanian Academy of Sciences.  

 The waterproofing textile material, used as a 

semi permeable membrane for the passage of oil products 

was achieved by depositing a polyethylene film on hemp 

yarn dry or wet (using water treatment for 4 hours, at t = 

70...95 °C).  

 The polyethylene deposits, with a thicknesses 

ranging from 0.1 to 0.2 mm, were performed by passing 

the yarn with a speed of 0.30 - 0.5 m/s, through a melted 

polyethylene thermostat bath at 160 - 170 °C, (having low 

density and flow index of 20-25 g/10 min), followed by 

natural cooling of the deposited layer. 

 The capillary column is clogged with such a 

yarn, resulting a "plug" with 0.5-1 cm length, which is 

actually the waterproof membrane. The membrane perm-

selectivity toward all the studied petroleum products was 

tested, obtaining similar results for each of them. 

   

IV. CONCLUSION 

             A tube provided at the bottom with waterproofing 

system was used to develop a sensor for oil products. A 

series of tests on capillary sorption capacity of peat placed 
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in tubes with optimal size were performed for several 

commercial oil products.  

 A cylindrical capacitor was developed by 

depositing metal layers as electrodes on the walls of a 

capillary tube, working as a system of quantitative 

analysis, based on the electrical permittivity of the 

dielectric material, which is modified by the oil front 

ascension from the water.   
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I. INTRODUCTION 

Scanning Electrochemical Microscopy (SECM) is a 

tool to electrochemical characterization of various 

surfaces, like as glass, metal, polymer, biological material 

[1] and liquids. The technique is used to study 

heterogeneous and homogeneous reactions, for high-

resolution imaging of the chemical reactivity, electrical 

conductivity, enzymatic activity [2] and topography of 

various interfaces, and for microfabrication [3, 4]. SECM 

can be used as biosensor [5] for glucose, lactate, and 

oxygen detection in single cells [6].  

Scanning electrochemical microscope is standard 

electrochemical cell (Fig. 1) with working (WE), 

reference (RE) and counter (CE) electrodes. Working 

electrode is ultramicroelectrode (UME) with a radius of 

the order of a few nm to 25 µm [3]. The UME is used for 

surface scanning by moving it by positioners in three 

directions – x, y, z.  

The simplest mode of operation is the feedback mode, 

when only the current through the UME is measured. 

Current flow is caused by reduction reaction, occurred at 

the UME tip. The feedback can be positive or negative, 

depending on the kind of surface – conductive or 

insulating, respectively. In negative feedback, the 

diffusion of solution species to the tip is blocked, in 

positive feedback solution species is regenerated at the 

substrate [3]. Most SECM imaging experiments are 

carried out in constant height mode [7], where a probe is 

moved only laterally in the x and y directions. The 

constant height mode is appropriate for smooth surface 

(roughness is smaller than the UME diameter), because 

the tip current depends also on the tip-substrate distance, 

not only on the surface reactivity. So, image of surface 

reactivity can be recalculated to tip-surface distance. Use 

of a smaller probe in constant height mode results in a 

shorter working distance and even tip crash [1].  

 

 
a 

     
                b                                                 c 

Fig. 1. Scanning Electrochemical Microscopy: a – general 

equipment, b – SECM three electrode electrochemical cell 

with view of stepper motor (1) and piezo (2) positioners, c 

– SECM electrochemical cell. 

 

Resolution studies of scanning electrochemical 

microscopy (SECM) shows quantitative correlation of the 

loss in resolution and the increase in distance between tip 

and sample is found [8]. To determine the distance for 

appropriate measurement resolution, the current-distance 

curve has to be obtained approaching the tip to the 

surface. The maximum anodic currents can be converted 
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to estimated distances [7]. Example of such approaching 

curve is showed in Fig. 2. Distance can now be 

calculated: 

 

 
  

    
 

 

 
 (1) 

 

where iT – current in the small distance, d – distance, iT,∞ - 

current far from a surface 

Steady-state diffusion-controlled current when the tip is 

far from a surface (Fig. 2) is given by: 

 

 iT,∞ = 4nFDca (2) 
 

where F is the Faraday constant, D and c are the diffusion 

coefficient and the initial concentration of the mediator, 

and a is the radius of the UME.  

 
 

Fig. 2. Approaching the UME to the GOx surface. Line 

scan has an insulating behavior 

 

Imaging of glucose oxidase 

Imaging of DNA, keyhole limpet hemocyanin, mouse 

monoclonal IgG, and glucose oxidase on a mica substrate 

can be performed with resolution of the order of 1 nm [9]. 

Scanning electrochemical microscopy (SECM) can be 

used for imaging an enzyme chip with spatially-addressed 

spots for glucose oxidase [10] and to investigate 

biocatalytic reactions inside the enzyme layer of a 

biosensor during its operation [11]. SECM current–

distance curves enabled the determination of kinetic 

information about GOx in GOx/PDDA multilayers as a 

function of layer number, film termination, inert covering 

layers, and enzyme substrate concentration after fitting to 

numerical models [12]. 

SECM in feedback mode analysis provides a 

characterization of the modified surface and the 

measurement of the enzymatic activity depending on the 

concentrations of glucose and mediator. Kinetics analysis 

indicates that GOx maintains a large enzymatic activity 

[13]. However, such big quantity of researches gives 

different results, because of different immobilization 

conditions of GOx. 

 

 

II. EXPERIMENTS 

Reagents and chemicals 

Glucose oxidase (EC 1.1.3.4, type VII, 

from Aspergillus niger, 215.266 units mg−1 protein) was 

purchased from Flukay. d-(+)-Glucose was obtained from 

Carl Roth GmbH&Co (Karlsruhe, Germany). Before 

investigations glucose solutions were allowed to 

mutarotate overnight. All solutions were prepared using 

deionised water purified with water purification system 

Millipore S.A. (Molsheim, France). The solution buffer 

was prepared by mixing sodium acetate trihydrate, 

potassium chloride, monopotassium phosphate, Sodium 

phosphate dibasic which were obtained from Reanal 

(Budapest, Hungary) and Lachema (Neratovice, Czech 

Republic). 25% glutaraldehyde solution was purchased 

from Fluka Chemie GmbH (Buchs, Switzerland). 

Plastic cell was evaporated by glutaraldehyde 25% for 

10 min, Gox 1 mg/ml 0.5uL was sprayed on the surface to 

get little drops and dried in the room temperature. Then 

again Gox drop was evaporated 10 min by glutaraldehyde 

25% and washed with buffer. 

 

SECM experiments 

Measurements were performed using Sensolytics 

SECM (Bochum, Germany). The UME was slowly 

approached towards the sample in order to measure steady 

state current [3]. The UME tip was a 10 µm diameter. The 

UMEs were characterized by cyclic voltammetry and 

polarized at -0.8V vs. Ag/AgCl. The applied potential for 

imaging at the UME is chosen +0.6V vs. Ag/AgCl. The 

electrochemical cell was used in a typical three-electrode 

configuration, with a platinum counter electrode and an 

Ag/AgCl, 3 M KCl reference electrode. In all 

experiments, the redox mediator was the [Fe3(CN)6]
3-

, 

applied potential for approach curves -0.6V vs. Ag/AgCl 

at different concentrations in buffer with pH 6.8.  

III. RESULTS 

From approach curves, the averaged current in 40-50 

µm distance was used to compare measurements in 

different concentrations. We get that redox mediator in 

concentration from about 0.2 mmol·L
-1 

has no more 

influence to image resolution and stay constant (Fig. 3). 

Important factor is that concentration of redox mediator 

has to be small as possible. Influence of glucose 

concentration is different (Fig. 4). We get that about 15 

mmol·L
-1

 glucose concentration in buffer is the point for 

good imaging resolution. Adding more glucose shows the 

same current in all the scanned picture and image is 

featureless. Fig. 5 shows GOx surface with and without 

glucose, scanned on the same place. Approach curves for 

different concentrations doesn’t look the same, therefore 

the scanning distance from surface is bigger in the part a. 

The current from various measurements can be 

compared in the same plot using (1). The approach curves 

with different solutions is plotted using normalized values 
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Fig. 3. Current dependence on mediator concentration in 

buffer with 10mmol·L
-1

 glucose, applied potential 0.6V 

vs. Ag/AgCl 

 

 
 

Fig. 4. Current dependence on glucose concentration in 

buffer without any mediator, applied potential -0.6 V vs. 

Ag/AgCl. 

 

 
a 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

b  

 

 

 
 

 
 

 

 
 

 
 

Fig. 5. Imaging the same place of GOx surface: a – 10 

mmol·L
-1

 glucose in buffer; b – buffer. Applied potential 

+0.6V vs. Ag/AgCl 

 

 
Fig. 6. Normalized current dependence on normalized 

distance in different solutions, approaching to the GOx 

surface. Applied potential -0.6V vs. Ag/AgCl 

IV. CONCLUSION 

Higher K₃[Fe(CN)₆] concentration shows reduction of 

current, higher glucose concentration shows increase in 

current. Matlab program is successfully used for image 

processing, calculation and analysis of results. 
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Abstract —. The paper deals with the organizational, technical and economic aspects of the implementation of 

mammographic screening in Ukraine. It is shown that the introduction of preventive mammography is possible 

only with the digital technologies of the mammograms imaging, which can reduce the cost of operation of the 

mammographic room, reduce the number of required medical personnel for the screening and the radiation load 

on the women. However, realization of the benefits of digital mammography is only possible if the correct 

mammograms are displaying on specialized 5-MP monitors. 

 

 Index Term —.breast cancer, mammographic screening, digital mammography, the radiation load, the cost of 

operation of  mammographic rooms 

 

Like all over the world, the incidence of breast cancer is 

increasing in Ukraine - an average of 1-2% per year - and 

now in the structure of cancer pathology women breast 

cancer occupies one of the first places. Every 30 minutes 

in the country a new case of breast cancer is revealed. The 

incidence of breast cancer in Ukraine exceeds the level of 

61 deaths per thousand women and now is the highest of 

all the nosology of cancer pathology [1].  

Every second case of this disease is fatal [2]. Every 

year in Ukraine about 8.0 thousand women die from 

breast cancer, with one in ten of them - within a year from 

the date of diagnosis. One of the reasons of this is that 

more than 20% of cases are detected only in the 3rd and 

4th stages of the disease.  

One of the effective ways of struggle with cancer in 

Ukraine could be the introduction of mammography 

screening. The experience of many countries shows that 

the detection of breast cancer at an early stage can not 

only reduce mortality by 15-30% [3,4], but also avoid 

disability of women after surgery. Nationally, this means 

that every year more than 2.0 thousand of our women 

would be saved from the death. And how many will avoid 

mastectomy and preserve the natural beauty and health! 

Therefore, early diagnosis of breast cancer should be one 

of the priorities of the national health care.  

For early detection of breast tumors the screening 

mammography is used  abroad that women held annually 

after 45 years [3-5]. Until now, there was no sense to talk 

about the implementation of such surveys in Ukraine 

because of their high cost: for a film mammography only 

supplies are necessary for an amount exceeding $ 6.0. 

Since Ukraine is home to over 10.0 million women over 

45 years, using traditional film technology 

implementation of preventive mammography would 

require about 70.0 million dollars for the purchase of 

1000.0 mammography systems and subsequent annual 

costs of film and chemicals in excess of 60.0 million 

dollars. And that does not include the cost of training of at 

least 2,000 radiologists and roentgenographers conducting 

mammography screening, their remuneration, as well as 

service of equipment. Obviously, for such expenses 

Ukraine remains unrealistic. 

Now with the introduction into clinical practice of 

digital X-ray technology and the emergence of the first 

experience of teleradiology introduction of 

mammographic screening in Ukraine becomes real. There 

are currently available full-field digital mammography, 

technical characteristics are not worth to foreign 

analogues. Conducted in 2006 at the Institute of Oncology 

Academy of Medical Sciences of Ukraine clinical trials of 

one of these mammography system have shown that it can 

be used for mammography screening for early detection 

of breast cancer. The transition to digital imaging 

technology X-ray imaging in mammography can reduce 

up to 40 times the cost of supplies, and significantly 

reduce the time of examination by the fact that the 

diagnostic image is ready for analysis within 10-20 sec. 

after exposure. In addition, one center of X-ray analysis in 

this case can process diagnostic information received 

from 3-4 mammography systems, which allows 3-4 times 

to reduce the number of doctors who have to learn how to 

analyze mammograms. In this case, the annual cost of 

preventive mammography will not exceed three million 

dollars including the cost of equipment maintenance. 

However, even the training of 700 specialists to 

analyze the mammograms is  complex and costly task in 

Ukraine. Therefore, one of the promising areas of digital 

mammography development is the introduction into 

clinical practice of CAD-systems (Computer Aided 

Detection), which are expected, will effectively detect 

pathology of breast cancer [8-12]. This will give the 

opportunity to refuse double reading of the mammograms 

and, therefore, still approximately halve decrease the 

number of staff required for the implementation of 

mammographic screening. 

Recent studies have proven that computer-aided 

detection  algorithms are capable of revealing breast 

lesions on screening mammography and of reducing the 

number of false-negative mammographic findings [8–11]. 

Studies typically report the sensitivity of commercially 

available devices and novel algorithms for 

microcalcifications and breast masses separately. The 
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sensitivity of CAD systems for the detection of malignant 

microcalcifications has been reported to be as high as 

99% [10], whereas the sensitivity of the systems for the 

detection of malignant breast masses has been reported to 

be 75–89% [10,12] in large series. 

Digital mammography allows not only to reduce the 

cost of the procedure, but also to improve the efficiency 

of women mammography and radiation safety compared 

to conventional mammography. Conducted abroad study 

on phantoms and in vivo studies have shown that the 

detection of microcalcifications using digital technology, 

the sensitivity and specificity in more than 2 times higher 

than for conventional systems "screen-film" [6,7].  

Another significant advantage of digital 

mammography is the ability to explode in space and time 

processes of receiving and analysis of diagnostic imaging. 

This reduces the number of required for the screening of 

medical personnel and thus reduce the costs of operation 

of mammography rooms. 

However, to fully exploit the benefits of digital 

mammography it is necessary to maintain a consistent 

view at the highest resolution possible on the medical 

displays used to interpret mammograms. There is a set of 

standards that should be followed for soft-copy displays. 

It is strongly recommended that at least 5-MP monitors 

are used. There are also recommendations regarding 

monitor luminance, contrast, and lookup tables. The 

displays should have the ability to support zooming and 

panning and to view images in full resolution. Generally 

viewed on 5-MP monitors, digital mammography requires 

the highest resolution among the routinely used imaging 

modalities, resulting in better visibility of subtle masses 

and calcifications. 

The using for analysis of digital mammograms 

conventional monitors leads to discredit the technology of 

digital mammograms. 

Thus, the transition to digital mammography can not 

only effectively reduce the cost on the order of one study, 

but also increase the effectiveness of mammography 

examinations for women and their radiation safety. 

Thanks to digital X-ray imaging technologies 

introduction into clinical practice of mammographic 

screening became more real and the opportunity to save 

the lives and health of our women appears!  It depend on 

the government if we use this opportunity. 
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I. INTRODUCTION 

Raman spectroscopy, as a vibrational “fingerprint” of a 

molecule, is an adequate analytical technique used for 

cells and tissues studies due to its non-destructive nature 

without external markers. However, Raman scattering 

normally exhibits a very weak signal which results in long 

integration process. One of the most promising imaging 

tool in optical microscopy is based on the nonlinear 

variant of Raman scattering – Coherent Anti-Stokes 

Raman Scattering (CARS) [6-8]. 

CARS can be considered as one of the powerful 

imaging tool in general, and for biomedical applications 

in particular, as it provides remarkable signal 

enhancement due to the coherent nature of process [9]. An 

important point is that CARS imaging speeds up data 

processing from hours to seconds.  

II. SETUP AND FIRST RESULTS 

Recently at the Joint Institute for Nuclear Research 

(JINR) in Dubna, a multimodal optical platform based on 

Raman and CARS microspectroscopy and microscopy 

was established as a complimentary tool to the neutron 

scattering methods used for condensed matter studies and 

traditionally implemented at JINR. This multimodal 

platform was developed and manufactured at the 

“SOLAR TII” company (at present “SOL Instruments 

Ltd”) in Minsk, Belarus (Fig.1).  

 

 

 
Fig.1 The general view of the CARS microscope at JINR 

 

 

The details of the optical platform can be found in 

[10]. A part of a diode-pump Nd:YVO4 picosecond laser  

(7 ps, 5 W, 85 MHz) is used as a source of the Stokes 

wave. Intracavity optical parametric oscillator (OPO) 

provides generation of pulses tunable from 690 nm to 990 

nm, with pulse duration of 6 ps and typical output power 

of 40-130 mW. Two picosecond beams recombined and 

overlapped in space and time, through a computer-

controlled galvano-scanner are directed to the inverted 

microscope assembled on the NIKON 2000S mount, with 

wide aperture (60х, NA-1.2) water-immersion lens 

(Olimpus) installed on the Z piezo-scanner with a 

minimal step of 100 nm and a scanning range of 80 

microns. 

The CARS signals generated on the sample both 

forward   (F-CARS) and backward (E-CARS) are 

collected with the collimators, optically filtered of the 

initiating beams, and are directed to the corresponding 

registration channels for further digital processing and 

imaging. 

We have tested Raman and CARS spectroscopy and 

imaging for a number of specimens: liquids, solids and 

powders. As an example Figure 2 shows Raman spectra 

of polystyrene beads with a diameter of 2.8 µ. 
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Fig.2 Raman spectra of polystyrene beads 

 

 

 

CARS Microscopy for Imaging 

Abstract — Optical microscopy grows in its importance with the development of modern nanotechnology, 

biotechnology, methods of diagnostics and treatment of most dangerous diseases for mankind [1-3]. There are 

several important goals of optical microscopy for biomedical studies among which the next three may be 

distinguished: fast imaging with high lateral spatial resolution, 3-D sectioning capability and high contrast for 

chemical selectivity. To meet these specific requirements, various types of both linear and nonlinear optical 

microscopy were elaborated [4,5]. 
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Corresponding CARS image of these polystyrene 

beads is given in the Figure 3.  

                    A    B 

         
 

Fig. 3 CARS images of polystyrene beads: 

(A) – at 3140 cm
-1

 (off-resonance condition),             

(B) – at 3053 cm
-1 

(at the resonance).  

 

     It is worth noticing that since the CARS signal is 

generated only from the focal volume, this provides a 

natural way of 3-D sectioning without the need for 

confocal geometry.  

    The JINR CARS microscope data-acquisition software 

has an operational control of the main system parameters, 

such as spectral splitting of the signal, the scanning 

region,  

enlarging the image (Zoom) with selection of the 

scanning zone, accumulation of the signal according to 

the scan series, simultaneous visualization of up to 4 

images that correspond to different registration channels, 

construction of 3-D images with registration of still-frame 

images at automatic stepwise shifts of the scanning plane 

with the controlled scanning step and the subsequent 

emulation of 3-D images, recording of the images in the 

electronic form, etc.  

 

III. CONCLUSION 

   At present the JINR multimodal optical platform for 

Raman and CARS microspectroscopy and microscopy has 

passed its testing period and is ready for full-scale 

operation, including prospects for CARS imaging of          

biosamples. 
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I. INTRODUCTION 

During the last decade tools of both the medical 

images collecting hardware and processing software have 

gotten the advanced development. As the result, medical 

imaging meets the challenge of treating extremely large 

medical images databases.  

The processing of multitude database entities is the 

natural task for massive parallel processing that can be 

provided by unconventional computations, for example, 

by bio-inspired or quantum computations. While both 

mentioned computation models are nature-based, bio-

inspired computation uses paradigms of biology, whereas 

quantum computing relies on quantum physics and 

exploits quantum parallelism. Developed mostly in 

parallel, these computation models have their own 

advantages and disadvantages, traditional application 

areas, and further development directions. But the most 

important for current work fact is that, on the contrary to 

the classical computation, unconventional one can 

execute in parallel such methods as retrieval, database 

querying, and search with proximity conditions. 

From another side, the increasing of the complexity of 

computational methods in medical image processing 

applications leads to continuous quest for promising 

solutions. Besides employing AI techniques, medical 

imaging makes the attempts to resolve the problems by 

search for more suitable computation devices. This work 

reviews several solutions proposed by bio-inspired or 

quantum branches of unconventional computation for 

tasks of image processing and retrieval. These solutions 

are selected as perspective ones for application to medical 

imaging that has own specific challenges. The author’s 

solution of image retrieval problem by one of the bio-

inspired computational model (P systems) is described. 

The perspectives of application of new computational 

models, which are under development now, for image 

processing and retrieval problems are presented. 

II. BIO-INSPIRED COMPUTATION 

Natural computing is presented as a kind of a bridge 

between informational and natural sciences. Today the 

majority of paradigms, principles, and mechanisms, used 

by human-designed computing, can be traced to natural 

systems as a source of inspiration.  

Following challenges mentioned above, medical 

imaging became the popular application of bio-inspired 

computational models like swam intelligence, evolution, 

genetic or membrane computations. Besides parallelism, 

the bio-inspired computing techniques allow a simple 

representation of the knowledge making these techniques 

suitable for content-based image retrieval (CBIR) 

implementation. 

Among the most important tasks of medical 

imaging, which are affected by images database size, the 

image classification is the first that should be noted. The 

second global task where the massive parallelism can help 

significantly is retrieval the images from database 

according the sample pattern. Both classification and 

retrieval suppose the process of feature extraction that can 

be implemented in parallel with some exceptions of 

connected features. Also medical images retrieval implies 

the parallel features vectors comparison that is usually 

independent, because of answer: similar or not - has to be 

given for each image.   

Several bio-inspired formalisms were applied as 

the solvers of retrieval task. Keeping aside the 

optimization usually performed by swarm intelligence 

application, the most employed methods belong to genetic 

computation. Applying both in features extraction and 

similarity finding, genetic computation implements the 

main necessary steps of retrieval. First of all it is related 

to representation. Saying, that the feature representation 

in genetic terms would be the equivalent to its genotype 

and the image itself to its phenotype[1], the majority of 

authors maps pixels as genes. Such representation allows 

replacing of the ordinary imaging operation by genetic 

Unconventional Computation Answer on 

Challenges of Medical Imaging 

Abstract — During the last decade both the medical images collection hardware and processing software 

have gotten the advanced development. As the result, medical imaging meets the challenge of treating 

extremely large medical images databases as well as complex algorithms. Such challenges are the natural 

tasks for massive parallel processing that can be provided by unconventional computations. This work 

reviews several solutions proposed by bio-inspired and quantum branches of unconventional computation for 

tasks of image processing and retrieval. These solutions are selected as perspective ones for application to 

medical imaging that has specific challenges. The image retrieval solution, that applies P systems (bio-

inspired) computational model, is proposed. The perspectives of application of new computational models, 

which are under development now, for image processing and retrieval problems are revealed. 
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ones (selection, crossover, mutation, etc). Genetic 

(chromosome) representation of similarity means how the 

parameters of the problem will be mapped into a finite 

string of symbols (genes), encoding a possible solution in 

a given problem space. For example, in the work[2] a 

chromosome represents the weights assigned to the 

similarity/distance of the features. The genetic 

programming, that is another bio- and genetic- inspired 

technique, is applied[3] for substitution of ordinary 

similarity search by a form of automatic evolutionary 

search. The proposal consists on defining a set of image 

operators, which detect interest point features on digital 

images and then use genetic programming to search for an 

optimal solution within the space of possible operators. 

Evolutionary Computation is applied in, ordinary for 

retrieval, unsupervised clustering step[4]. The 

approximate nearest neighbor scheme is usually used for 

clustering. Then the obtained candidates are refined with, 

for example, support vector machine (SVM). At this stage 

the Evolutionary Computation algorithms can be applied 

to maintain a set of candidates and recombine them using 

genetic operators.  

Our approach uses Membrane Computing 

(P systems)[5]. The research area of membrane 

computing was motivated by the structure and functioning 

of living cells. The original computation model, defined 

by Gh.Păun in 1998, is based on a cell-like hierarchical 

arrangement of membranes. Since then, the community of 

P systems researchers was found. By investigations of 

these researchers many other models of P systems have 

been defined, and their computational properties have 

been investigated. 

 P systems are a convenient framework for 

describing polynomial-time solutions to certain 

intractable problems in a massively parallel way. Division 

of membranes makes it possible to create an exponential 

workspace in linear time, suitable for attacking problems 

in NP and even in PSPACE. P systems demonstrate 

challenging applications in images processing and 

analysis. A variant of P system, called tissue-like 

P systems, shows itself as suitable representation of 

image: pixel is mapped to cell in tissue. Basing on such 

representation, a region-based segmentation algorithm of 

2D and 3D images is developed by Spanish P systems 

researchers group[6]. Using the same formalism and 

representation others members of this research group[7] 

presented a parallel algorithm to solve the thresholding 

problem.  

Ultrasound diagnostic images are chosen as the 

best source for our approach test. New techniques of 

medical imaging are seriously necessary for this domain. 

Ultrasound is widely available and relatively inexpensive, 

so it has become the main diagnostic tool for routine 

medical investigations procedures. Such procedures, 

being repeated daily, produce large amount of images 

and, so,   required massive parallelism. However, despite 

the ultrasound images are important information source, 

their specificity (speckle, tissue related textures and 

artifacts) creates difficulties in application of imaging 

technologies to their processing. There are several 

attempts to apply technologies of different branches of 

artificial intelligence (AI) for improving of medical 

ultrasound imaging. We consider as another helping hand 

the work dealing with noise reduction on grayscale 

images by cellular automata that is close to tissue 

membrane formalism[8]. The used in this work collection 

of ultrasound diagnostic images was obtained during 

development of SonaRes system[9].   

Designing our approach, we starts from results of  

Spanish colleagues[10], who applied spiking neural 

P systems[11] for skeletonizing an image.  

Image skeleton is a shape with a small amount of 

information that, however, preserves topological 

properties of image. Supposing, that keeping visual 

features is actually keeping the mean of image, image 

skeleton is often used as image signature. In work[12] the 

application of skeleton signatures in retrieval process is 

presented. This work shoes that the images skeletons 

similarity problem is also the one requiring further 

development. We propose the skeletons comparison 

approach based on skeleton representation by spiking 

neural P systems.  

Spiking neural P systems is an extension of 

membrane computation, in which the functionality is 

changed from cell-like to neural-like. Neural-like 

behavior supposes that elements (neurons) are the nodes 

of a directed graph with edges representing synapses. The 

computation process is implemented as walks of electrical 

impulses through the synapses. Spike is the object that 

represents impulse. Spikes, which are contained in 

neuron, determine its electrical charge. Calculation 

controls are, in this representation, the rules, which can be 

associated with each neuron. The rules drive spikes 

activity: send them (possibly with a delay) to other 

neurons (ring rule), or to remove a given number of 

spikes (forgetting rules) from current neuron. 

We take as basis the spiking neural P systems 

configuration proposed in work[10]. The first step of 

further development is extension of skeletonization 

algorithm, working on black and white images, to 

processing grayscaled images. In chosen formalism, this 

development mainly concerns the pixel connectivity 

function (here - ring rule) that is binary (i.e black or 

white) in basis work. Spiking neural P systems final 

configuration is, basically, the result of computing. For 

extension of the process to retrieval, this configuration 

(the image skeleton in chosen representation) has to be 

saved in database. After getting the corresponding 

configuration from pattern image processing, 

configurations will be compared.  

III. QUANTUM COMPUTATION 

Quantum computation is another unconventional 

computation approach, which is proposed for both large 

database treatment and reducing of the complexity of 

algorithms of medical image processing applications. 

Opposed to previously described formalism, quantum 

computation uses the physical effect instead biological 

ones. 

Quantum computation and quantum information 

is the study of the information processing tasks that can 

be carried out using quantum mechanical systems. 

Quantum mechanics is a mathematical framework or a set 

of rules for the construction of physical theories. 

Generally three types of quantum computation models are 
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considered: quantum Turing machine, quantum circuits, 

and quantum random access machine [13]. Quantum 

algorithms always begin with the preparation of the initial 

state of the computation device, then a sequence of 

quantum operations is applied to the system, and then a 

measurement fixes the outcome. At the measurement, the 

resulting superposition of quantum states collapses to a 

single classical state that is observed.  

First of all, the problem of image representation, 

using quantum computation formalism, has to be solved. 

The quantum computers representation of image, like 

conventional computers one, captures the information 

about each pixel color and the corresponding position. 

Recently the quantum flexible representation of images 

(FRQI) is proposed[14]. Basing on FRQI, all stages of 

quantum image processing: (i) a constructive polynomial 

preparation for the FRQI state from an initial state, (ii) an 

algorithm for quantum image compression, (iii) invertible 

processing operations - can be implemented. The general 

approach of quantum computation to image processing, 

implementing stages mentioned above, is presented 

demonstrably in work[15] and is based on the quantum 

algorithm of Grover. Two types of problems will be 

discussed: (i) the detection and the classification of image 

edges, (ii) the segmentation of image regions.  The 

method starts from generation of full range of possible 

instances. It means, for example, that the detection of 

image contours is provided by creation of all translations, 

all rotations and all scales of possible contours. The 

comparison is made for each generated instance, pixel by 

pixel. Then, when the instance figure matches the target 

figure, the figure parameters (location, angular position 

and scale) are known from building. This technique, 

although functional, it is impractical to implement in 

classical computers.  

Next aspect, interesting for medical imaging, is 

how the retrieval can be organized in quantum 

computation. The acceleration of retrieval process can be 

evidently achieved by comparing many pairs of images in 

parallel on quantum computer. Still the main problem is 

to propose quantum computation scheme that can 

evaluate images similarity. The most recent approach to 

search the images database on quantum systems is 

realized in work[16]. The researchers propose the 

equation of search operation that used only a single 

quantum gate (Hadamard) and several measurements. 

IV. PERSPECTIVES OF HYBRID 

COMPUTATIONAL MODEL 

As it was shown in previous paragraphs, medical 

imaging gives a set of practically important problems for 

both quantum- and bio- computations. Such significant 

experience of researchers of both branches guarantees 

their knowledge about advantages and disadvantages of 

each approach. This knowledge promises good future for 

application of hybrid computational models, including 

applications of medical imaging. 

The idea of hybrid bio- and quantum 

computational model was proposed in 2011[15] by the 

group of Moldavian researchers that the author belong to.   

new approach that joins macroscopic (bio-) and 

microscopic (quantum-) levels. Our confidence in 

fruitfulness of such integration is proved by co-existence 

and cooperation of micro- and macro- processes in living 

cell. The computer prototype does not exist yet, but some 

processes of this “in cell” cooperation are tested as 

implementation of bio- and quantum-computation in 

vitro. For example, the photosynthesis process is most 

tested biological implementation of quantum computer. 

The quantum walk is applying to explain the high 

efficiency of energy transfer in photosynthesis. The 

search process in photosynthesis from the pigment 

antenna to the reaction center is compared with the 

Grover type search [18]. Another attempt to build bio 

prototype of quantum computer, basing on 

photoexcitation in proteins, that is another micro-macro 

cooperation process, was mentioned in work[19]. Coming 

from medicine example of natural prototype of hybrid 

model is described in work[20]. This is the process of live 

tissues answering on laser light penetration (during the 

photobiomodulation therapy) . 

Summarizing the expounded in sections II and III, the 

problems of medical imaging are seemed suitable for 

solution by the hybrid quantum- and bio- computational 

model. The hybrid model building perspectives are  

noticeable in domain of image representation, image 

processing and image retrieval.  

V.CONCLUSION 

The importance of answering last challenges of medical 

imaging inspires the employment of wide range of AI 

techniques. Besides the development of methods and 

techniques for resolving medical imaging problems by 

traditional computation, the researchers seek for more 

suitable computation devices including ones which are 

just oncoming. Unconventional computation presents 

basis of the software for these oncoming devices. Both 

quantum and bio-inspired domains of unconventional 

computation demonstrate success in advancing of medical 

imaging tasks resolving. These computations show 

progress even with task known as unresolvable-in-

reasonable-time by traditional computation. 

The problems of medical imaging have to be includes 

in list of priority tasks on which the hybrid computational 

model will be tested. 
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I. INTRODUCTION 

The growth of the human body is essentially nonlinear for 

ordinary or Euclidean geometry.  Analysis of the structure 

and growth reveals that separate parts or all the three-

component kinematics  blocks (the phalanxes of fingers, 

the three-membered extremities and  the three-membered 

body)  change according to Möbius transformations 

which  are characteristic for conformal and projective 

geometry. 

   Such transformations possess an invariant or invariable 

value. Therefore, all the called three-component blocks 

are characterized by a constant value throughout life [1], 

[2]. 

From this point of view, Euclidean geometry appears as 

one of the possible geometry.  The advent of the special 

theory of relativity leads to a new term, “geometrization 

of physics”, which stood for the fact that formally this 

theory is the theory of invariants of some group of 

transformations (Poincaré-Lorentz group), or geometry.    

    The basic principles of projective geometry are 

reflected in methods of linear perspective. As the result of 

its application, there is an image of a subject in which 

both distances and corners change. But these changes 

happen not arbitrarily; the cross- ratio of four points on a 

straight line (a double proportion) remains invariable. 

 Geometry of the Euclidean space complemented by one 

infinitely remote point is called as conformal geometry 

[3]. Projective interpretation in the form of a 

stereographic projection of points of the sphere to the 

plane gives an example of the conformal plane (an easily 

understood example is cartography) in which the value of 

the cross- ratio of four points remains [4]. This plane is 

applied in physics for solving of electrostatic problem, 

that is the method of mirror images. 

      Möbius's certain subgroup of transformations 

corresponds to Lobachevskian geometry or hyperbolic 

geometry, that is Poincare's so-called conformal 

interpretation [5]. 

 

  It appears that the space of visual perception is 

characterized by Lobachevskian geometry.  

In a number of papers it is shown that in electric networks  

the changes of operating regime parameters it is possible 

to interpret as projective and conformal transformations. 

  In addition, relationship of regime parameters at 

different parts of a network also is being described by 

projective transformations [6], [7], [8].  

       It is natural, when the common mathematical 

apparatus is applied in various areas of science; it 

represents interdisciplinary approach in view of analogy 

of processes of a different physical nature. 

As the example of this interdisciplinary approach, the 

review of application of non-Euclidean geometries for 

interpretation of growth of the human body is submitted 

and features of use of non-Euclidean geometries in the 

electric circuit theory are shown. 

  

II. SOME FACTS ABOUT USED GEOMETRIC 

TRANSFORMATIONS    

  

Projective transformations. General case.  Generally, the 

projective transformation of points of one straight line 

LU into  points of  other line LR is set by the projection 

centre S  or the three pairs of respective points in Fig.1. 

The projective transformations preserve the cross ratio of 

four points 
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Fig.1. Projective transformation of straight lines points 

 

Affine transformation. There is the projection centre S

, but the straight lines LL RU , are parallel. Therefore, the 

invariant of an affine transformation is the simple ratio or 

proportion of three points. 

Euclidean transformation. If the projection centre 

S , and the straight lines LL RU , are parallel, the 

projection is carried out by parallel lines. This projection 

corresponds to the Euclidean transformation, that is  

parallel translation of a segment. The Euclidean 

transformation preserves the difference of points. 

       The considered transformations of an initial 

rectangular coordinate grid are presented in Fig.2. 

 
Fig.2. Characteristic transformation of the Cartesian  

grid -a) by various group transformations: Euclidean -b) , 

affine -c), projective -d) 

 

 Stereographic projection. The projection of points of the 

sphere ),( 21 UUU i from the top pole on the tangent 

plane 21, nn  at the bottom pole is presented in Fig.3. For 

simplicity of figure, the coordinate axes 21,UU and 

21, nn are combined. 

 
 

Fig.3. Stereographic projection of the sphere on the   

conformal plane 21, nn  

 

The conformal plane differs from Euclidean by existence 

of  one infinitely remote point corresponding to the top 

pole of sphere. 

 Conformal transformations.  The area of change of 

values
21,UU  corresponds to the sphere equator in 

Fig.4,a. 

 

Fig.4. Correspondence the plane 21,UU – a) and   

conformal plane 21, nn  - b)   for constU 1     

 

Let the value 1U be constU 1  (that is the line 1L ). 

Then, the circular section 2L  on the sphere and the circle 

3L  on the plane 21, nn  turn out. The similar family of 

circles is described by the rotation group of sphere, as it is 

shown by arrows. By definition, Möbius's group of 

transformations preserve the values of angles and 

transform spheres into spheres. In addition, Möbius's 

transformations are locally similar transformations, Fig.5. 

 
Fig.5. Growth transformations in cap of fungus and their 

modeling as  Möbius's transformations  

III.  GROWTH CHANGES OF VALUES OF THE 

HUMAN BODY AS NON- EUCLIDEAN 

TRANSFORMATIONS 

 Nonlinear transformations of human skull with aging are 

described as Möbius's transformations in Fig.6. 

 
Fig.6. Möbius's transformations in the modeling of 

ontogenetic transformations of the human skull. Profiles 

of the skull of an adult –a) and 5-year old –b) 
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Growth changes of three-component kinematic blocks 

(the phalanxes of fingers, the three- membered extremities 

and the three- membered body) are characterized by the 

constant value of cross-ratio of four points.  In particular, 

for the fingers the cross- ratio has the view 

const
ADBC

BDAC
W 






)()(

)()(
, 

The expressions in parentheses are the lengths of 

segments between the end points of finger phalanxes. 

CDBCAB ,, - are the lengths of basic phalanx, middle 

and end phalanxes.   

The values of cross-ratio of all the blocks, at least during 

individual development, are grouping around the 

benchmark 1.31. Meanwhile, the growth of the 

human body is essentially nonlinear, Fig.7. 

 
 

Fig.7. Changes of the human body with age - a),  

the three-stretch parts cross- ratios are equal to1,31 -б) 

 

Thus, all the three-membered blocks of the human 

kinematics are Möbius equivalent and Möbius invariable 

during the lifetime.  

IV. PROJECTIVE TRANSFORMATIONS OF 

ELECTIC NETWORK. KINDS OF CROSS- RATIOS   

Let an electric circuit (an active two-pole A ) in Fig.8 be 

considered.    At change of load 0LR  from a regime of 

short circuit SC )0( LR  to the open circuit OC 

)( LR , the load straight line or  I-V  characteristic 

)( LL UI  is obtained. Further, it is possible to calibrate 

the I-V characteristic by load resistance values.  

The equation )( LL RV  has the characteristic linear-

fractional view   

Li

L
L

RR

R
VV


 0  ,   (1) 

 
 

Fig.8. Electric circuit with variable load and its I-V 

characteristic 

 

  It gives the grounds for considering the transformation 

of the straight line 
LR   into line 

LV  as projective in 

Fig.9. 

 
Fig.9. Projective transformation LL UR  and  

the cross ratio 
Lm  

 

It is convenient to use the points of characteristic regimes, 

as the pairs of respective points, that is  short circuit, open 

circuit, maximum load power. If the fourth point is the 

point of running regime,
111 ,, LLL IVR , then the  cross 

ratio Lm has the form 

i
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Thus, the coordinate of  running regime point is set by 

this value Lm , which is defined in the invariant manner 

through the various regime parameters, LL VR ,  . 

The regime change
21

LL RR   can be expressed similarly 
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(3) 

Now, let it be necessary to set the identical changes of 

regime for different initial regimes on the line LV in Fig. 

10. 

 
Fig.10. Identical changes of  regime for different initial 

regimes 
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For this purpose, from (2) we receive the expression 

)( 12

LL VV  explicitly, eliminating iR for two values

12 , LL RR  

1)1(
0

1
21
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1
21

0

2







V

V
m

V

V
m

V

V

L
L

L
L

L .                         (4) 

The obtained transformation with the parameter
21

Lm  translates the point of initial regime
1

LV  into the 

point 
2

LV . Therefore, by keeping the parameter of this 

transformation invariable and by setting different values 

of  initial regime
1

2

1

1 , LL VV , etc., we obtain the points of 

the subsequent regimes
2

2

2

1 , LL VV , etc., which form a 

segment of invariable length (in sense of  projective 

geometry), which is considered as a segment movement 

in  geometry. Here, the character of a change of Euclidean 

(usual) length of the segment is visible. Approaching to 

the base points, Euclidean length is decreasing to zero and 

then is increasing again at the moment of transition to 

external area. Thus, regime changes are projectively 

similar for different initial regimes. The received 

movement of a segment with invariable value of the 

cross- ratio is similar to Fig.7,b). 

In the theory of the projective transformations, 

an important role is played by the fixed points, which can 

be accepted as the base points. For their finding, the 

equation (4) is solved for condition
21

LL VV  . It turns out 

the two real roots,
0,0 VVV LL   which define a 

hyperbolic transformation and hyperbolic (Lobachevski) 

geometry, respectively. If roots of the equation coincide, 

one fixed point defines a parabolic transformation and, 

respectively, parabolic (Euclidean) geometry. If roots are 

imaginary,  geometry is elliptic (Riemannian). 

 

 Input- output projective conformity of network.  Let us 

consider a two-port TP in Fig.11.  Its equation has the 

form 
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where  is an attenuation coefficient,  is  characteristic 

or wave  resistance. This transformation can be seen as a 

rotation of the radius-vector LY0  of constant length at the 

angle    to the position INY0  in the pseudo-Euclidean 

space VI ,  in Fig.11,b.   

Then, we have also the following invariant  

 

        
22
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2

0

22

1
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1  IVIV     

as length of the vector LY0 .  This approach corresponds 

to Lorenz transformations in mechanics of the relative 

motion. 

 

 

 
 

Fig.11. Two-port network - a), input- output  

characteristic – b), movement of the segment 11 INL YY   

for different initial values 1LY -c) 

  

  

In turn, the conductivities at the input and output are 

connected already by linear- fractional expression 






thY
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1
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 This expression corresponds to the rule of addition of 

relativistic velocities.   Let us consider the points    

11, INL YY  on superposed axis in Fig.11,c. This figure 

represents a point movement from the position 1LY  to 

the position 1INY (or the segment movement 11 INL YY ) 

for different initial values  1LY  as  shown by arrows.  

Then, the points 1 are fixed.  The cross-ratio of the 

points 11, INL YY , relatively fixed points, determines the 

“length” of segment 11 INL YY  or the maximum of 

efficiency MPK of a two-port 

MPINL K
th

th
YYm 










1

1
)( 11 . 

Thus, one more received invariant equal to concrete 

number. Therefore, this invariant is similar to the cross-

ratio of the human body equal to 1.31.   
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 Cascade connection of two-ports.  Let us consider the 

cascaded two-ports TP1 and TP2 in Fig.12.     The 

relationship of regime parameters at different parts of the 

network or “movement” on these parts also corresponds 

to projective transformations. The load change from the 

value
1

2LY to the value 
2

2LY defines the correspond 

changes 1LY , 1INY . The length of segments of all the load 

lines is different for the usually used Euclidean geometry.  

 
Fig.12. Cascade connection of two two-port –a) and 

correspondence of I-V characteristics –b) 

 

    If the mapping is viewed as the projective 

transformation, the invariant, which is the cross-ratio of 

four points, is performed and defines the same length of 

segments. Thus, networks of this kind are projectively – 

similar. Therefore, there is some the electro - biological 

analogy: disproportionate change of segments of load line 

for different parts of a network  corresponds to growth 

changes of parts of the human body. 

Projective plane. If the network contains two changeable 

load, projective geometry for the plane is being shown. In 

this case, the load straight lines form the coordinate 

triangles. Therefore, networks of this kind are also 

projectively- similar. 

V. CONFORMAL TRANSFORMATIONS OF 

ELECTRIC NETWORK  

 

Let us consider a power supply system with two voltage 

regulators  21,VRVR  and loads 21, RR in Fig.13. The 

regulators define voltage transmission coefficient or 

transformation ratio 21, nn .  The voltage regulators are 

connected to a limited capacity supply voltage source 0U

. An interference of the regulators on regimes or load 

voltages  
21,UU  is observed because of an internal 

resistance iR  .     Let us consider the case 21 RRRi  . 

The network behaviour or “kinematics” via variable 

parameters 
21, nn  is described by a sphere in the 

coordinates iUUU ,, 21  in Figs.3,4.  For regulation, it is 

better to use such groups of transformations or 

movements of points in the planes   
21,UU  and 

21, nn  , 

when  it is impossible to deduce a working point over the 

circles, which correspond to the equator of sphere by 

finite switching number.  

 
 

Fig.13. Power supply system with two voltage regulators   

 

In this sense, we come to hyperbolic geometry.  On the 

plane  21,UU  it is the Beltrami- Klein's model and on the 

plane  21, nn  it is the Poincare's model. The 

corresponding circle carries the name of the absolute and 

defines infinitely remote border. 

Let us put the value 02 n . Then, the regime change 

goes only on axes 1U  and 1n . The conformity of the 

characteristic points and running point is shown in Fig.14.  

 

Fig.14.  Conformity of the variables 11,nU  of the 

hyperbolic transformations  

 

 

In the methodical sense, it is useful to notice this 

hyperbolic transformation by analogy, corresponds to the 

relativistic rule of speed composition in relative 

movement  mechanics. If, for example   5.01

1 U  , then 

5.02

1 U   and it not depends from value 
21

1U .     
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In the case 21 RRRi  , the sphere will be transformed 

to an ellipsoid. Therefore, these network will be 

conformally or Möbius- similar for the plane
21, nn .  

Therefore, there is some the electro - biological analogy: 

the change of network parameters corresponds to growth 

changes of biological objects.   

 

CONCLUSION 

- The analysis of human growth and analysis of operating 

regimes of electric networks shows an invariant of 

projective and conformal transformations. 

- Different types of the cross-ratio take place for an 

electric network. 

- The change of an operating regime of the given network 

or change of network parameters results to the projective 

or conformal similarity of networks. 

- Established the electro - biological analogy develops a 

methodological basis of application of non-Euclidean 

geometries for these areas. 
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I. INTRODUCTION 

Acoustic imaging techniques have now become one of 

the most common in biology, especially in medicine. 

Several reasons demand for this. The first is that the 

sound waves of low intensity have no adverse effect on 

biological objects, so that they can be used often and for a 

long time. The second reason is that the penetration and 

reflection properties of the acoustic waves are very 

dependent on the density. The latter two features 

distinguish the acoustic imaging of the methods that use 

X-rays. Finally, the acoustic waves do not interact with a 

ferromagnetic material, as it is the case with imaging 

based on nuclear magnetic resonance. 

Despite these advantages, acoustic methods of 

biological objects have not taken proper place in medicine 

and biology. First of all, it is due to the low resolution of 

the method by which realized the acoustic method. 

Currently in medicine is mainly used ultrasound method, 

less exposure to radiation. In both cases, an acoustic 

signal is received either a single sensor or array of sensors 

- a method that is borrowed from the defectoscopy, which 

first began to use acoustic methods to detect defects. The 

dimensions of the electro-acoustic elements much more 

used wavelength. For defectoscopy these methods are 

acceptable, as there is important to the discovery of the 

defect itself. In medicine, the aim is to visualize organs 

and different formations in them, that is, to determine 

their size, shape, and character. 

A version of acoustic monitoring methods that can 

meet these requirements is the acoustic holography. In 

this method, due to the interference of two sound waves 

(reference and reflected from the object) get the picture 

sound field on which to rebuild a three-dimensional image 

of the object of control. The idea of acoustic holography 

emerged simultaneously with the practical realization of 

optical holography, that is, with the advent of coherent 

light sources - lasers in the early seventies of the last 

century, although the theory of optical holography was 

developed by Gábor Dénes in 1948 for use in microscopy. 

[1]. 

One of the most promising methods for acoustic 

holography seemed the method of surface relief. This 

method is based on the ability of the medium, in 

particular fluid deformed by the pressure of the acoustic 

wave. There are two divergent beam of ultrasonic waves 

(one - the reference and the other – diffused or reflected 

by object), which intersect at the free surface of the 

medium and the strain it, forming a surface standing 

wave. The resultant pattern of ripples on the surface is an 

analog optical phase hologram. If it is submitted to 

coherent light from a laser, in the reflected light waves it 

is possible to gain the recovered image of a object. 

Despite the apparent attractiveness of this method in its 

implementation have significant difficulties, of which the 

most should be made low resolution of recorders optical 

radiation (film) and stray light, which is much stronger 

than the desired signal. These and other difficulties led to 

the fact that interest in the method of the surface relief, 

but like other methods of acoustic holography, gradually 

waned. This is evidenced by the fact that the majority of 

papers on this subject refer to the 70-th, 80-th years of the 

last century [2-7]. Moreover, it is difficult to find a paper, 

which would be consistent presentation of the theory of 

the method. 

However, technological advances, we are seeing now 

forced to look with optimism at the prospects of this 

method. These circumstances have led to the idea of this 

On the Visualization of Biological Object using 

the Acoustic Holography 

 Abstract – The visualization with ultrasonic waves is one of the most widely used in medicine 

methods. Currently in medicine mainly is spread echographyc ultrasound method, less exposure to 

radiation. These methods are acceptable in defectoscopy, as there is important to the discovery of the 

defect. In contrast to the defectoscopy, in medicine aims to not only detect the object and visualize organs 

and different formations in them. Satisfy these requirements may acoustic holography. This article is 

devoted to acoustic holography, which, as well as optical holography provides a three-dimensional image 

of the object. Is considered the method of the surface relief, based on the ability of the fluid to deform 

under pressure in the acoustic wave. The basic theoretical standings necessary for calculation of devices, 

grounded on this method are analyzed. We derive the expressions needed to calculate the geometric 

position of the image, as well as its size. Based on these results it is concluded that there will now 

optoelectronic matrix with a pixel size of the order of nanometers make a very promising imaging of small 

size, derived from acoustic holography. In addition, these images can be processed by powerful 

computers, thus suppressing noise, especially from stray light. 

 

Index Terms — ultrasonic holography, visualization of biological objects, method of the superficial 

relief, ultrasonic methods, introscopy. 
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article, which describes a method of surface relief 

acoustic holography, and also displays the basic 

theoretical principles necessary for the calculation of 

devices based on this method. 

II. BASIC PRINCIPLES OF THE OPTICAL 

HOLOGRAPHY 

Acoustic holography closely intertwined with optical 

holography, so at first we recall the basic principles 

underlying the optical holography. Conventional image 

recorders (film, video matrix, various screens) record 

information about the average light wave, that is, only 

information about the amplitude of the light waves, the 

phase information is lost. Therefore, when displayed, the 

image is flat, so it is impossible to determine from which 

parts of the object light wave arrives earlier and which to 

later. Holography is different in that to the wave reflected 

from the object and incident on the registrar adds a 

coherent reference wave. The standing wave is as a result 

formed, and in the recording medium is recorded 

interference pattern, which carries complete information, 

i.e., information as the amplitude and the phase of the 

wave reflected from the object. 

Reference and illuminating the object wave can be 

obtained by dividing the light from a laser into two parts 

(Fig. 1). The beam of the laser 1 is transmuted into plane-

parallel radiation by means of optical system 2. Part of 

this radiation by the mirror 3 forms a reference wave 5. 

The other part is reflected from the object of observation 

and forms a wave scattered by the object 6. The 

interference of these two waves is registered in the 

medium 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the hologram, recorded in such a way, to shine with a 

light beam 3 from the laser 1 (Fig. 2), dilated by optical 

system 2, the hologram will modulated it and will 

reproduce light front 6. The latter consists of three light 

beams 4, 5 and 6. Beam 4 is a not modulated light. 5 - 

corresponds to the virtual image 8, and 6- to real image 9. 

These images can be observed directly, without additional 

optical devices, this is due to the fact that the beams 5 and 

6, modulated by hologram 7, reproduce structure of the 

wave reflected from the real object. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. PRINCIPLE OF THE ULTRASONIC 

HOLOGRAPHY USING BOUNDARY OF TWO 

MEDIUMS 

The basic principle of imaging with acoustic 

holography is similar to optical holography: at first is 

recorded the pattern, obtained from the interference of 

two sound waves – diffuse by object and the reference, 

and then the resulting record - acoustic hologram is used 

for reconstruction of the object image. The most 

frequently as an acoustic hologram is used the boundary 

between two media. This is the so-called surface relief 

method. It is based on the ability of the fluid to deform 

under pressure in the acoustic wave (Fig. 3). 

In this method, two beams of ultrasonic waves (one - 

reference 6, and the other - 7, diffused by object 8) are 

intersect on the free surface of the liquid and strain it, 

forming a surface standing wave 5. This is standing wave, 

since the both acoustic transducer 9, 10 are connected to 

the same generator 11. The resultant pattern of ripples on 

the surface is an analog optical phase hologram. If on it to 

guide coherent optical radiation 3 treated by projection 

optics 2, from the laser 1, in the reflected light waves can 

be reconstructed the image of the object 4. 

Method of surface topography has many modifications. 

Our paper describes a method close to the method of 

recording the hologram by scheme Denisyuk when object 

and reference beams are on opposite sides of the 

holographic plate [8]. Further we consider the deduction 

of relations, which determine the position of the image 

and its size. 

Field, which creates light (acoustic), diffused by object 

in the plane of the hologram can be written in the form of: 

 

     rierArp  ,  (1) 

where r - the radius vector in the plane of the hologram 

A(r) and φ(r) the amplitude and phase of light waves in 

the point with radius vector r. 

Fig.1. The scheme of hologram recording of 

three-dimensional optical scattering object. 
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Fig.2. The scheme of image reconstruction of 

object. 
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Reference wave is described by 

1rik
RR

ReAp  .   (2) 

Here kR - wave number; AR - plane reference wave 

amplitude; r1 - radius vector of an arbitrary point in space. 

If the origin of coordinates is placed on the surface of the 

liquid, i.e., in the plane of the hologram, the reference 

wave field becomes:  
rik

RR
ReAp  .   (3) 

The total field (pressure) on the surface of the liquid, i.e., 

in the hologram plane  

          rik
R

ri
R

ReAerArprprp 


. (4) 

Density of an internal energy of a ultrasonic wave [10]. 

2

2

1
pI  ,  (5) 

where   - compressibility of medium. Let's substitute (4) 

in (5) 

              rprprprprprprI RRR
**22

2

1
   

(6) 

We assume that the average for the period of the 

acoustic wave reflection coefficient T of the laser light 

from the ripples on the surface of the liquid is 

proportional to the energy density of the acoustic wave. 

That is 

   rITrT 0 ,   (7) 

here T0 - coefficient of light reflection from the 

undisturbed surface. Generally speaking, it depends on 

the angle of incidence of light. At normal incidence to the 

surface T0 = 0,02 [11]. 

The ripples on the surface of liquid modulate the 

reflectivity, and forming, in fact, an acoustic hologram. In 

this case, the latter is the average for the period of the 

acoustic wave function of the reflection coefficient of the 

coordinate. Thus, to recover the image it is possible by 

means of a beam of laser light. It should be noted that the 

optical hologram is also a time-averaged picture. 

The laser light reflected from the surface is modulated 

in accordance with the interference pattern of acoustic 

standing wave on the surface of the liquid. We denoted by 

E(r) the total field on the surface of the interference 

pattern and E0 field illuminating laser light.  

Then  

         rErITrErTrE 000  .  (8) 

Considering expressions (5), (1) and (3) from the formula 

(8) within a constant factor, following formulas follow: 

       rErErErE 321  , 

      rErAATrE R 0
22

01  ,  (9) 

   rEATrE R 0
2

02  , 

    rik
R erEATrE 02*2

03  . 

These equations are similar to the equations obtained 

by Denis Gabor [1], with the only difference being that 

instead of the amplitudes are illuminating the object and 

reference optical wave containing these acoustic waves. 

Furthermore hologram is not static, as in the case of 

optical holography, and dynamic. That is, the image 

restoration is directly from the interference pattern formed 

by a standing acoustic wave. In other words, in our case is 

the intermediate recording medium such as a 

photographic film is not used. 

Component E1(r) characterizes the field of radiation 

that passes through the surface of the water. E2(r) 

corresponds to the field, forming a virtual image, which is 

located in front of the hologram. It can be observed 

directly without additional optics. 

The real image is a hologram, in this case, in the water, 

so it does not interest us. For this scheme interest is the 

virtual image, which is formed in front of the hologram. 

Finally, a term of E3 (r) describes the real image, which is 

located behind the hologram, i. e. in the depth of the 

liquid. This component is not of interest to us. The image 

will be a similar to object, provided that the reference 

ultrasonic and recovering laser light incident 

perpendicular to the water surface. 

In the case of optical holography, the reference and 

readout beams are usually the same wavelength. In the 

case of acoustic holography situation is different. Below 

we shall view how this affects the position and size of the 

image. 

Рис. 3. Scheme of the surface relief acoustic 

holography 
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IV. CALCULATION OF THE LOCATION OF THE 

IMAGE 

In the paper [12] the question is viewed in case of 

when the optical holography is used for obtain an 

enlarged image. Following the procedure featured in a 

quoted source, we shall gain expressions which feature 

the image in case of a ultrasonic holography. 

In the deduction given above, we guessed, that a 

reference wave is flat, however it is possible to use and a 

spherical wave as a reference wave. In this case 

expression (3) should be exchanged on 
rRlRik

eAp RR



 ,  (10) 

where lR - the radius vector of the center of a spherical 

wave. Since according to (5) the intensity of the acoustic 

wave on the surface of the liquid is proportional to the 

square of the amplitude of the pressure, the virtual image 

is the same as for a plane wave. 

Let's designate: LS - the distance between the 

transmitter, illuminating the object and hologram; LR - the 

distance from the transmitter of to the reference wave the 

hologram; LL - the distance from the source of the 

reconstructed image. Vectors rS, rR and rL - determine the 

position of these vectors in the plane of the hologram. 

Oscillatory fields that correspond to the three 

radiations, described by: 

- the field which is created by the ultrasonic emitter 

shining object in a plane of the hologram can be written 

down in the form of 

   rrLik SSSAerp


 ;  (11) 

- the reference wave is described by 

 rrLik
RR

RRSeAp


 ;  (12) 

- the field, of highlighting laser. 

 rrLik
R

LLLeEE


 0 .  (13) 

Here SSk  2  and  LLk  2  wave numbers of 

the sound and light accordingly . 

Let's remind, that the equations (11) and (12), feature 

ultrasonic waves, and (13) – an optical wave. Using the 

same reasoning’s by means of which we have gained 

relations (9) we shall obtain the expression describing the 

virtual image interesting us: 

      ri
RR erEAATrE 

0
'*

02  ,  (14) 

where  

  rrLkrrLkrrLkr LLLRRSSSS 

(15) 

- phase of the oscillation at the point with radius vector r. 

Assume that the size of the hologram is much less than 

the distance to the oscillator, then 

rrLrrLrrL LLRRSS  ;;

,(16) 

then the oscillation phase in a point r can be presented in 

the form: [12]: 

  01
12

  rr
L

k
r L .   (17) 

The value 0 does not depend from r, and r1 and L1 are 

defined by relations: 

R

S

L

L

S

SL

L

k
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1

 ,       (18) 
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S
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L

r
k 

1

1  . (19) 

Formulas (18) and (19) determine the coordinates of the 

image of point object r1 and L1 provided that the object is 

located in the point with coordinates LS and rS. 

V. CALCULATION OF THE SIZES OF THE IMAGE 

Let's view now a question on the sizes of the image. 

We shall displace a point-object parallel to plane of the 

fluid’s surface on Sr . The image of object also will be 

displaced on Lr . In conformity with expression (19):  

S
SL

S
L r

L

L

k

k
r  1 .   (20) 

The result would be the same if the values Sr   and  Lr  

represent vectors which are joined among themselves 

with two points of object and the image accordingly. 

Coefficient 
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1

11  (21) 

characterizes the ratio of the traversal dimensions of the 

image and object. 

The longitudinal aspect ratio image and object is 

defined as the displacement of the image of a point object 

to a shift in the object itself. From expression (18): 

2

2

1 V
k

k

L

L

k

k

dL
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S

SL

S

S
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 .  (22) 

From (21) and (22) we conclude that, in general, the 

longitudinal image resizing is not equal to the transverse 

change. The image will be similar to the object only if the 

following condition is satisfied: LS = L1. This corresponds 

to the position of an object, which is described by the 

formula:  
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.       (22) 

The condition of the longitudinal and transverse changes 

in size will be the same and will be equal to the ratio of 

the wave:  

S

L

L

S

k

k
UV

 

 
 . 

In medicine frequencies f up to 10 MHz are used. If to 

accept velocity of a sound in water cS = 1450 km/s, this 

corresponds to a wavelength: 

mmm
s

sm

f

v
S 145,01045,1

11010

1045,1 4

6

3





  . 

The reading beam is obtained by He-Ne laser with a 

wavelength  L = 632,8 nm. Then  

212
L

S

 

 
.       (23) 
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The expression (23) means, that at the given 

parameters the image recovered by means of a viewed 

method in 212 times is smaller, than object. It is thanks to 

this fact the method of the ultrasonic holography has not 

gained in due time major distribution. However now have 

appeared optoelectronic matrixes with the sizes of pixels 

of the order nanometers, which allows possible to 

visualization of images of the small sizes gained by 

means of a ultrasonic holography. In addition, these 

images can be processed by powerful computers, thus 

suppressing noise, especially from stray light. 
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I. INTRODUCTION 

Image segmentation is the separation/delineation of 

objects between them and against background. There is a 

lot of segmentation methods in literature such as: region-

growing [1], [2], split and merge [3], clustering method: 

k-means, fuzzy C-means [4], edge-based segmentation [5] 

thresholding [6], [7] as well as other segmentation 

methods [8] based on combination of the above. 

Therefore, the quality of segmentation, the similarity of 

the results with segmentation by human operators should 

be evaluated. Quality can be determined subjectively by 

human assessors, or objectively, by computer using 

quantitative indicators (factors). When comparing 

methods by the machine, the empirical factors are 

modeling the quality assessment made by the experts. 

Carrying out an unsupervised segmentation means 

excluding the human factor and using metrics indicating 

the quality of segmentation. One metric of quality is 

precision boundary object / objects against the 

background. A difficult case is, for example, the 

delineation of small objects (coffee beans, peas, etc.) that 

could be considered texture. 

Of concern in segmentation is the accuracy of the 

segment assessment – checking whether the segment is 

equal to the surface area of the object in the image area; 

for example, reflections of light and shadows are often 

determined as separate segments. 

Yet another characteristic evaluated for 

segmentation algorithms is the computational complexity 

(computational complexity of time and space). 

II. UNSUPERVISED EVALUATION OF 

SEGMENTATION METHOD 

When making supervised evaluation, the 

segmentation results are compared with those of 

stereotyped ones provided by experts in the field: the 

experts are drawing the outline of objects, manually 

delimiting the area of interest to be further processed. In 

case of unsupervised evaluation, several evaluation 

metrics were proposed for assessing the homogeneity of 

the regions, the difference of the mean value between 

regions, the contrast between object and the background 

region, to decide if too many or too few segments are 

obtained and others [9], [10], [11]. An important factor in 

evaluating the quality of segmentation is the texture. Test 

images for this work do not contain textures, but the 

texture-based segmentation is widely used [12]; 

moreover, texture features combined with other methods 

improve the determination of texture regions [13]. 

In order to decide if an over-segmentation has 

occurred, i.e. if there are more segments than actually 

objects in the image, J. Liu and Y.-H. Yang [14] have 

proposed the following function: 





N

j j

j

S

e
NIF

1

2

)(                           (1) 

where I is the segmented image, N is number of obtained 

regions after segmentation, jS – area of region j
 and 

2

je
 
 

–  squared color error (or the gray level) that is calculated 

as  
22 )( xxe

jSk

kj  


                             (2) 

where kx  is the gray level of the pixel, and the x means 

gray level of the region. Therefore 
2

je  shows the 

scattering of the gray values of pixels on a surface. In 

order to calculate the correct variance, it is required to 

include in the computation the surface area (total number 

of pixels in the region jS ) the gray values are distributed 

on. For regions with an uniformly distributed gray value, 

we obtain 02 je . 

Quality Analysis of Image Segmentation based 

on G-UN-MMS 

Abstract — We analyze the quality of segmentation of the simple segmentation algorithm based on G-UN-

MM representation method introduced in other papers; then, we compare the segmentation results according 

to the G-UN-MMs with those obtained by other algorithms. We briefly present a preliminary report on the 

comparison of segmentation methods using only two objective comparison indices. Results that are more 

detailed will be presented in a definitive paper to extend this preliminary one. 
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III. SEGMENTATION ALGORITHM BASED 

ON G-UN-MMS 

The segmentation methods based on histogram 

usually determine the thresholds as being the minimum 

values of the histogram – the “valleys” of Gaussian 

distribution. We, HN.Teodorescu and I, have proposed a 

novel way of using the global statistics of gray images for 

image segmentation. [15]. The statistics )(Gp , where G is 

the gray level, is empirically represented by the 

histogram, )(Gn . In the distribution function, instead of 

finding the “valleys” or approximating it with a set of 

Gauss functions, as in other methods, we identify the 

intervals of almost constant probability. These are the 

intervals kX  satisfying one of the sets of conditions 

 |)()(|, 2121 xpxpXxx k  and 

max)( GXlength k   , 10   ,  with   and   

predetermined parameters of the procedure, or 

 )(, 21 kk XSTDVXxx  and the second condition 

identical to the above. Once the intervals kX  are 

determined, the partition of the gray interval ],0[ maxG  is 

completed with the remaining intervals. The segments of 

the image ),( jiG are determined according to the 

intervals kX  so determined. By varying the parameters 

  and  , several segmentation results can be obtained. 

a. peppers b. Lena 
Fig. 1 Typical test images: peppers [16] and Lena [17] 

IV. RESULTS 

The results achieved on test images “peppers” and  

“Lena” from [16] respectively [17] that we used in our 

previous works [15] and [18] are given in Table I. For 

comparing the results, we have chosen the Otsu standard 

method [20], which is also a segmentation method based 

on histogram.   

For the test images blood cells [21] and rice [22] we 

compute the inter-region disparity metric 
2

B  [23]. 

 

TABLE I. SEGMENTED IMAGES WITH THE PROPOSED METHOD AND OTSU’S METHOD (WITH 2 THRESHOLDS), 
DISPERSIONS VALUES FOR SEGMENTS AND ORIGINAL IMAGES, FUNCTION F 

Segmented image with proposed method 

  

   

S1=22.24     S1/Sim=0.41 

S2=6.95       S2/Sim=0.13 

S3=23.87     S3/Sim=0.44 

Simage=54.31 

 

F=216 562 

S1=25.92    S1/Sim=0.57 

S2=6.98      S2/Sim=0.15 

S3=20.94    S3/Sim=0.46 

Simage=45.73 

 

F=215 677 

S1=34.70     S1/Sim= 0.72 

S2=10.94     S2/Sim=0.23 

Simage=48.26 

 

F=241 308     2

B 1825 

 

S1=7.61       S1/Sim=0.14 

S2=42.51      S2/Sim=0.78 
Simage=54.32 

 

F=337 360    
2

B =2425 

 

Segmented image with Otsu’s method  
    

S1=21.44     S1/Sim= 0.40 

S2= 17.63    S2/Sim=0.32 

S3=19.08     S3/Sim=0.35 

 

F=195 039 

S1=12.16    S1/Sim=0.27  

S2=18.06    S2/Sim=0.40 

S3=21.29    S3/Sim=0.47 

 

F=161 258 

S1=14.08     S1/Sim=0.30  

S2=22.10     S2/Sim=0.46 

F=154 203   
2

B =1916 

 

S1=17.05    S1/Sim= 0.31  

S2=32.34    S2/Sim=0.60 

F= 234 402   
2

B =2518 

 

Here, s1, s2 and s3 represent the gray values of the segments, S1, S2, S3 - the dispersion of the segments. The segmented images by Otsu method 

were obtained by us using the algorithm from [20]. 
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One of the metrics for evaluating the quality of 

binary images segmentation is inter-region disparity: 

2
)()(

2 )( BkOk

I

O

I

B
B xx

S

S

S

S


     (3)
 

where 
BS  is the areas of  the background and OS  - the 

area of the object, )(Okx  and 

)(Bkx  represent the average values of the gray-level of the 

object and respectively of background. 

The proposed algorithm [15] for histogram 

segmentation uses at least two thresholds (the limits of the 

largest quasi constant interval on the histogram). For 

obtaining a segmented binary image was chosen for 

"blood cells" the right limit as threshold (Th2) and for 

"rice" - the left (Th1). Otsu algorithm provides the 

number of obtained classes at beginning (1 ... n), and 

finds k thresholds for effective segmentation based on 

determining a smaller dispersion within the classes. 

Evaluation of a segmentation method can be 

performed by comparing the results with those achieved 

by using standard segmentation algorithms (reference 

algorithms). We chosed to compare the achieved results 

with K-Means clustering segmentation method, as 

described in [19] and one of the versions of Otsu method, 

as described in [20]. 

Notice that the gray value we used for the segments 

are not necessarily identical with those used in the 

literature for the same images. The function F and the 

inter-region disparity metric 
2

B  are calculated on the 

gray-level of the original images. The gray-level of the 

represented segments has no influence on the obtained 

results. 

In order to make a comparison of the results of 

peppers color image segmentation [24] by using the 

proposed method with other methods from the literature, 

we take into account primarily the number of obtained 

segments. Using different comparison values in the G-

UN-MM algorithm for determining the constant intervals 

upon the color image segmentation (the application of 

segmentation algorithm on each array separately: Red, 

Green and Blue) we have got different numbers of 

segments, as in Table III. 
 

TABLE II. NUMBER OF OBTAINED SEGMENTS 

 

 

 

 

 

 

For comparing the results we chose the 

representation of obtained segments surfaces 

intersections: the proposed method with K-mean, the 

proposed method with Otsu and, finally, K-mean with 

Otsu. 

 
TABLE  III. SURFACES OF OBTAINED SEGMENTS 

The method applied on image ‘peppers.jpg’  410x410 pixels Area in pixels and % 

Segment 1 Segment 2 Segment3 

Color-Based Segmentation Using K-Means Clustering 48 470 28.83% 83 840 49.88% 35 790 21.29% 

Image segmentation using Otsu thresholding 60 289 35.86% 77 303 45.99% 30 508 18.15% 

Segmented Image with proposed method p=1.5 75 963 45.19% 88 633 52.73%  3 504 2.08% 

 

TABLE IV INTERSECTION OF AREAS OF SEGMENTS 

The method applied on image 

‘peppers.jpg’  410x410 pixels 

Intersection of areas of segments  

Segmented Image with proposed method p=1.5 

Segment 1  Segment 2 Segment 3 

Our Methods AND Color-Based 

Segmentation Using K-Means Clustering 

48102 

28.61% 
 

our 75 963 

45.19% 

81220 

48.32% 

our 88 633 

52.73% 

3473 

2.06% 

our 3 504 

2.08% 

kmeans 48 470 
28.83% 

kmeans 83 840 
49.88% 

kmeans 35 790 
21.29% 

Our Methods AND Image segmentation 

using Otsu thresholding 

48773 

29.01% 

our 75 963 

45.19% 

77134 

45.89% 

our 88 633 

52.73% 

3487 

2.07% 

our 3 504 

2.08% 

otsu 60 289 
35.86% 

otsu 77 303 
45.99% 

otsu 30 508 
18.15% 

K-Means Clustering AND Otsu thresholding 36 296 

21.59% 

kmeans 48 470 

28.83% 

70 872 

46.16% 

kmeans 83 840 

49.88% 

18 561 

11.04% 

kmeans 35 790 

21.29% 

otsu 60 289 
35.86% 

otsu 77 303 
45.99% 

otsu 30 508 
18.15% 

  

In Table IV the areas of the segments are in pixels. 

The values in % represent the number of pixels of the 

intersection of the corresponding segments vs. 

image in the pixels of Nr. Total

onintersecti pixels of Nr.
100  . For each segment, 

the first sub-column represents the area (in pixels) of the 

intersection of the segment obtained with the G-UN-MM 

method with the corresponding segment obtained by the 

alternative method. 

The intersection of areas of segments obtained with 

the proposed method and other methods: AB=50 (black 

- color value 50), A-B=100 (gray – color value 100), B-

A=200 (gray – color value 200), where A denotes 

segments obtained with proposed method, B - segments 

obtained using K-Means (a), respectively using Otsu 

thresholding (b) 
 

 

 
 

 

 

 

 
 

Comparison value 

for determining the 

threshold 

Number of 

segments 

p=1.5 3 

p=3.5 6 

p=5.0 8 

http://www.mathworks.com/matlabcentral/fileexchange/file_infos/26532-image-segmentation-using-otsu-thresholding
http://www.mathworks.com/matlabcentral/fileexchange/file_infos/26532-image-segmentation-using-otsu-thresholding
http://www.mathworks.com/matlabcentral/fileexchange/file_infos/26532-image-segmentation-using-otsu-thresholding
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TABLE V INTERSECTION OF AREAS OF OBTAINED SEGMENTS WITH PROPOSED METHOD AND K-MEANS CLUSTERING, OTSU’S METHOD 

Segment 1 Segment 2 Segment 3 

   

a. Intersection of areas of segments for Color-Based Segmentation using K-Means Clustering 
method 

   

b. Intersection of areas of segments for Image segmentation using Otsu thresholding method 

 

TABLE VI INTERSECTION OF AREAS OF OBTAINED SEGMENTS WITH K-MEANS CLUSTERING AND OTSU-S METHOD 

 

Segment 1 Segment 2 Segment 3 

   

Intersection of areas of segments using K-Means Clustering method and using Otsu thresholding 

 

The intersection of areas of segments of 

segmented image with proposed method and other 

methods: AB=50 (black - color value 50), A-B=100 

(gray- color value 100), B-A=200 (gray- color value 200), 

where A denotes segments obtained from a specified 

image using K-Means and B denotes the same segments 

obtained from the same specified image using Otsu 

thresholding. 

 

V. CONCLUSIONS 

According to the criterion of efficiency, the 

proposed method is a simple one, having a minimal 

resource consumption and fast computation. The results 

achieved are numerically close to those obtained with 

more complex methods [6], [25], [26]. Therefore, we 

conclude that the method is effective and satisfactory. The 

quality of the results indirectly validates the use of the 

model of mixtures of Gauss and Uniform Noises (G-UN-

MM) proposed in our previous papers. 
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    Abstract – Lateral teleradiography represents an indispensable paraclinical investigation in dento-maxillary 

anomalies. McNamara’s cephalometric analysis method is one of the most suitable in this case. The purpose of 

this study was to identify the most informative parameters according to McNamara method, that are specific 

for Class III malocclusion. The study sample consists of 6 lateral cephalometric radiograms that were 

examined according to principles described by McNamara. After cephalometric evaluation we detected a range 

of modifications characteristic for Class III. The mandible is positioned more antero-inferior than the normal 

values suggested by McNamara, which is confirmed by an average deviation of 6.7mm of the index Pg-Nasion 

perpendicular. There was detected a significant antero-posterior skeletal disharmony, proven by increased 

values (15.6mm) of the variable maxillomandibular difference. The maxilla has a retropositioned location 

compared to the cranial base expressed by the parameter A-Nasion perpendicular that is deviated 4.2mm 

posterior from the position considered normal. The goniac angle is more obtuse than the standard values. The 

increased value (+3.2°) of the angle between Frankfurt and mandibular plane confirms this modification. 

Mandibular length was excessive for all the patients with a medium exceed of the normal values of 13.1mm. As 

a result of this research we determined that the most important informative value in class III diagnosis is 

possessed by the following parameters: the mandibular and maxillary length, maxillomandibular difference, 

the relation between the mandible and cranial base and the goniac angle value. 

 

Index Terms — Lateral teleradiography, cephalometric analysis, McNamara, Class III malocclusion. 

  

I.   INTRODUCTION 

 

  Among all the paraclinical investigation methods 

available in orthodontics, the lateral teleradiography has 

the most important value for diagnosis, treatment 

planning and the outcome evaluation in dento-maxillary 

anomalies. The aim of the teleradiographical examination 

is to determine the relationship between teeth, maxillaries 

and cranial base. To this end, with the help of skeletal and 

soft tissue landmarks, planes and angles are formed. Their 

values were analyzed in multiple researches. One of the 

most recent is McNamara’s cephalometric analysis 

method [2]. This method combines the anterior reference 

plane described by Burstone [10] and a description of the 

length of the jaws and their relationship as given by 

Harvold [12]. This approach makes this analysis method 

one of the most suitable for diagnosis, treatment plan 

developing and treatment evolution assessment. 

   Increased interest regarding this method and its 

advantages determined us to use it in the cephalometric 

evaluation for Class III patients. 

   The purpose of this study was to emphasize the most 

informative parameters according to McNamara method 

which are specific for Class III malocclusion. 

 

II.  MATERIALS AND METHODS 

 

   This study has been performed on 6 lateral 

cephalometric radiograms(Fig.1), made at 1.5 m distance, 

in centric occlusion. All the patients were diagnosed with  

 

skeletal Angle class III malocclusion. After clinical 

examination, study models were fabricated and analyzed 

via classical methods. Depending on necessity, 

orthopantomography and photometric investigation were 

performed. Lateral cephalometric radiographs were 

evaluated according to McNamara method. 

 

 
Fig.1   Example of lateral teleradiogram analyzed according to 

            McNamara method. 

     

 

McNamara analysis method consists of 5 main directions: 

 Maxilla - cranial base relationship evaluation 

Cephalometric Investigation of Class III 

Malocclusion According to McNamara Method 
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 Maxilla - mandible relation assessment 

 

 

 Mandible - cranial base rapport determination 

 Dentition assessment 

 Evaluation of the morphological parameters of 

the respiratory segment 

1.  To determine the maxilla-cranial base relationship 2 

steps are required:  soft tissue evaluation and bone 

structure evaluation. 

   Soft tissue assessment is performed by calculating 2 

indices: 

- Naso-labial angle, which is formed between the tangent 

of the nose and the tangent of the upper lip (fig.2, red). 

According to McNamara, this index average value is 

102°. 

- Upper lip orientation, which is determined by measuring 

the angle between the tangent of the upper lip and the 

perpendicular from N to Frankfurt horizontal plane (the 

line from O to P) (fig.2, blue). According to McNamara, 

normally this angle represents 14°. 

  The evaluation of skeletal relationships consists in 

determination of maxilla's antero-posterior orientation 

towards cranial base. This is performed by measuring the 

distance between the perpendicular from the Nasion (N) 

to Frankfurt's horizontal plane and A point (fig.3). In an 

esthetic facial balance this distance is 0 in temporary 

dentition and represents 1 mm in adult dentition. 

 

 
 

 

2.   In order to determine the relationship between the 

maxilla and mandible we use the modified Harvold 

method. The effective midface length is measured from 

the point Condilion (Co) to the point A. Effective 

mandibular length is measured from the Co point to the 

point Gnathion(Gn) (fig.4).  To determine the 

maxillomandibular difference we have to decrease the 

midface length from the mandibular length. According to 

McNamara this difference has a mean value of 20-23mm 

in mixed dentition and 27-30mm in permanent. 

Maxillomandibular relationship is described also by the 

anterior lower face height. In this order, the anterior face 

height is expressed by 3 parameters: 

- the distance between the point SNA (Spina Nasalis 

Anterior) to the Menton (Me) (fig.5, red).  The 

medium value McNamara suggested is 62.4mm. 

 

 

 

- the angle between the Frankfurt plane (O-Po) and 

the mandibular plane (Me - Go) (fig.5, blue), the 

mean value is 22°. 

- the angle between the Ricketts facial axis (Pt - Gn) 

and Ricketts cranial plane (Ba - Na) (fig.5, green), 

that has a medium value of 90°. 

 

3.  The assessment of the relationship between the 

superior facial structures and the mandible is determined 

from the point Pogonion (Pg) to the Nasion perpendicular 

(fig.3). According to McNamara, this value is from 6 to 8 

mm (Pg posterior to perpendicular) in temporary dentition 

and varies from 2mm posterior to 4mm anterior in adults. 

 

 

 
 

 

4.   Dentition assessment consists of the appreciation of 

the central incisors relationship. In order to determine the 

antero-posterior position of the superior incisors we 

measured the distance from the vestibular surface to the 

N-A line (fig.6). The mean value of this parameter is 4-

6mm. As a vertical position, the incisal edge is situated 2-

3mm under the superior lip margin. 

To evaluate the position of the inferior incisors we 

calculate the distance between the incisal edge and the A-

Pg line (fig.6).In a facial balance this index value is 1-

3mm 

 

5.   We performed cephalometric measurements 

characteristic for respiratory function evaluation. For this 

purpose we determined SPW (Superior Pharyngeal 

Width) and IPW (Inferior Pharyngeal Width).  For SPW, 

we appraised the distance between the most posterior 

point on the soft palate and the nearest point on the 

pharynx (fig.7, blue), the mean value for this index is 15-

20mm. In order to determine the IPW variable, we 

measured the space from the intersection point of the 

mandibular edge and the tongue’s root posterior margin to 

the nearest point on the pharynx (fig.7, red). The medium 

value is 11-14mm, regardless of the age. 
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Fig.6 

 
 

    

 

 

After the cephalometric analysis according to McNamara 

method, a mathematical calculation was performed, that 

expresses the deviation from the mean values of every 

individual variable, for every examined patient. Finally, a 

statistical computation was performed that expresses the 

mean deviation for every parameter, represented by the 

arithmetic average between the previously determined 

deviations for each clinical case. 

   These values give us the opportunity to detect which 

variables, determined according to MnNamara method, 

recorded the most increased deviations from the mean 

values. Respectively, these parameters will be the most 

significant for the diagnosis of Class III malocclusions.  

 

III.   RESULTS 

 

   The index values obtained after the measurements and 

calculus are showed in the Table 1. 

  After the intendment of the achieved results, we detected 

the following significant modifications characteristic for 

Class III malocclusion: 

The mandible is positioned more antero-inferior than the 

normal values suggested by McNamara. This is confirmed 

by a medium deviation of 6.7mm of the index Pg-Nasion 

perpendicular. 

-   Significant antero-posterior skeletal disharmony 

proven by increased values (15.6mm) of the variable 

maxillomandibular difference. 

-   Maxilla has a retropositioned location compared to 

the cranial base, expressed by the parameter A-

Nasion perpendicular that is deviated 4.2mm 

posterior from the position considered normal. 

-   The goniac angle is more obtuse than the standard 

values. The increased value (+3.2°) of the angle 

between Frankfurt and mandibular plane confirms 

this modification 

-   Mandibular length was excessive for all the 

patients, with a medium exceed of the normal value 

of 13.1mm. 

-   Superior lip shows a posterior position, as a result of 

retropositioned maxillary parameters. Upper lip 

orientation angle showed a medium decrease of 

1.83° and the naso-labial angle a 9.17° increase in 

comparison with the normal values. 

  The specific modifications described by us were 

confirmed in previous similar researches [4,5] with small 

exceptions related to ethnical differences.  

 

 

 

 

Parameter 
Average 

value 
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

Mean 

deviation 

Maxilla-cranial base relationship  

   Naso-labial angle 102° 
97° 104° 125° 114° 107° 120° 

+9.17° 
-5° +2° +23° +12° +5° +18° 

   Upper lip orientation angle 14° 
12° 15° 20° 13° 7° 6° 

-1.83° 
-2° +1° +6° -1° -7° -8° 

   A-Nasion perpendicular  (mm) 1 
-2 -3.5 -3.9 +2.8 -6 -7 

-4.2 
-3 -4.5 -4.9 +1.8 -7 -8 

Maxillomandibular relation  

   Maxillary length   (mm) 90 
84 86 73 98.5 91 86 

- 3.58 
-6 -4 -17 +8.5 +1 -4 

   Mandibular length  (mm) 110 
111.5 117 108 143 128 131 

+13.1 
+1.5 +7 -2 +33 +18 +21 

   Maxillomandibular difference. (mm) 21.1 
27.5 31 35 44.5 37 45 

+15.6 
+6.4 +9.9 +13.9 +23.4 +15.9 +23.9 

   Anterior face height (SNA-Me)  (mm) 62.4 
60 57 63 80 64 73 

+3.77 
-2.4 -5.4 +0.6 +17.6 +1.6 +10.6 

   (O-Po)  (Go-Me) 22° 
20° 23° 32° 28° 15° 33° 

+ 3.2° 
-2° +1° +10° +6° -7° +11° 

   (Ba-Na)  (Pt-Gn)   90° 
94° 87° 96° 91° 80° 97° 

+0.84° 
+4° -3° +6° +1° -10° +7° 

Mandible - cranial base relation  

Pg-Nasion perpendicular  (mm) -  6-8 
-3 1 -1 4.5 +1.5 -5 

+ 6.7 
+4 +8 +6 +11.5 +8.5 +2 

Dentition evaluation  

Fig.5 

Table 1 
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Superior incisor  (mm) 4-6 
5 5.5 2 3.2 4.5 5.5 

- 0.6 
0 +0.5 -3 -1.8 -0.5 +0.5 

Inferior incisor  (mm) 1-3 
4 3.3 3.1 6.1 2 5.5 

+1.6 
+2 +1.3 +1.1 +4.1 0 +3.5 

Respiratory segment  

SPW (Superior Pharyngeal Width)  (mm) 15-20 
16 17.5 16 11 13 7.5 

-3.5 
-1 +0.5 -1 -6 -4 -9.5 

IPW (Inferior Pharyngeal Width)   (mm) 11-14 
12 12.5 12 16 21 9 

+1.75 
0 +0.5 0 +4 +9 -3 

IV.  CONCLUSION 

 

Lateral teleradiography represents a mandatory step in the 

diagnosis and treatment of dento-maxillary anomalies, as 

long as this method provides certain details that cannot be 

obtained via clinical examination or model analysis. 

  With the aid of cephalometric investigation according to 

McNamara and statistical computation, we found the 

indexes that recorded the most important deviations in 

Class III malocclusion. The most significant values in this 

research have the following variables: the mandibular and 

maxillary length, maxillomandibular difference, the 

relation between the mandible and cranial base and the 

goniac angle value. McNamara’s method provided 

objective values and data that allowed us to come up with 

the most correct treatment plan, based also on other 

known cephalometric analysis methods. 
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I. INTRODUCTION 

Technical condition of X-ray equipment is an 

important constituent of X-ray diagnostic process [1-4]. 

The main task of a system control of X-ray equipment is 

timely discovery of its inoperative state and non-

admission of using defective devices. High cost of 

measuring and control equipment and its metrological 

support make it difficult to widely implement of control 

methods used in developed countries. Periodic multi-

parameter control is expensive and inefficient. 

The objective of the paper is to substantiate a 

structure of a control system of digital X-ray systems, 

which would exist under conditions of lack of funds to 

service medical devices, and to develop a methodology to 

monitor their technical condition. 

II. MATERIALS AND METHODS 

The data on operation of over 600 X-ray systems, 

materials on the results of monitoring their technical 

condition during periodic maintenance and audits were 

used. 

In September 2009, within the framework of a joint 

Ukrainian-Swedish project of radiation safety and quality 

assurance in medical radiology, 9 digital X-ray systems 

were checked in the course of joint audits by Ukrainian 

and Swedish experts in various cities of Ukraine in order 

to compare Swedish methods of control their technical 

condition and methods developed during this work. 

Opinion regarding the equipment fitness for work based 

on the results of both audits was the same, so the 

suggested  

methodology of quality evaluation of digital X-ray 

systems may be applied in practice. 

III. RESULTS 

2 main quality parameters were determined, 

characterizing the intended purpose of X-ray equipment –  

image quality and radiation exposure on the patient. 

Thereat, a criterion of the device fitness for operation is 

an obtaining a control image, suitable for diagnostics, for 

a fixed, sufficiently low entrance dose in the digital 

detector plane. For standard X-ray examinations, control 

images of the test object, suitable for diagnostics, should 

be received at patient doses not exceeding control values, 

and where they are absent – maximum admissible values.  

Several parameters are used to evaluate image 

quality: 

– coincidence of radiation and light fields; 

– presence of artifacts; 

– image uniformity at the detector’s operating 

field; 

– the limit of  spatial resolution (high contrast 

resolution); 

– dynamic range;  

– threshold contrast (low contrast resolution); 

– presence of artifacts on the display. 

All of these parameters may be actually checked at a 

time using a special test object with an aluminum step 

wedge (figure 1). 

In order to evaluate radiation exposure for the 

patient entrance dose measurement in the detector plane a 

clinical dose meter is used (figure 2). Entrance dose is 

most commonly measured without backscatter. 

 
Fig. 1 Special test-object to check image quality of 

X-ray systems 

 

Control System of Digital X-ray Systems by 

Quality Parameters  

Abstract — The paper proposed a control system of X-ray digital equipment on quality indicators. Two 

basic parameters were determined: image quality and patients` radiation load. A method for monitoring 

these indicators is proposed. The criterion of equipment suitability is to obtain control digital X-ray images of 

diagnostically acceptable quality at a fixed low entrance dose in the plane of the digital detector. It is shown 

that the control system of X-ray digital equipment based on indicators of quality is the most appropriate in 

situations of deficit of financial resources, since minimizing the costs for the purchase and running of control 

systems, does not require highly skilled technical personnel, and reduces the duration of the equipment 

inspection. 

 

Index Terms — control system, X-ray digital equipment, quality indicators, the entrance dose, the test 

object, a clinical dosimeter. 
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Fig. 2 Clinical dose meter (multimeter) 

 

Control system includes 3 main procedures: 

1. determination of the base technical condition of 

the equipment by parameters «image quality - 

dose» at the state of its putting into operation;  

2. current control of base condition stability;  

3. periodic control of states «image quality – 

dose» for basic X-ray examinations: skull – 

lungs – abdominal cavity – spine, - as well as 

base condition stability using a clinical dose 

meter.  

Determination of the base condition of X-ray 

equipment should be performed with participation of the 

X-ray office staff, representatives of the equipment 

supplier, a company that will provide its maintenance, X-

ray department and sanitary-epidemiologic service. X-ray 

image of the test object, conforming to the base technical 

condition of the monitored equipment, as well as 

information about it, control means applied, and actually 

determined entrance dose value are entered in the 

electronic archive of the digital X-ray system for further 

comparison.  

Current control of the base technical condition 

stability is performed by the X-ray office staff using a test 

object. In absence of a clinical dose meter, the necessary 

exposure parameters are be calculated by table method 

[5].  

Periodic control is performed by specialists of the 

company providing maintenance, and representatives of 

the X-ray department subject to compulsory use of a 

calibrated clinical dose meter. At this stage, retrospective 

analysis of test object X-ray images recorded in the 

electronic archive, obtained during current control, is 

provided, if necessary. 

Records of all work performed with the equipment 

should also be made in a technical monitoring log. 

Below is a methodology to control parameters that a 

used to evaluate image quality and radiation exposure for 

the patient. 

Let us review the methodology of quality control of 

a digital X-ray image using a pehamed DIGRAD phantom 

(test-object) and aluminum step wedge. Utilization of this 

phantom allows evaluating this following parameters of 

digital X-ray system (DXRS): 

– coincidence of radiation and light fields  

– presence of artifacts; 

– image uniformity at the detector’s operating 

field; 

– thelimit of spatial resolution (high contrast 

resolution); 

– dynamic range;  

– threshold contrast(low contrast resolution);. 

Equipment is controlled at anode voltage 70 kV. If a 

clinical dose meter is available, it is placed behind the 

phantom and set the quantity of electricity (mAs) that 

corresponds to the input dose of 10.0 μGy. In the absence 

of the dose meter value of electricity can be found with an 

error of less than 20% by using the table below. 

 

Table 1. Quantity of electricity correspondent to an 

entrance dose of 10.0 μGy for anode voltage 70  kV and 

different general filtration of X-ray radiation 

 

N

o 

General filter,  

Al, mm 

Quantityofelectric

ity, mAs 

1 2,0 6,3 

2 3,0 7,4 

3 4,0 8,0 

4 5,0 9,8 

5 6,0 11,3 
 

Therefore, image quality control is performed at 

anode voltage 70 kV, entrance dose in the digital detector 

plane of 10.0 μGy, and  the distance from the focal spot to 

the detector of 1.0 m, 

 

 
1. Step wedge to measure dynamic range 

2. Test object to measure spatial resolution 

3. Phantom center 

4. Six low contrast circles  

5. Dose-detector area to measure entrance dose to 

the x-ray detector 

Fig. 3 Test-object for quality control of digital X-ray 

systems 

 

Let us shoot the test object and check the following 

parameters using the obtained digital X-ray image: 
 

1. Coincidence of radiation and light fields 
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According to this parameter, image quality is 

considered fit for diagnostics if deviation of the radiation 

field from the light field does not exceed 2%, i.e. the 

following requirements are met: 

                   

                   

    where – r – the distance from the focal spot to the 

detector; 

V – image magnification ratio; 

a, b, c, d – relevant deviations of the radiation and 

light fields shown on figure 4. 

 

 
 

Fig. 4. Check of the coincidence of radiation and light 

fields: the integral line limits the radiation field; dash line 

– the light  field. 
 

Standard program tools are used to measure values 

of а,b,c,d deviations in digital X-ray systems. 
 

2. Threshold contrast (low contrast resolution). 

A step wedge and a set of low-contrast circles, 

placed on the phantom, are used to determine contrast 

differentiation. 

Step wedge to check dynamic range and the low 

contrast objects to check low contrast resolution 

A DXRS suitable for operation should provide 

visibility of not less than 4 circles. However, it should be 

mentioned that if 6 circles were visible in determining the 

base condition, their number on images should be the 

same during the following checks. For example, prior to 

repair the image showed 6 circles (i.e. 0,8% contrast), and 

after - four (i.e. 2%) – so the system should be rejected 

according to this parameter. 

All 7 steps should be visible on the step wedge. 

3. The limit of the spatial resolution 

Spatial resolution is measured on a special test-

object placed on the phantom (see figure 1).  

For the specified dose of 10.0 μGy the spatial 

resolution value should be not less than 2 pl/mm. Lines on 

a measure should be different and the intervals between 

them on 75% of the line length. Measurements should be 

performed with deactivated programs for additional image 

processing. The receiver should be set to obtain maximum 

refinement on the image, if such function is present. 
 

4. Field uniformity on the image. 

The obtained image should contain no non-

uniformities. When searching for them, attention should 

be paid to visibility of all 7 steps on the step wedge to 

measure dynamic range.  

Non-uniformity should be not worse than during 

previous system quality control. 

5. Presence of artifacts.  

The phantom should be checked for artifacts – they 

should be absent. 

Presence of spots or scratches preventing correct 

diagnosis should be monitored. Image integrity regarding 

absence of displacement or straight line discontinuity on 

the phantom should be monitored. 

 6. Dose value stability check 

Dose value stability control should be evaluated by 

two or several pictures. In the center of the phantom, 

deviations in the measured value of darkening density 

should not exceed 10 percent. Besides, stability of 

parameters measured according to paragraph 2 should be 

controlled. Standard built-in program tools were used for 

measurements. 

IV. CONCLUSION 

The suggested system to control digital X-ray 

systems by quality parameters is the most acceptable 

under conditions of financial deficit, as it minimizes 

expenses for procurement and operation of control 

devices, does not require highly qualified engineering and 

technical staff, and reduces duration of equipment checks.  

Control of the technical condition of digital X-ray 

equipment using phantoms (test objects) establishes a 

number of simple criteria by which the staff of X-ray 

offices using it may make a justified decision regarding 

possibility or impossibility of its use.. 
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I.  INTRODUCTION 

Three types of Mueller matrix elements  nmZ ik   of 

myometrium tissue can be defined [1-5]. 

The first type – coordinate distributions of the values of 

diagonal Mueller matrix elements  nmZ 33;22
 

characterizing the transformation degree of polarization 

azimuth of laser wave, myosin fibrils, optical axes of 

which are oriented in two mutually transverse directions 
00 900   (  nmZ 22 ) and 

00 13545   

(  nmZ 33 ), correspondingly. In this sense such matrix 

elements will be called “orientation” one. 

The second type – coordinate distributions of diagonal 

matrix element  nmZ 44 , the value of which is 

determined by phase shifts between the orthogonal 

components of laser wave amplitude appearing due to 

birefringence of myosin fibrils substance. In this sense the 

element of Mueller matrix will be called “phase” one. 

The third type – coordinate distributions of non-

diagonal Mueller matrix elements  nmZ 34;24;23 , 

characterizing the mechanisms of mutual transformations 

of linear polarization into the elliptical one, and vice 

versa. Such an ensemble of Mueller matrix elements will 

be called “orientation-phase” ones. 

This research is focused on the search for possibilities 

of diagnostics of death coming due to acute coronary 

insufficiency by means of determining correlation and 

fractal parameters characterizing the distributions of 

phase”  nmZ 44  Mueller matrix elements of 

myometrium tissue histological sections. 

 

 

II. DIAGNOSTIC POTENTIALITY OF 

CORRELATION AND FRACTAL ANALYSIS OF 

DISTRIBUTIONS OF THE “PHASE” MUELLER 

MATRIX ELEMENT OF  MYOMETRIUM TISSUE 

The results of experimental investigations of 

coordinate  – fragments (а), (b); statistical 

, – fragments (c), (d); correlation  44ZK , – 

fragments (e), (f) and fractal   1
44 loglog  dZJ , – 

fragments (g), (h) structure of Mueller matrix phase 

elements 44Z  of of myometrium of the heaths patients – 

group 1 (left column) and sick patients  - group 2 are 

illustrated by Fig. 1. 

The data obtained (Fig. 2) show that coordinate 

distributions  nmZ 44  (fragments (а), (b)) of group 1 

or group 2 myometrium tissues are random and statistical 

(fragments (c), (d)). This is verified by the fact of rapid 

decrease of autocorrelation functions  44ZK  (fragments 

(e), (f)) and absence of the stable inclination of 

approximating curves to dependencies 

  1
44 loglog  dZJ  (fragments (g), (h)) 

Correlation and fractal structure of phase elements 

 distribution determined for two groups of 

myometrium samples (group 1– 29q  and group 2 - 

21q ) are illustrated by the values and change ranges of 

correlation area  44ZS ; dispersion  442 ZQ  and excess 

 444 ZQ  and statistical moments  - 

Table 1. 

The comparative analysis of values and change 

ranges of correlation parameters , , 

 and statistical moments of the 1
st
-4

th
 order  

 nmZ 44

 
44

Zh

44
Z

  
444;3;2;1

ZJM
j

 
44

ZS  
442

ZQ

 
444

ZQ

Evolution of Mueller Matrix Images of the 

Myometrium for the Optical Anisotropy 

Oncological Changes 

Abstract — The optical model of polycrystalline networks of myometium is suggested. The results of 

investigating the interrelation between the values correlation (correlation area, asymmetry coefficient and 

autocorrelation function excess) and fractal (dispersion of logarithmic dependencies of power spectra) 

parameters are presented. They characterize the distributions of Mueller matrix elements in the points of 

laser images of myometrium histological sections. The criteria of differentiation of death coming reasons are 

determined. 

 

Index Terms — biological tissue, correlation function, correlation area, correlation moments, Mueller 

matrix, power spectra. 
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 444;3;2;1 ZM j
, characterizing logarithmic 

dependencies of power spectra of phase elements 44Z  

distributions of myometrium Mueller matrix within the 

two groups group 1 and group 2 did not reveal any 

objective possibility to differentiate such cases. The 

change ranges of correlation and fractal parameters values 

for different groups of myometrium with group 1 and 

group 2 overlap. 

 

 
 

Fig. 1. Statistical, correlation and fractal parameters of myometrium phase element 44Z  distributions. 

 

 

To find more sensitive diagnostic criteria, the 

correlation and fractal structure of dependencies 

  044 0 NZN   (Fig. 2) and   144 1 NZN   (Fig. 

3) was studied. 

 

 
Fig. 2. Statistical, correlation and fractal structure of extreme values dependencies of myometrium phase matrix element 

044 Z . 
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Fig. 3. Statistical, correlation and fractal structure of extreme values dependencies of myometrium phase matrix element 

044 Z . 

 

TABLE 1. STATISTICAL MOMENTS  444;3;2;1 ZM j
 OF 

COORDINATE DISTRIBUTIONS  nmZ 44  OF 

MYOMETRIUM TISSUE FOR GROUP 1 AND GROUP 2 CASES 

 

Parameters Group 1 Group 2 

 0,21 0,026 0,26 0,037 

 0,35 0,044 0,31 0,039 

 0,43 0,051 0,53 0,062 

 441 ZM  0,21 0,026 0,26 0,037 

 0,35 0,044 0,31 0,039 

 0,43 0,051 0,53 0,062 

 1,16 0,14 1,37 0,16 

 

This approach enables to study the statistical 

manifestations of myometrium myosin fibrils 

birefringence at its two extreme levels – the minimal, 

optically isotropic (   144 1 NZN  ) level and maximal, 

optically anisotropic ( ) one. 

As a result of investigating the dependencies of 

extreme values amount   144 1 NZN   and 

 a sufficient diagnostic sensitivity 

differentiation of group 1 and group 2 was revealed. 

Thus, for group 2 the increase (by one order of a 

value) of the amount of extreme values 044 Z  of 

myometrium tissue Mueller matrix phase element (Fig. 2, 

fragments (c) and (d) respectively) occurs. This fact 

testifies to sufficiently higher level of optical anisotropy 

of myosin fibrils at group 2 if compared with that of 

group 1. 

Besides, at group 2 it is accompanied by 

transformation of fractal dimensions  into 

statistical ones – for the corresponding logarithmic 

dependencies of power spectra no stable slope of 

approximating curve is observed (Fig. 2, fragments (g) 

and (h)).  

 

 

 

On the contrary, birefringence degradation of 

group 1 myometrium is vividly manifested in the increase 

(by one order of a value) of the amount of another 

extreme level 144 Z  of myometrium tissue Mueller 

matrix phase element (Fig. 3, fragments (c) and (d) 

respectively). At that the value of correlation area 

 144 ZS  of distribution  sufficiently 

decreases (Fig. 3, fragments (e) and (f)). 

The results of the comparative investigation of the 

value and change ranges of correlation area  0NS , 

 1NS ; dispersion  02 NQ ,  12 NQ ; excess 

 04 NQ ,  14 NQ  and statistical moments of the 1st-

4th order  04;3;2;1 NM j
,  14;3;2;1 NM j  of power 

spectra  0NJ ,  1NJ  logarithmic dependencies 

  1

0 loglog  dNJ  and   1

1 loglog  dNJ   of the 

extreme values 044 Z  and 144 Z  amount of 

Mueller matrix phase element 
 nmZ 44  of group 1 and 

group 2 myometrium are presented in Table 2 (

  044 0 NZN  ) and Table 3 (   144 1 NZN  ). 

 
 

TABLE 2. CORRELATION AND FRACTAL PARAMETERS OF 

THE DEPENDENCIES OF EXTREME VALUES  0440 ZN  

AMOUNT OF COORDINATE DISTRIBUTIONS  nmZ 44  OF 

MYOCARDIUM TISSUE FOR GROUP 1 AND GROUP 2 

Parameters Group 1 Group 2 

 0,29 0,016 0,31 0,014 

 0,21 0,024 0,23 0,029 

 0,13 0,015 0,11 0,012 

 441 ZM  0,62 0,066 0,51 0,057 

 0,23 0,034 0,48 0,054 

 0,14 0,015 1,05 0,16 

 0,31 0,042 2,97 0,36 

 
 

 
44

ZS

 
442

ZQ

 
444

ZQ

 
442

ZM

 
443

ZM

 
444

ZM

 
044

0 NZN 

 
044

0 NZN 

 
044

0 NZN 

 
144

1 NZN 

 
44

ZS

 
442

ZQ

 
444

ZQ

 
442

ZM

 
443

ZM

 
444

ZM
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TABLE 3. CORRELATION AND FRACTAL PARAMETERS OF 

THE DEPENDENCIES OF EXTREME VALUES  1441 ZN  

AMOUNT OF COORDINATE DISTRIBUTIONS  nmZ 44
 OF 

MYOCARDIUM TISSUE FOR GROUP 1 AND GROUP 2 

 

Parameters Group 1 Group 2 

 0,21 0,023 0,04 0,0037 

 0,32 0,041 0,01 0,003 

 0,54 0,061 18,11 2,04 

 441 ZM  0,56 0,062 0,29 0,035 

 0,19 0,023 0,81 0,093 

 0,31 0,045 4,75 0,76 

 0,43 0,054 9,83 1,41 

 

III. CONCLUSION 

The obtained data of experimental investigation of 

statistical structure of extreme values amount distributions 

of Mueller matrix phase elements of both types of 

myometrium indicate the objective possibility of 

differentiation of oncological changes. 

Statistical moments of the 2nd-4th order 

 04;3;2 NM j
,  14;3;2 NM j

 of power spectra  0NJ

,  1NJ  logarithmic dependencies 

  1

0 loglog  dNJ  and   1

1 loglog  dNJ  of 

  044 0 NZN  ,   144 1 NZN   distributions of 

extreme values 044 Z  and 144 Z  amount of 

Mueller matrix phase element  nmZ 44
 of group 1 

and group 2  myometrium tissue proved to be the most 

informative. 
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I. INTRODUCTION 

The concept of "Microfocus X-ray radiography" 

includes a combination of techniques of X-ray imaging 

using radiation sources with focal spot size of less than 

100 microns [1]. Research carried out over 20 years at the 

St. Petersburg State Electrotechnical University. VI 

Ulyanov (Lenin) "LETI", showed that the use of 

microfocus sources for the purposes of medical diagnosis 

shows a number of features of getting X-ray images of the 

inspected organ. Now fully studied and evaluated, so-

called, the effects of increasing the contrast, reduction the 

exposure dose, a pseudo-3D image, phase contrast and 

other [2]. Thanks to these effects, principally increased 

informativeness of received X-ray images combined with 

a decreased dose to patients and medical staff. And the 

power consumed by the X-ray apparatus designed for 

microfocus X-ray radiography in one or two orders of 

magnitude smaller than the apparatus used in the standard 

X-ray radiography, when shooting the same objects.  

In 1997, Harvard economist Clayton M. Christensen 

[3] first used the term "disruptive technology" to describe 

a new technology, in fact, "close" any existing. For 

example, digital cameras and camcorders by CCDs have 

replaced traditional film cameras and camcorders, and 

plasma panels - picture tubes in TVs. From this point of 

view, Microfocus X-ray radiography- Russian disruptive 

technology in medical diagnosis. 

II. MATERIALS AND METHODS 

Traditionally, X-ray radiography of objects is 

performed by contact shooting method standard 

radiography [4]. When shooting a contact method (Fig. 

1), a source of radiation (1) with an extended focal spot d 

(d1≈1 mm). Object 2 is located at a great distance f from 

the radiation source 1 and very close - "in contact" with 

the receiver of radiation 3 (Fig. 1a). Shows clearly that, 

first, the size of the focal spot d, and the distance between 

the source and the object f significantly influence on 

quality (blurriness Hr) images. The value of the distance f 

is chosen on the basis of the requirements for the 

blurriness of the images, in the particular size of focal 

spot of X-ray tube d1 and the object thickness. Second, 

even a small increase in the distance between the 

radiation detector and the object to a distance Δ f = f – f1 

leads to a significant deterioration of image quality due to 

increased blurriness Hr (Fig. 1b). Clear that for reduce 

blurriness of image necessary increase the distance 

between the object and the radiation detector. 

 

 

 

 

 

 
 

Fig.1 Optical scheme shooting in standard radiography: 

a – contact method; b – method with the increase. 

 

When shooting with the increase the image used, the 

so-called point source of radiation 1 with micron focal 

spot d (d2 <0,1 mm). Object 2 (Fig. 2) is located at a 

certain distance from the source as well as from the 

radiation detector 3. No matter in what position is the 

object in the space between the focal spot of the radiation 

source and the plane of the detector, the sharpness of the 

image is preserved (Fig. 2b). 

Ratio of the distances f and f1 determines coefficient 

of increase image of the object m compared to its true 

geometric dimensions 

 . 

To demonstrate the benefits of Microfocus X-ray 

radiography compared to the standard used the test object 

1

f
m

f
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(skull of cat), which contains details of the structure size 

from a few tens of micrometers (Fig. 3). 

 

 

 

 
Fig. 2. Optical scheme shooting in Microfocus X-ray 

radiography: 

a – contact method; b – method with the increase. 

 

 

 
 

Fig. 3. Skull of cat. 

 

 

In Fig. 4 shows the X-ray images of the test object, 

obtained by the method of standard radiography using 

apparatus with extended focal spot (d ≈ 1 mm) image 

without increase - contact (Fig. 4a) and with increase 2, 4, 

8 times (Fig. 4b-d). Clearly seen that with increasing 

magnification of the image, informativeness of the images 

is reduced compared with the contact images due to 

appear blurriness of image. 

 

 

 

 

a 

 

b 

 

c 

 

d 

 

Fig.4 X-ray images of the test object obtained on the 

apparatus with an extended focal spot. 

 

In Fig. 5 shows the X-ray images of the same test 

object, obtained by the method of Microfocus X-ray 

radiography on the apparatus with a point focal spot (d 

<0,1 mm) image without increase (Fig. 5 a) and with 

increase 2, 4, 8 times (Fig. 5 b-d). On the microfocus 

snapshoot with image increase not only retains its 

sharpness, but appear the new details of the structure of 

the object, not previously visible on the contact 

microfocus picture. 

 

 

 



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

  638 

 

а 

 

b 

 

c 

 

d 

 

Fig.5. X-ray images of the test object obtained on the 

apparatus with point focal spot. 

 

To estimate the diagnostic capabilities of X-ray 

radiography methodic created the notion of "penetration 

ability" which is characterized by power of X-ray source 

used to implement this methodic in a particular field of 

medicine [5]. Compare the penetration ability of 

Microfocus X-ray radiography and standard radiography 

methodics allows the ratio η of power Р1 and Р2 which 

are on the target of X-ray tube while shooting the same 

object on these methods in the respective devices, subject 

to obtaining the required quality of image 

 . 

 

 III. RESULTS AND DISCUSSION 

1. In evaluation the penetraion ability microfocus and 

standard techniques in dentistry studied Russian 

microfocus apparatus "Pardus-R" and Korean apparatus 

with extended focal spot "PORT-XII", both - in a portable 

version (Fig. 6).  

The evaluation was conducted by analyzing the 

physical and technical conditions of dental shooting in 

non-specialized  conditions, to define this conditions were 

used the table expositions for the Microfocus and standard 

X-ray radiography on portable devices. [6]. 

 

 

a 

 

b 

 

Fig. 6. Modern portable dental X-ray apparatus: 

а – Microfocus X-ray apparatus, b – apparatus with an 

extended focal spot. 

 

 

 

 

 

 

1

2
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TABLE 1. PHYSICAL AND TECHNICAL 

CONDITIONS OF DENTAL SHOOTING WITH 

PORTABLE APPARATUS 

Shooting conditions PARDUS-R 
PORT-

XII 

Voltage, kV 55-65 60 

Current, mA 0,15 2 

Power on the target 

during shot, W 
10 120 

Maximum exposition 

time, sec 
0,3 0,5 

Maximum exposition of 

shoot, mAs 
0,045 1 

Skin-focus distance, mm 50 200 

 

 

Comparison of conditions of dental shooting by 

the methodics of microfocus and standard X-ray 

radiography (Table 1) shows that: 

- maximum exposition of one shoot on 

microfocus apparatus was 0.045 mAs. This is a record 

low value compared to any conventional dental 

apparatus;  

- penetration ability of Microfocus X-ray 

radiography in dentistry, characterized by the ratio of 

power on the target X-ray tube in dental shooting, 

power on the apparatus with the extended focal spot 

at the contact shooting (Pc = 120 W) and on the 

apparatus with a point focal spot at the Microfocus 

shooting (Pm = 10 W) 

, 

penetration ability on the order above, than with a 

standard X-ray radiography.  

Analytical evaluation of penetration ability of 

Microfocus X-ray radiography in dentistry is calculated 

by the following formula [7]. 

  (1) 

m – coefficient of increase, f – focal distance,  – ratio of 

intensity of the scattered radiation to the primary 

intensity, t – exposition time (letter "m" marked 

conditions of Microfocus shooting, "c" - contact shooting) 

under the following conditions: 

; ; ; 

 

gives a value of . 

2. In evaluation of penetration ability of 

Microfocus X-ray methodics in traumatology were 

made snapshots of the distal extremities with using 

Microfocus and standard (contact) methods of 

shooting [8].  Were examined, more than 70 patients 

with various injuries and diseases of bones and joints. 

Performed mostly snapshots of the lower extremities - 

foot, leg, knee. 

The radiation source in Microfocus method of 

shooting used X-ray apparatus family "Pardus", in 

contact method in standard X-ray radiography - X-ray 

apparatus "Diagnost-56". The detector of X-ray image 

- visualisation system AGFA CR-85. 

Figure 7 shows snapshots of metatarsus 

obtained by the methods of Microfocus and standard 

X-ray radiography. 

 

 
а 

 

b 

 

 

Fig. 7. X-ray snapshots of metatarsus:  

а – Microfocus X-ray radiography, b – standard X-ray 

radiography. 

 

During the research were compared physical and 

technical conditions of shooting of ankle Microfocus 

method with contact method of standard X-ray 

radiography (Table 2). 
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TABLE 2  PHYSICAL AND TECHNICAL 

CONDITIONS OF EXTREMITIES SHOOTING 

Shooting conditions Diagnost-56 
PARDUS-

Trauma 

Voltage, kV 44 80-125 

Current, mA 40 0,15 

Power on the target 

during shot, W 
1760 20 

Maximum exposition 

time, sec 
0,625 1-1,5 

Maximum exposition 

of shoot, mAs 
25 0,225 

Skin-focus distance, 

mm 
1000 200 - 250 

 

 

Comparison of conditions of shooting in X-ray 

diagnosis of extremities in the experiment shows that in 

clinical traumatology Microfocus X-ray apparatus, power 

20 W, has the same penetration ability as the apparatus, 

power 1760 W, in a standard X-ray radiography in contact 

method of shooting.  

Power ratio at comparable image quality 

.

 

Analytical evaluation of penetration ability of 

Microfocus X-ray radiography in traumatology to the 

expression (1) with the following averages for this type of 

research conditions. , , 

,  gives a value of 

. 

Almost double difference in the experimental 

and analytical evaluations of penetration ability of 

Microfocus X-ray radiography in traumatology can be 

caused by a wide range of changes in the coefficient of 

increase and focal distance for specific areas of larger and 

three-dimensional objects of shooting than in dentistry.  

 

III. CONCLUSION 

Results of clinical tests of Microfocus X-ray 

diagnostic systems for dentistry and traumatology confirm 

the validity of selection of Microfocus X-ray radiography 

for create a truly low-doze technology of X-ray  

radiography examination, including, nonstationary 

conditions and the safety in X-ray examination with using 

X-ray apparatus. 

The development of more powerful microfocus X-ray 

sources, for example, on the basis of small X-ray tube 

with a rotating anode, will allow to approach the 

diagnostic capabilities of microfocus X-ray apparatus to 

the characteristics of modern X-ray apparatus for the 

standard X-ray radiography.  
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Abstract — The paper deals with a specialized digital X-ray system for use in children's trauma centers and 

maternity hospitals. The basic requirements for such equipment: high contrast and spatial resolution of the 

images with minimal radiation exposure to the baby. It is proposed the set of equipment which meets these 

requirements: the microfocus X-ray generator (output power of less than 50 W, the focal spot of less than 50 

microns), a special tripod and a digital receiver on a array of the photodiode matrices , which allows to obtain a 

digital image with a spatial resolution to 9.0 line pairs per millimeter  with entrance exposure dose in  the plane 

of the receiver is less than 500 mR  

 

Index Terms — pediatrics, low-dose radiographic system, high contrast and spatial resolution, microdose  

radiation  exposure.  

I. PURPOSE 

In pediatric radiology patients are significantly 

different from each other both by means of size, and on 

the density structure. On the one hand, young children 

have not formed bone structure, geometry objects of study 

are small, which requires a high contrast and spatial 

resolution of the images. On the other hand, the younger 

the child, the more sensitive it`s organism to radiation. 

This makes ultrasonic method a preferred application 

when examining young children. However, in many 

cases, X-ray method should be used, & it is necessary to 

minimize the effects of radiation to the patient. The 

purpose of the work was to create a specialized X-ray 

equipment to obtain diagnostic images with high contrast 

and spatial resolution at microdose (several hundreds of 

micro-roentgen) radiation exposure to the patient. 

II/ MATERIALS AND METHODS 

Digital X-ray system consists of a small mobile 

universal tripod with a special table-stand, a micro 

transmitter and a highly sensitive digital receiver based on 

photodiode matrices array.  

By changing the position of a radiolucent tabletop 

between the transmitter and the receiver X-ray studies of 

objects in X-ray mode, zoom in both the horizontal and 

vertical planes could be performed (Fig.1a,b). 

 

 

 

 

 

 

 

 

 

  
a    b 

Fig. 1. Low-dose X-ray system: 

a – in horizontal position, b- in vertical position 

III. RESULTS 

Small-sized mobile radiographic system that provides 

high-quality digital images of X-ray generator with a 

power less than 50 Wt was implemented. The subject can 

be located directly at the receiver and away from it.  
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a 

 
b 

 
                                           c 

Fig. 2 Panoramic X-ray image of mammographic 

phantom (a) and X-ray images of some of its parts made 

in magnification mode (b,c)

 

By changing the distance from the radiation source to 

the examinated object (f1) and the distance from the 

object to the receiver (f2), you can change the coefficient 

of magnification Cm= (f1 + f2) / f1. Use the zoom mode 

allows you to change the spatial resolution of the images. 

The larger the zoom, the higher the spatial resolution, but 

smaller field of view. For illustration, Figure 2 shows a 

snapshot of mammographic phantom, and the 2b - 

detailed pictures of the individual parts, made in zoom 

mode.  

At the X-ray images of mira images with a spatial 

resolution of up to 9.0 line pairs per millimeter were 

obtained. In this case, the exposure dose in the plane of 

the receiver does not exceed 500 mR (microdose mode). 

To increase the sensitivity (lower dose) there is a binning 

mode in the digital receiver, where the signal of several 

pixels are merged into one. Binning modes and zoom 

extend the operator`s opportunities to choose the optimal 

ratio "image quality-dose", which is especially important 

in significant variability of research objects. The 

possibility of a detailed analysis of the integrity of bone 

tissue using microfocus X-ray diffraction in combination 

with the assessment of soft tissue injuries using 

ultrasound allows to make more accurate diagnosis of 

traumatic injuries. A low radiation load on the object of 

study are responsible for the feasibility of using Low dose 

x-ray systems to take the X-ray images of babies who 

have increased sensitivity to ionizing radiation.  

IV. CONCLUSION 

Application of considered digital microfocus 

radiographic system is most promising in hospitals for x-

ray examinations in infants and in children's emergency 

station in combination with ultrasound scanners.
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I. PURPOSE 

Radiological imaging plays a critical role in patients 

with trauma. On the one hand, it allows to diagnose 

traumatic injuries, on the other hand,  to control the 

quality of surgical operations. Currently, expensive X-ray 

equipment with C-arc is widely used, but it is a significant 

radiation exposure to patients and staff. The aim of the 

work is to develop and implement to the clinical practice 

the budget options of digital X-ray equipment for rapid 

diagnostics and monitoring performance in quasi-real 

time the results of surgical interventions in casualty  

departments with minimal radiation exposure to patients 

and staff. 

II. MATERIALS AND METHODS  

The kits consisting of: high-frequency X-ray 

monoblock SY-HF-110 (output power 2.2 kW) with a 

mobile stand, digital detector "Iona-R4000" with stand S-

30TS and adapter to the surgical table for operating 

(Fig.1) and microfocus X-ray unit type " Pardus ", a 

special tripod and digital detector "Iona-R2430"  for 

pediatric & wrist trauma departments were offered (Fig. 

2).  

 
Fig.1 Digital X-ray complex in the operating room of 

casualty department 

 

 
 

Fig.2 Microfocus digital X-ray complex 

 

Both complexes can carry out examinations in direct 

and lateralviews. Microfocus X-ray generator allows to 

perform X-ray images in zoom mode, and thereby 

enhance its detail.  
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Abstract — The paper deals with a budget digital X-ray equipment in operating trauma unit. The proposed 
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equipment: for operating rooms in the traumatological department in the central district hospitals on the 

basis of portable X-ray unit and pediatric trauma unit on the basis of micro focus X-ray generator. 
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III. RESULTS  

Digital images, obtained using this equipment, provides 

the necessary diagnostic information trauma surgeon. 

Producing an image on the screen is less than 15 seconds, 

which allows surgeons to control the accuracy of 

operations & to do control images in near-real-time. 

Typically, an X-ray image is performed in the beginning 

of the operation and after it is completed (Figure 3). At 

the osteosynthesis it could be necessary to get a few more 

images for the control precision of manipulation. Using 

the zoom mode at the digital microfocus X-ray helps to 

determine pathology, which is not visible on standardX-

ray images.  

 

 

   
 

 
Fig. 3 Control of the results of the operation 

 

For an example, the panoramic image and finger image 

in zoom mode, which allowed to make the diagnosis of 

rheumatoid arthritis (Fig. 4). 

 
Fig.4. Rheumatoid arthritis: surface erosion not visible 

on traditional plain X-ray images 

 

Because during the year, in central district hospital 

fewer than a thousand operations usually are performed 

requiring X-ray inspection, the total number of X-ray 

images for the year will not exceed 3000. This means that 

even if the exposure time of 1 s., time of X-ray system 

being a source of ionizing radiation does not exceed one 

hour per year. Considering that the radiation leakage in 

accordance with the regulations must not exceed 1.0 mSv 

/ h at a distance of 1.0 m, we can say that when the 

personnel  follows thr requirements of radiation safety, 

referred in the operating instructions, using such systems 

will not be dangerous to the patient or the staff of X-ray 

room.  

 The proposed digital systems allow for a minimal price 

to provide total radiation safety for staff and patients. If 

necessary, a digital image can be written to disk and given 

to the patient or sent for consultation in X-ray department, 

where it can be viewed on the radiologist`s workstation. 

IV. CONCLUSION 

The proposed equipment systems for digital 

radiography promptly provide the necessary information 

for trauma surgeons and can therefore be recommended as 

a budget option for use in casualty departments, including 

the operating room. 
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Abstract - The nuclear security and safety legal framework in Moldova has changed significantly over the last 6 

years. This has mainly been the result of implementation of IAEA nuclear safety and nuclear security standards, 

European directives, which are based on new data and evolving concepts at the international level, on adopted in 

May 2006 of the Law no. 111 On safe deployment of nuclear and radiological activities and establishing on 

established on March 2007 of a sole regulatory authority - the National Agency for the Regulation of Nuclear 

and Radiological Activities.  

 

I. INTRODUCTION 

Radical Moldovan legislation reform in 2006 in nuclear 

regulation was initiated by Law no. 111 of 11 May 2006 

On the safe deployment of nuclear and radiological 

activities. The most important consequence of this law 

was establishes in 2007 of a single regulatory body - the 

National Agency for regulation of nuclear and 

radiological activity (the National Agency), which 

replaced five former regulatory body in the field. 

Subsequently, the implementation of this law and the 

provisions of the 7 International Conventions in force in 

Moldova in 2007, the National Agency has developed and 

promoted in 2007-2011 a set of laws and regulations.  

II. LEGAL FRAMEWORK 

By Law no. 111/2006 (replaced by Law132/2012) to the 

National Agency have been delegated all necessary 

regulatory functions on nuclear and radiological field 

(inspection, licensing, developing legislative framework 

and national policies in nuclear field). In this context it 

was necessary to done a total inventory in the country of 

ionizing radiation sources. Results of inventory process 

have been followed by establishing of the national register 

of ionizing sources, categorization of radioactive sources, 

planning of inspection and authorization process. 

Recognizing of the CoC, of other IAEA nuclear safety 

and security standards call for elaboration following 

normative acts, approved later by the Government: 

 no. 1220 from  30.10.2008 about Regulation on state 

control and supervision of nuclear and radiological 

activities;  

 no. 1017 from  01.09.2008 about National Register of 

ionizing radiation sources and of authorized legal and 

physical persons;  

 no. 212 from 13.03.2009 about Regulation on 

authorization of nuclear and radiological activities. 

 

Inventory of radioactive waste and of unused radioactive 

sources from the Radon type repository showed 

insufficient storage conditions, reporting also lack of a  

 

 

concept for categorization and any management of RW. 

Thus, based on IAEA standards National Agency 

developed and Government approved the Regulation on 

radioactive waste management (no. 388 from 

26.06.2009).  

These concrete steps, put the primary normative base of 

the alignment of Moldova to other international 

conventions in the field of nuclear safety, security and 

safeguards of NRM (see Table). In these respects is 

highly appreciate IAEA training of the National Agency 

staff that contributes to development of the first national 

reports under the Convention on Nuclear Safety, under 

SQP about nuclear material, under UN SCR 1540.  

 

III. REPERCUSSIONS OF THE NUCLEAR AND 

RADIOACTIVE TERRORISM ON NON-NUCLEAR 

COUNTRIES 

No State, regardless of the status of its nuclear/non-

nuclear, cannot be sure that the threats and risks of 

proliferation will not be applied in its territory. 

Unfortunately the Republic of Moldova is not an 

exception, confirmed by past events of illicit trafficking 

of NM with LEU (2010) (Fig, 1) and HEU (2011) (Fig 2 

(general view), 3 (spectra) - origin of MN were 

Transnistria region) large lauded on the front pages of 

international news. The cases on illicit trafficking were 

mentioned in the Global Security Newswire (September, 

27, 2011) and in the speech of IAEA Director General, 

Dr. Yukiya Amano, addressed at Seoul Security Summit 

of 21 March 2012. Taking into account 4 cases of 

radioactive contamination at the Ribnitsa Metallurgical 

Plant (Transnistria region), 2 above mentioned illicit 

traffics with NM, Bulgaria NM illicit traffic case (1999, 

origin of the NM being in the same Transnistria region), 

we concludes with regret that the territory of Moldova 

were selected by the non-state actors as a illicit transit 

corridor for NM. 
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Fig 1 

THE RISKS AND THREATS 

 

The risks and threats arising from new instruments of 

international terrorism is also the proliferation of nuclear 

weapons. Is not neglected the spread of radiological 

dispersive device, containing radionuclide’s, which due to 

the big psychological effect of the weapon can be 

attributed to mass influencing arms. These risks and 

threats conduct to serious threats to the national security 

and stability. Starting from axiom, that the issue of 

national security is primarily the task of the State, was 

approved the National Security Concept of Moldova, 

which, among the major risks, reiterated:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2 

 

 the separatist regime on the left bank of the 

Dniester river (Transnistria region),  

 international terrorism,  

 the consequences derived from human activity 

(with the NRM), as well as organized crime and 

corruption 

Following this Concept, three years away was approved 

the National Security Strategy which must serve as a basis 

Table. International instruments ratified (signed, accessed) by the Moldovan authorities 

International instruments Signature / Instrument Deposit/ 

In force 

IAEA Statute Accession 24.09.1997 

Agreement on the Privileges and Immunities of the IAEA Acceptance, 28.02.2008 22.12.2008 

Treaty on the Non-Proliferation of Nuclear Weapons  11.10.1994 

Safeguards Agreements between the Agency and the Republic of 

Moldova in connection with the NPT 

Ratified, 02.03.2006 17.05.2006 

SQP to the Safeguard Agreement between the Republic of Moldova and 

the IAEA 

Ratified, 06.2011 01.09.2011 

Model Protocol Additional to the Safeguard Agreement between the 

Republic of Moldova and the IAEA 

Signed, 14.12.2011, 

ratified, 12.04.2012 

 

Convention on Early Notification of a Nuclear Accident  Accession 07.06.1998 

Convention on Assistance in the Case of a Nuclear Accident or 

Radiological Emergency 

Accession 07.06.1998 

Convention on Nuclear Safety Accession 05.08.1998 

Joint Convention on the Safety of Spent Fuel Management and on the 

Safety of Radioactive Waste Management 

Accession 24.05.2010 

Code of Conduct on the Safety and Security of Radioactive Sources Applied Reporting 

IBSS for Protection Against Ionizing Radiation and for Safety of 

Radiation Sources.  

Applied 2000 

Convention on the Physical Protection of Nuclear Material & 

Amendment to the Convention on the Physical Protection of Nuclear 

Material 

Accession 06.06.1998 

Amendment to the Convention on the Physical Protection of Nuclear 

Material 

Ratified, 24.04.2008 22.12.2008 

International Convention for the Suppression of Acts of Nuclear 

Terrorism 

16.09.2005 18.04.2008 

CTBTO Treaty 24.09.1997 16.01.2007 

UN Security Council Resolution 1540 Sustained Reporting 

Vienna Convention on Civil Liability for Nuclear Damage Accession 07.05.1998 
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for the elaboration and approval of respective narrow field 

strategies. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 

IV. PHYSICAL PROTECTION OF NRM AND NR 

FACILITIES. 

Activity in this direction may be classified as one of 

the critical element in ensuring NRM security. The 

NARNRA tries to ensure legal aspects of this subject. 

Thus, was elaborated the draft of the Regulation about 

physical protection of NRM. Since 2009 four physical-

protection systems at nuclear/radiological sites from 

Moldova have been upgraded with technical, financial, 

and administrative support from the IAEA (through donor 

contributions to the Nuclear Security Fund) and from 

USA DoE. To reduce the risk that radioactive sources 

could be stolen and used for radiological dispersal 

devices, the US Government and IAEA assists our 

operators in upgrades the physical protection of high 

activity radioactive material. In the framework of the 

Tripartite Initiative on the Securing and Managing of 

Radioactive Sources (among the IAEA, the Russian 

Federation, and the United States) was secured 

radioactive sources with total activity about 2,120 TBq.  

OSCE support give us possibilities to take measures 

for safely disposal in of a hundreds radioactive sources 

from the Transnistrian region. We hope that this process 

will continue and all unused sources from the enterprises 

will be pick up and safely disposal at the specialized 

repository. 

Nuclear forensics is a key element of national 

response preparedness. It is necessary to determine which 

domestic laboratory working in nuclear field and 

corresponds to be nominating as the main nuclear forensic 

laboratory. Also it is need to establish a national database 

in nuclear forensic. Recently have been initiate education 

in this field by support of the IAEA, ITU and SSM 

(Sweden).  

V. COMBATING ILLICIT TRAFFICKING IN NRM. 

Combating of illicit trafficking in NRM is a very 

important area which partners from inside the country and 

from  

 

 

 

 

 

 

 

 

 

 

 

 

abroad has paid on the recent decade, because of the 

availability of transit routes in combination with non-

controlled border segment controlled by Transnistrian 

authorities. The relevant programs have been performed 

(Fig. 4-7) in Moldova mainly of international assistance 

from the IAEA, European Commission, US DoE, US 

NRC and Sweden 

STRALSAKERHETSMYNDIGHETEN 

  

Fig. 4 Domestic Table Top Exercise 
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Fig. 5  Leuseni/Albitsa EU Border Crossing 

 

Fig. 6 Pedestrian RPM for Chisinau Int. Airport 

 
 

Fig. 7 Mobile Laboratory. SSM donation 

 

To have a more fully picture of these we underline, that 

we activate in these fields according to established 

partnership through followings Action Plans or Program/ 

Projects between:  

 the Government of the Republic of Moldova and the 

Government of the USA on combating illicit traffics 

of NRM; 

 the IAEA Nuclear Security Office and NARNRA on 

Integrated Nuclear Security Support Plans;  

 the IAEA Safeguards Department and NARNRA of 

the Road Map about implementation of the Additional 

Protocol requirements; 

 the IAEA Department of Technical Cooperation and 

Moldova partners about national/regional projects; 

 the USA DoE and US NRC and domestic 

operator/authority for polyvalent technical assistance; 

 the UNICRI & EC and domestic authorities in the 

frame work of the initiative of CoE; 

 the NARNRA, other operators about works in the 

framework of the GTRI; 

 the NARNRA and Romanian National Commission 

for Control of Nuclear Activities (CNCAN); 

 the NARNRA and ITU from Karlsruhe (Germany);  

 the NARNRA and Sweden Radiation Safety Authority 

(SSM), and others. 

EXPORT/IMPORT CONTROL 

At present we recognized that domestic export control is 

sufficiently effective tool of state policy in the field of 

dual use materials and technologies. This control is done 

by the Ministry of Economy through interministerial State 

Comission. In view of the recently ratification of the 

Additional Protocol is necessary to upgrade this activity 

for better covers the requirements follows from that 

ratification.  

In this view, NARNRA signed with Custom Service the 

Memorandum of Cooperation which mentions the 

necessity of export/import strictly control of NRM, its 

permission exclusive on the base of NARNRA 

authorization, and periodical information of NARNRA 

about flux of goods. All these actions contributes to the 

upgrade of domestic infrastructure responsible for 

safeguards, material control and accountancy, physical 

protection of NRM and NR facilities, combating illicit 

trafficking in NRM. 

 

 

 

 

 

 

 

 

 

 

 

 

  



2nd International Conference on Nanotechnologies  and Biomedical Engineering, Chisinau, Republic of Moldova, April 18-20, 2013 
 

  649 

 

I. INTRODUCTION 

Aim of radiation therapy is to deliver dose of ionizing 

radiation to the target tissue and to destroy cancer cells. 

Nanodosimetry is a cutting-edge technology which aim is 

to measure absorbed dose in nano volume of the 

irradiated substance. There are several reasons why the 

field of nanodosimetry is gaining more and more 

attention: (i) biological effects caused by radiation depend 

on dose absorbed by nanosized DNA units; (ii) there is a 

trend in radiation therapy to apply high dose gradients 

(Gy/(µm…nm)); it was found that survival of the cells 

depends on the gradient value [1]; (iii) nanoparticles as 

radiation scattering centers are expected to provide local 

micro-/nano- treatment that minimally influences risk 

organs/cells. However, there are still no detectors that 

measure radiation in nanovolumes [2]. To solve the 

problem, a nanosized detector is required; nanoobjects 

such as nanodots or nano thick films can be great 

candidates for implementation of such dosimeter [3-5]. 

However, in order to get reliable readout from the 

dosimeter, it must not be influenced by measurement 

process. Therefore, contactless technologies are 

preferable. 

One of possible contactless technologies is emission of 

low energy electrons that escape from 10-100 nm deep 

solid surface layer [2]. One type of the emission of low 

energy electrons is prethreshold photoelectron emission 

(PE) stimulated by ~ 5 eV photons. Typically, PE current 

(I) depends on difference between photon energy (h) and 

electron work function () of the emitter in accordance 

with the parabolic law [6]: 

 

 I = A(hv – )
m
  (1) 

 

where A and m are constants which describe density of 

electron states and electron transitions between states. 

If work function  is altered by ionizing radiation, high 

response in change in emission current I is provided. 

The research demonstrates novel results on application 

of photoelectron emission for detection of dose of 

electron radiation used in radiation therapy. 

II. METHODS 

ZrO2:PbS films consisting of PbS nanoparticles 

embedded in ZrO2 matrix were explored for purposes of 

nanodosimetry of electron radiation. PbS nanodots were 

supposed to be radiation-sensitive and electron emission 

active centers because they have emission and absorption 

lines in large spectral region [7–9]. Moreover, the 

research [10] on application of ZrO2:PbS films for 

dosimetry of ultraviolet radiation demonstrated that it was 

PbS nanodots, not ZrO2 matrix, that are sensitive to 

exposure with ultraviolet light.  

ZrO2:PbS films were fabricated by research group of R. 

Reisfeld using sol-gel technique with 20% concentration 

of PbS nanoparticles [9]. The films were deposited on a 

glass substrate. Thickness of the films was 0.1-1 μm. 

TEM measurements show that typical size of PbS 

nanodots in ZrO2 matrix is 2-4 nm [9]. 

ZrO2:PbS films were irradiated with 9 MeV electrons 

that supplied doses 3, 7 and  10 Gy using medical linear 

accelerator. PE current was recorded before (I0) and after 

(IGy) irradiation. Photoemission was excited by 4-6 eV 

photons provided by deuterium lamp (LOT-Oriel 

Europe). Emitted electrons were detected using the 

secondary electron multiplier (VEU-6, Russia) in vacuum 

10
-5

 Pa, a handmade spectrometer was used (inaccuracy 

of quantum energy measurement ±0.03 eV in wavelength 

Photoelectron Emission as a Tool to Assess 

Dose of Electron Radiation Received by 

ZrO2:PbS films 

 

Abstract — PbS nanodots embedded in ZrO2 thin film matrix (ZrO2:PbS films) were studied for application 

in nanodosimetry of electron radiation used in radiation therapy. ZrO2:PbS films were irradiated with 

9 MeV electron radiation with doses 3, 7 and 10 Gy using medical linear accelerator. Detection of the 

dosimetric signal was made by measuring and comparing photoelectron emission current from ZrO2:PbS 

films before and after irradiation. It was found that electron radiation decreased intensity of photoemission 

current from the films. Derivatives of the photoemission spectra were calculated and maximums at photon 

energies 5.65 and 5.75 eV were observed. Amplitude of these maximums decreased after irradiation with 

electrons. Good linear correlation was found between the relative decrease of the intensity of these 

maximums and dose of electron radiation. Observed changes in photoemission spectra from ZrO2:PbS films 

under influence of electron radiation suggested that the films may be considered to be effective material for 

electron radiation dosimetry. Photoelectron emission is a tool that allows to read the signal from such 

dosimeter. 
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range 200 – 300 nm). Detection was made at room 

temperature. 

III. RESULTS AND DISCUSSION 

Radiation decreased intensity of PE current from 

ZrO2:PbS films (I0>IGy). Fig. 1 demonstrates relative 

increment (I) of the current: 

 

 I = (IGy – I0)/I0 · 100%  (2) 

 

 
 

Fig. 1. Relative increment I of PE current of ZrO2:PbS 

films for different doses of electron radiation. 
 

Fig. 1 indicates that radiation influences PE from 

ZrO2:PbS films. 

 

 

 

 
 

Fig. 2. Derivatives dI/d(h) of PE spectra of ZrO2:PbS 

films for different doses of electron radiation. 

 

To investigate dose-dependent peculiarities of the PE 

spectra, derivatives dI/d(hv) of the PE current were 

calculated from the I(hv) spectra (Fig. 2). Maximums of 

dI/d(hv) were found at 5.65±0.03 eV and 5.75±0.03 eV 

(Fig. 2). Radiation decreased amplitudes of the 

maximums. This decrease could be due to loss of 

emission active centers under influence of radiation. 

To verify contribution of PbS nanodots to PE, emission 

was measured from ZrO2 film without PbS nanoparticles. 

In this case, the maximums observed above were not 

detected. This gave evidence that the analyzed maximums 

were provided by electron emission from PbS dots. 

To estimate possibility to use ZrO2:PbS films for 

dosimetry, relative increments (dI/d(h)) of the 

maximums at 5.65 and 5.75 eV were correlated to the 

dose: 

%100

0

0







































dhv

dI

dhv

dI

dhv

dI

dhv

dI Gy

  (3)  

 

 

 
 

Fig. 3. Linear correlation between (dI/d(h)) and dose of 

electron radiation: (a) for the maximum at 5.65 eV; (b) for 

the maximum at 5.75 eV. 
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Fig. 3 demonstrates good linear correlation between the 

relative increments (dI/d(h)) and dose of electron 

radiation. 

IV. CONCLUSIONS 

The method of photoelectron emission has potential to 

detect the signal from ZrO2:PbS nanodotted film for 

measuring dose of electron radiation employed in 

radiation therapy. 

Intensity of photoemission current from ZrO2:PbS 

films decreases after irradiation of the films with 9 MeV 

electrons. The maximums at 5.65 and 5.75 eV of PE 

spectra derivatives dI/d(h) of ZrO2:PbS films could be 

the tool for estimation of the dose. Good linear correlation 

was observed between the relative increments of the 

amplitude of these maximums and dose of electron 

radiation. 
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I. INTRODUCTION 

Image compression methods used in modern 

systems are mainly based on JPEG methods, if the image 

is static, and - on MPEG, if the picture is dynamic. In the 

systems required high-speed image processing, such as 

image compression, transmitted from the satellite to the 

Earth in real time, the application of the JPEG method is 

unacceptable. In this case, are considered methods which 

can reduce the time of image processing in tens times. 

Some definite changes in the JPEG method reduce the 

time of image processing significantly. A different 

approach in image processing is compression based on the 

correlation properties of the image. These two methods 

will be discussed in this article. 

II. COMPRESSION BASED ON DISCRETE COSINE 

TRANSFORM 

Discrete cosine transform (DCT) is applied in the 

compression algorithm with losses, such as JPEG and 

MPEG. By means of DCT, JPEG compression algorithm 

transforms the image representation in time domain to its 

spectral interpretation. In the matrix of the coefficients, 

obtained after DCT, low frequency components are 

concentrated in the upper left corner, while the high 

frequency components - at the right bottom corner. 

Because of small amplitude of the images high frequency 

components, they can be neglected, equating to zero. As a 

result, the coefficient matrix contains only low-frequency 

components, which reduces the total number of important 

coefficients and can significantly reduce the size of the 

image compared to the original one. 

DCT is based on the multiplication of three 

matrices: 

                     M = T * A * T ',       

(1) 

 

where M - the matrix after the transformation,  A - pixel 

values, T - transformation matrix, T '- transposed matrix 

of the transformation. The decrease of the transformation 

matrix size reduces the time spent on DCT. 

 

 

 

 

 
Fig. 1. Schematic representation of the process of 

DCT. 

 

Below is the code that performs matrix multiplication. 

 

for w := 0 to Round(ImW/MD) - 1 do   

 //ImW – image width (in pixels), 

       //MD – transformation matrix size 

 for h := 0 to  Round(ImH/MD) - 1 do  

 //ImH – image height (in pixels) 

  for i := 0 to MD - 1  do 

   for j := 0 to MD - 1 do 

   begin 

    b[w*MD + i, h*MD + j] := 0; //b – the result of 

//multiplying 

     for k := 0 to MD - 1 do 

      b [w*MD + i, h*MD + j] := Round(b [w*MD + i, 

h*MD + j] + (C[i,k] * PrI[w*MD + k, h*MD + j])); 

   end; 

 

Fig. 2. The interface of designed software 

High-speed Methods of Image 

Compression/Decompression 

Abstract –This thesis deals with the study of methods of images compression / decompression that require less 

hardware and time resources, compared to the classical methods. The results of the implementation of these 

image processing techniques in Delphi 7 are presented. There was carried out a comparative analysis of 

different methods of compression / decompression. 

 

Index Terms — compression, time resources, the quality of the image. 
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To estimate the time of image processing and the  

degree of compression was designed software, performing 

DCT. The interface of designed software is shown in Fig. 

2. 

. 

  
a) 

 
b) 

 
c) 

Fig. 3. An example of the original image (a), 

compressed in 2 times (b) and compressed in 4 times (c). 

 

In the experiments were obtained certain results. 

For example, the compression of the 4 Mbytes image with 

a compression ratio equal to 2 and the size of the 

transformation matrix 4 * 4 runs for 44,040,192 cycles, 

which at a frequency of the processor, for example, at 200 

MHz, and taking into account that each command is 

executed in one cycle, the compression time is 0.22 

seconds. 

Under the same experimental parameters as in 

the first example, but with the size of the transformation 

matrix 8 * 8 the compression is being performed in over 

94,371,840 cycles, which takes 0.44 seconds. 

 

III. THE COMPRESSION METHOD BASED 

ON THE CORRELATION PROPERTIES OF THE 

IMAGE 

Most of the images have strong correlation 

properties. Thus, the values of nearby bytes, which carry 

information about the image, differ slightly - within a few 

minor bits that allows to equate this bytes. Therefore, it is 

possible to transfer not all the bytes, but only the first one 

and the number of similarities with him. This method, 

which is called the compression method based on the 

correlation properties of the image, can significantly 

reduce the size of the original image. 

Let’s consider the processing of images in the 

BMP format by this method. The BMP format image can 

be represented as a two-dimensional array, in which the 

each element is a pixel, which contains information about 

the corresponding color. 

 

 

 

 

 

 

 

 

Fig. 4. Representation of the BMP image, where r - the 

red pixel, g - green pixel, b - blue pixel. 

 

From this array are allocated 3 bytes for each 

color, which are read in line. Next is a comparison of each 

byte with the first up to the k most significant bits. When 

they are equal in the new array is written the byte value 

and the number of bytes. For example: 

 1 1 7 2 8 3 20 4 ... ...r n r n r r r n where 

ri - byte value, ni - the amount of bytes, and so is for each 

of the three colors (red, green, and blue). 

The inverse transformation is performed so: 

instead of byte ni, which displays the amount of repetitive 

bytes, in the matrix representing the final image, is being 

written byte ri ni times, and so - for each of the three 

colors. 

 

11 11 11 12 12 12

21 21 21 22 22 22

, , , , ...

, , , , ...

... ... ...

r g b r g b

r g b r g b
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a) 

 
b) 

Fig. 5. Representation of the BMP image (a) and 

compressed image (b). 

 

 

 

 
a) 

 
b) 

Fig. 6. Representation of the BMP image (a) and 

compressed image (b). 

 

The method was implemented in Borland Delphi. 

Software algorithm consists of 3-parts: setting initial 

values, image processing and displaying the results on the 

screen. An excerpt from the program of processing a 

single byte in red is shown below: 

 

pixel:= Image1.Canvas.Pixels[u,v];  

// Copying of the current pixel in the variable  

// pixel 

r:=GetRValue (pixel);  

// Allocation of the red component 

if ( (r1 and mask) = (r and mask) )and(nr<255)  then 

// Masking the bit, not involved into the 

comparison  //and the comparison with the 

previous byte 
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begin     

          nr:=nr+1;   

// if the bytes are similar, there is an increment of 

// the counter 

        end       

      else     

 // otherwise 

        begin   

 // in the current cell of the being created array 

          red[ir]:=r1;    

 // is being written the first similar byte, 

          red[ir+1]:=nr;   

 // and in the next one - the number of bytes 

          ir:=ir+2;    

 // increment of the counter array 

          r1:= GetRValue (pixel); 

   // updating the value that will be compared with 

          nr:=0;   

  // reseting the counter 

        end; 

      Image2.Canvas.Pixels[u,v]:=RGB(r1,g1,b1);

 // image restoration 

 

The compression degree depends on the image 

size and its type. The result of the program is shown in 

Fig. 5-6. In both cases, the compression was based on the 

first 5 bits. However, in the first case (Fig. 5), the 

compression factor was 2.6, in the second - 1.5 times, 

because the last image contains small details. Thus, after 

the processing with the greater accuracy the resulting 

image size can be larger than the original one. 

The degree of deterioration in quality also varies 

under different conditions. Thus, implementation of this 

method on programmable logic, takes 0.146s at 100 MHz 

clock frequency for processing of the 4MB image. 

IV. ANALYSIS OF THE RESULTS 

Analyzing the considered methods of 

compression/decompression it can be concluded that the 

choice of a particular method of compression is 

determined by various conditions. If it is known priory 

what kind of images are processed (for example, all 

images contain only large objects and etc.), then the 

preferred compression method is the one based on the 

correlation properties of the image, which requires n 

times less time for image processing. If the images which 

are processed are unknown, or the dimensions of objects 

in the image are changing, the more acceptable method is 

DCT (Discrete Cosine Transform), which can provide the 

same level of image compression, regardless of the 

processed image type. 

 

V. CONCLUSION 

Implementation of DCT can significantly reduce 

the time of image processing, in comparison with the 

JPEG method. The reducing of the image processing time 

by 4 times in comparison with the method of DCT can be 

achieved by application of the method based on the 

correlation properties of the image. Disadvantage of this 

method is the necessity to know the type of processed 

images. These methods can be applied in satellite 

communication systems of image transfer in real time, as 

they require much less hardware and time resources in the 

implementation of compression / decompression, in 

comparison with classical methods. 
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I. INTRODUCTION 

The priorities in a health policy development are 

subordinate to the overall objective of improving the 

health of the population and increasing life expectancy in 

the upcoming years. Ensuring the implementation of 

citizens' rights to quality of health services remains a 

priority of a modern medical institution. The service 

quality is dependent on the material and technical basis of 

medical institutions, provision of medical devices and 

professional competence of personnel (human factor). 

Assessment of global experience in the field has proved 

that advanced medical devices are an indispensable part 

during a medical activity in the prevention, proper 

diagnosis and treatment of diseases occupying top 

positions in the structure of mortality and morbidity. 

Using them effectively requires increasing the number of 

investigations and cost effective and qualitative treatment. 

Maintenance, control and management of medical devices 

became a priority in a health policy in many countries[1].  

Many studies proved that using coherent policies in these 

areas can improve the cost/efficiency use of advanced 

medical technologies, increase patient’s safety as well as 

the quality of the medical activity [2-3].   

II. CURRENT SITUATION 

World Health Organization estimates showed that 

billions of dollars were spent for acquisition and 

management of medical devices and most countries did 

acknowledge that Health Technology Management 

(HTM) is an integral part of a public health policy. 

Medical institutions in developing countries, around 50% 

of medical equipment is not working and is not used 

correctly and maintained inconstantly - a situation with 

serious consequences for services and care. For these 

reasons, WHO recommends and is essential to have a 

national policy concerning health technology 

management, including provision of medical devices, 

ensuring the maintenance, inspection and proper use of 

medical technologies, training specialists, and 

establishment of a continuous training system for 

specialists in the field. 

Currently, the health system in Moldova includes 939 

hospitals, of which 244 public health facilities (86 

hospitals with 22031 beds, 12914 doctors and 27445 

healthcare workers with secondary education. Utilization 

rate of the medical devices is high, both in district health 

facilities and in the republican ones; 20% of equipment is 

not functioning in districts and 10% in republican 

hospitals. Recently, in Moldova, the Law on Medical 

Devices (Law nr.92/26.04.12), was adopted but the health 

system lacks in sufficient institutional and functional 

capacity. Lack of regulatory legal acts in the field as well 

as effective evaluation within medical institutions and 

Ministry of Health, generates deficiencies while planning 

the purchase of medical devices, as well as uneven and 

irregular distribution of health facilities with medical 

devices. 

Expensive medical devices are not used on optimal 

level, so there are real opportunities to improve their 

operation. The efficiency’ use of medical devices is not 

monitored adequately, results that it’s impossible to 

amend negative tendency of usage at a low level. 

Local management is wrong; there is a lack of stable 

policies of the procedures, planning acquisition and 

maintenance of medical devices, lack of legislative 

framework regarding market placement, quality control 

and use of medical devices. There are problems in the 

provision of medical devices, consumables and other 

resources. 

Health system does not dispose of: a strategic 

development plan in technology and medical devices 

domain, minimum standards of equipment of medical 

institutions moreover an uneven distribution of purchased 

Health Technology Management in the 

Republic of Moldova. Realizations  and 

Perspectives.  

Abstract - Maintenance, control and management of medical devices became a priority in a health policy 

in many countries. Many studies proved that using coherent policies in these areas can improve the 

cost/efficiency use of advanced medical technologies, increase patient’s safety as well as the quality of medical 

service. Equipping the Ministry of Public Health with advanced medical devices and ensuring an appropriate 

level of professionalism of healthcare workers represent key tools in certifying a proper functioning of a 

health system and exerts a direct impact upon operational efficacy of the system, service quality and level of 

beneficiaries’ satisfaction. One of the actions directed at strengthening the material and technical base of 

medical institutions, which aims to improve it, is to provide those institutions with advanced medical devices 

and implementing an effective management of medical devices. 

Index Terms — medical devices; management; medical technologies. 
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medical devices, causes an inefficient use of them. The 

devices in equipping institutions have a service life up to 

30 years (10 years international norms), produced by over 

300 manufacturers, supplied by over 250 companies. The 

procurement planning of medical devices is not based on 

calculations and objective analysis. 

As a result, were purchased medical devices of the 

same type, which are used insufficiently. Delayed 

installation of medical devices in healthcare facilities, 

determined a lower rate of many medical investigations 

also diminished the sustainable operation term of the 

device. 

Medical institutions have no means of maintenance 

and repair of medical devices which are an endowment. 

Furthermore they are in lack of professional personnel 

and proper equipment for testing and calibration. Services 

provided by private companies, in the absence of 

competition, are actually of a low quality, preventive 

maintenance is superficial, execution time takes longer 

and has a very high cost. 

 Acute shortage of specialists in the field of 

biomedical engineering, concerning the maintenance, 

inspection and use of medical devices and absence of 

regulation regarding required continuous improvement of 

users and professionals working in the marketing and 

putting into service the medical devices, decreases 

considerably the efficiency of medical devices and has a 

negative influence on medical activity! 
 

III. ORGANIZING A HEALTH TECHNOLOGY 

MANAGEMENT  

 

Health Technology Management includes all 

necessary actions in order to guarantee an efficient use of 

medical devices, planning, maintenance, and replacement 

of medical devices in the environment where community 

services, confidentiality, reliability is essential. 

HTM goal is: to assure optimal conditions in order to 

provide qualitative, safe and efficient medical devices for 

healthcare system, to ensure quality of medical services, 

protect and promote population’s health. 

Health Technology Management includes the 

following components (Fig.1) 

 

 
Fig;1. The structure of Management of Medical Technologies 

 

Based on actual information from various sources, 

causes of defects and accidents with medical equipment 

can be classified as follows: 10% - technical failures; 30% 

- inappropriate maintenance strategy; 60% -user's fault. 

A correct implementation of management of medical 

technologies allows 80% of problems to be solved by 

20% of the resources.  

The implementation of Health Medical Technologies 

has the following objectives:  

1. Framing of activities within national 

(European) and local norms regarding management of 

medical devices.  

2. Framing of usage activities and service within 

norms recommended by medical devices manufacturers, 

within a framework of a maintenance adequate to the 

device; 

3. Reduction of inadequate use of modern technologies 

and ensuring a continuous and effective availability of 

medical equipment for services corresponding to the field of 

healthcare; 

4. Monitoring of the activities of maintenance, 

correction of errors, development of specific protocols, and 

prediction of costs. 

For a complete objective fulfilment an implementation of 

the strategy of mixed medical device maintenance is proposed 

– basic maintenance by own personnel with creation and 

development of a Department (workshop, section) of 

Management of Medical Technologies and specific 

maintenance through authorized firm specialists. 
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At the first stage, it is necessary to implement an 

organizational structure of Management of Medical 

Technologies as a component of Quality Management 

with defined activities and responsibilities and bonds on 

each level. 

HTM Working Group includes head of medical 

services, people in charge of procurement and 

consumables, representatives from medical engineering 

department and users from different fields. HTM 

Working Group develops and implements Health 

Technology Management strategy. 

At the second stage it is necessary to implement local 

rules in the medical facility: 

• Regulation upon organization and functioning of 

the organizational structure; 

• Job description for staff from the organizational 

structure; 

• Call log; 

• Maintenance sheet of a medical device; 

• Quick user guide; 

• Usage log of a medical device; 

• Annual plan of medical devices maintenance; 

• Annual plan for necessity of consumable; 

• Card service; 

• Maintenance report; 

• Maintenance protocols specific for the medical 

facility. 

The importance of the call log consists in a 

permanent monitoring in the medical section, controlling 

stand by time of a medical device from the problem 

appearance until its solution, observation of the already 

done reparations as well as serves a communication tool 

between a user and a bioengineer. 

Usage log determines the duration of a device usage, 

proper planning of consumables and purchase of new 

devices. 

Analysis of one type device using accomplished 

during a specific period of time showed that devices are 

not using at their maximum functionality – fact, that 

allows optimization of devices quantity and planning 

based on actual necessities of consumables and 

accessories.  (fig.2) 

 
Fig 2. One type devises using 

 

Card service allows monitoring of maintenance and 

repair activities performed in a time frame and cost-

efficient determination of medical devices. 

Maintenance report allows analyzing the work carried out 

in the medical facility, stand by time of the medical devices, 

medical device failure cause analysis, evaluation of medical 

devices maintenance costs. (Fig.3.) 

 

 
Fig. 3. The results of implementing the preventive 

maintenance procedures. 

 

Implementation of Medical Technology Management 

significantly increased performances and security of medical 

devices, as well, as reduced inadequate using of modern 

technologies, and insured continuous disponibility, raised 

efficiency of medical devices, optimized the resource 

financing and reduced costs of medical acts. 

IV. CONCLUSION 

Implementation of Health Technology Management 

ensures healthcare institutions in providing high quality 

services, and as well as ensuring patient and user safety. 

Equipment is used and maintained correctly henceforth the 

staff uses the equipment, following written procedures and 

good practice. 
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I. INTRODUCTION 

The appropriate deployment of technology contributes 

to the improvement in the quality of healthcare delivered, 

the containment of cost, and to increased access to 

services offered by the healthcare system. Over the past 

one-hundred years, the dependence of the healthcare 

system on medical technology for the delivery of its 

services has continuously grown. In this system, the 

technology facilitates the delivery of the “human touch.” 

All medical specialties depend, to some extent, on 

technology for achieving their goals. Some specialties, 

more than others, use medical technology, in the area of 

preventive medicine, diagnosis, therapeutic care, 

rehabilitation, administration, or health-related education 

and training. Medical technology enables practitioners to 

collaboratively intervene together with other caregivers to 

treat patients in a cost-effective and efficient manner. 

Technology also enables integration and systems 

management in a way that contributes to improvements in 

the level of health indicators. Hospital and clinical 

administrators are faced with the expectation for return on 

investment that meets accounting guidelines and financial 

pressures. 

The goal of any medical equipment maintenance 

program is to ensure that medical equipment is safe, 

accurate, and ready for patient use. Quality assurance is 

achieved with periodic checks of the equipment. The 

purpose of establishing risk-based maintenance intervals 

is to provide high-quality, cost-effective inspections based 

on risk and function, historical data on problems found, 

and the effect of maintenance on the reduction of 

problems. The inspection procedures should be based on 

need that includes the maintenance requirements of the  

 

device, risk classification, device function, and history of 

incidents. 

 
Fig. 1. The technology management process in medical 

services 

 

Maintenance and performance inspections do not 

prevent random failures, particularly related to electronic 

equipment and low risk devices do not need performance 

verification at the same frequency or intensity of higher 

risk devices. Medical equipment should be evaluated to 

determine how often testing should be performed. If a 

device is not tested often enough, it may fail before the 

next scheduled maintenance or give erroneous results. If a 

device is tested too frequently, time that could be better 

spent maintaining other equipment is wasted. The 

biomedical professional’s job is to achieve a balance 

between the time and effort needed for periodic functional 

testing and the safe use of medical equipment  

The medical technology management model (Fig. 1), 

contents adoption of the strategically prescribed norms 

Elements for Medical Equipment Quality 

Assurance 

Abstract — Medical equipment quality assurance is part of an overall medical equipment management 

program for a healthcare facility or system. A complete program includes corrective maintenance or repair, 

equipment control, asset management, health care technology planning, education, and activities directed 

toward improving medical device-related patient safety. The purpose of this paper is to provide some 

guidance lines in establishing and managing a medical equipment quality assurance program and to present 

some procedures for inspection, maintenance, evaluation and performance testing for some medical devices. 

The results of this paper take into consideration the advances in device reliability, reduced preventive 

maintenance requirements and internal device surveillance (self-test) along with changes in standards. Due to 

the ongoing efforts at global harmonization, international standards are used and referenced where 

applicable, such as electrical safety testing references. A computerized medical equipment management 

system is described. The results demonstrate that it is a useful tool in tracking device inventory and 

maintenance history. Also risk classes have been designed for medical devices based on the time of testing, 

risk identification in relation to patient and staff member, clinical function, physical risk, problem avoidance 

probability, incident history, and regulatory manufacturer requirements. 
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took place, as well as the monitoring in accordance with a 

well-thought-out plan, equipped with know-how from a 

multidisciplinary team of users and the implementation of 

an agreed-upon policy. The multidisciplinary team has a 

similar approach toward the creation of definition of 

needs, scope, and objectives for a specific type of medical 

technology. 

 

II. MATERIAL AND METHODS 

Inventory equipment 

Understanding what devices are in the facility in order 

to provide a quality maintenance program is critical. 

Inventory data is used for a variety of applications 

including establishing a maintenance schedule, tracking 

medical device hazards and recalls, and deciding when to 

replace aging equipment.  

A computerized medical equipment management 

system is a useful tool in keeping track of the device 

inventory and maintenance history. Any medical 

equipment management software should track basic 

device information. At a minimum, the device type, 

manufacturer, model, and serial number should be 

tracked. This information is essential to the maintenance 

program. The clinical use of a device should be 

documented. Equipment used for life support needs to be 

given a higher priority for maintenance. Additionally, 

regulations on life support devices may be different. For 

example, in the United States, equipment used for life 

support to have a 100 % completion rate for scheduled 

maintenance. Our software developed in Visual FoxPro 

respect all these conditions above.  

The equipment location is used to find the equipment 

for maintenance. Also, the location is useful to break up 

the maintenance schedules by department (Fig.2).  

     
            Fig.2. Access in to the system 

 

      
             Fig. 3 Track equipment 

 

A record should be kept of all maintenance performed 

on equipment, including scheduled maintenance, repairs, 

software upgrades, and incident investigations (Fig.3). 

Dates of service should be included in this history (Fig.4).  

     
Fig. 4. Module record of servicing equipment 

 

Risk-based inspection intervals 

In order to maintain an efficient maintenance program, 

the frequency of inspection must be determined. Effort 

should be spent on equipment where testing is likely to 

have an impact on the continued safe operation of the 

medical device. We developed a risk-based system for 

determining the maintenance frequency. Intervals are 

established for equipment inspection based on risk, 

requirements, logistics, and history. Written criteria are 

used to identify risks associated with medical equipment 

per the Maintenance Strategy Module. The risks include 

equipment function, physical risks associated with use, 

and equipment history as it relates to patient safety. Life 

support equipment is specifically identified and receives 

the highest priority for actions 

The risk criterion is divided into five categories: 

clinical function, physical risk, problem avoidance 

probability, incident history, and regulatory or 

manufacturer requirements. Devices are given a score for 

each of these categories. The scores for each category are 

added up and a total score is given for each device type. 

Maintenance strategies are determined based on the total 

score. A combined score of 12 or more is justification for 

semiannual testing, a score of 9-11 is justification for 

annual testing, and a score of 8 or less is justification for 

less than annual testing, either bi-annual or no scheduled 

testing, depending on clinical application. The result is a 

more cost-effective test program that will result in 

improved patient care through less equipment downtime 

and more money for direct patient care activities.  

The risks identified are used to assist in determining the 

strategies for maintenance, testing, and inspection of 

medical equipment. In addition, the identified risks are 

used to guide the development of training and education 

programs for staff that use or maintain equipment. All 

medical equipment is screened at the time of delivery and 

appropriate training and testing of new equipment takes 

place prior to use on patients. 

Clinical function is how invasive the equipment is to 

the patient. At the low end of this category is a device that 

does not make patient contact. The high end of this 
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category is a device used for life support, such as a 

ventilator.  

Physical risk is an evaluation of what will be the 

outcome if the device fails. At the low end is low risk; 

failure is more of an inconvenience than actual harm such 

as an otoscope. At the high end is severe injury or death 

of the patient such as ventilator. Failure of this type of 

equipment can have a serious effect on the patient’s 

outcome. 

Problem avoidance probability is based on historic data 

related to medical equipment repair and maintenance. The 

low end of this category is maintenance or inspection 

having no impact on the reliability of the device; the high 

end is common device failures are predictable and can be 

avoided by preventive maintenance. This category also 

has an additional level, specific regulatory manufacturer’s 

requirements that dictate preventive maintenance or 

testing. 

The device incident history is also based on historic 

data. This category only has two scores, and is answered 

as yes or no.  

 

III. CASE STUDY PRESENTATION 

To illustrate risk criteria we discussed the two types of 

equipment used extensively in healthcare: apnea monitor 

and pulse oximeter. 

Apnea is defined as the absence of breathing. An apnea 

monitor is designed to detect this condition. The apnea 

monitor senses by measuring changes in the electrical 

impedance of the thoracic cavity during respiration. 

Typically, electrodes are attached to the patient with lead 

wires connected to the monitor. The monitor will usually 

display the patient’s heart rate and respiration rate, with 

the limits of these parameters adjustable by the user. An 

audible alarm will sound when the alarm limits are 

exceeded or if the monitor or when an apnea condition is 

detected. These types of monitors are typically used to 

monitor high-risk infants (Fig. 5). 

 
 

Fig.5. Apnea monitor system 

 

TABLE I SAMPLE RISK ASSESSMENT FOR APNEA MONITOR 

Criteria Risk Score 

Clinical function   

No patient contact 1  

Device may make contact with patient non-critical 2  

Device is used for patient diagnosis or direct monitoring 3 3 

Device is used to deliver direct treatment to the patient 4  

Device is used for a life support 5  

Physical risk   

Device poses no appreciable risk due to failure 1  

Device failure will result in low risk 2  

Device failure fill result in inappropriate therapy, diagnosis, or loss of monitoring 3  

Device failure could result in severe injury or death of patient or user 4 4 

Problem avoidance probability   

Maintenance would not impact reliability of the device 1  

Common device failure modes are unpredictable  2  

Common device failure is predictable and can be avoided by preventive maintenance 3 3 

Specific regulatory requirements dictate preventive maintenance or testing 4  

Incident history   

No History (NO) 1 1 

A significant history of incidents exists (YES) 2  

Manufacturers/regulatory requirements for specific schedules   

No requirements 1  

There are requirements for testing  2 2 

TOTAL  13 

Times per year tested 2 

 

After calculating the risk score of equipment builds its 

verification procedure that must contain: electrical safety 

(check ground wire resistance, chassis leakage and lead 

leakage), performance inspection (verify unit operates on 

battery, heart rate accuracy, respiratory rate accuracy, 

apnea alarm function, apnea alarm delay time, 60 bpm 

rejection of ECG artifact, alarm function). The heart rate 

and respiration rate should be within 5 % of the set rates. 

For a simulated heart rate of 120 bpm, the displayed rate 

should be between 114 bpm and 126 bpm. For a 

respiration rate of 60 breaths/min, the displayed 

respiration rate should be between 57 breaths/ min and 63 

breaths/min.  

Before returning to use, return any alarms that were 

adjusted to their original settings. Ensure the volume of 

the audible alarms is loud enough to be heard in normal 
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operating conditions. Plug in the power cord to ensure the 

battery remains charged. 

A pulse oximeter non-invasively measures the oxygen 

saturation of a patient’s blood. A pulse oximeter consists 

of a red and an infrared light source, photo detectors, and 

probe to transmit light through a translucent, pulsating 

arterial bed, typically a fingertip or earlobe. Oxygenated 

hemoglobin (HbO2) and deoxygenated hemoglobin (HbH) 

absorb red and infrared light differently. The percent 

saturation of hemoglobin in arterial blood can be 

calculated by measuring light absorption changes caused 

by arterial blood flow pulsations. 

 

TABLE II SAMPLE RISK ASSESSMENT FOR PULS OXIMETER 

Criteria Risk Score 

Clinical function   

No patient contact 1  

Device may make contact with patient non-critical 2  

Device is used for patient diagnosis or direct monitoring 3 3 

Device is used to deliver direct treatment to the patient 4  

Device is used for a life support 5  

Physical risk   

Device poses no appreciable risk due to failure 1  

Device failure will result in low risk 2  

Device failure fill result in inappropriate therapy, diagnosis, or loss of monitoring 3 3 

Device failure could result in severe injury or death of patient or user 4  

Problem avoidance probability   

Maintenance would not impact reliability of the device 1  

Common device failure modes are unpredictable  2  

Common device failure is predictable and can be avoided by preventive maintenance 3 2 

Specific regulatory requirements dictate preventive maintenance or testing 4  

Incident history   

No History 1 1 

A significant history of incidents exists 2  

Manufacturers/regulatory requirements for specific schedules   

No requirements 1 1 

There are requirements for testing  2  

TOTAL  10 

Times per year tested 1 

 

Verification procedures for this equipment include: 

electrical safety (check ground wire resistance and chassis 

leakage), verify unit operates on battery, heart rate 

accuracy (for a simulated heart rate of 80 bpm, the 

displayed heart rate should be between 76 bpm and 84 

bpm.), O2 accuracy (for a simulated SpO2 of 96 %, the 

displayed value should be between 93 % and 99 %), 

alarm function.  

 

IV. CONCLUSION 

The purpose of this paper is to provide some guidance 

lines in establishing and managing a medical equipment 

quality assurance program and to present some 

procedures for inspection, maintenance, evaluation and 

performance testing using sample risk assessment for two 

type of medical equipment. Implementing this system is 

just beginning, involving a small number of included 

equipment. In the future will go on a maintenance 

software development to play automatically each risk 

class for equipment from database. 

Proper attention to appropriate planning and 

preparation for equipment supplies, maintenance, training 

and repairs can mean the difference between success and 

failure. 
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I.  INTRODUCTION 

Information and Communication Technologies (ICT) 

offer great potential for improvement of health services 

and systems [1]. Access to information in transitional 

countries continues to be a significant problem. Personal 

exchange of knowledge and expertise among colleagues 

is hampered by lack of ICT and transport infrastructure. 

Medical literature is scarce due to limited financial 

resources and distribution systems. The latest 

developments influencing clinical practice do not reach 

the medical community, especially those working outside 

of urban centers.  

In these conditions, it is very important to employ tele-

medicine and other ICT tools in order to improve access 

to information for health professionals, foster professional 

networks, and establish a platform to share experience 

from daily clinical practice and make their expertise 

available to answer medical questions of colleagues. 

II. ORIGIN 

iPath telemedicine platform has grown out of the soft-

ware developed at the University of Basel (Switzerland) 

to manage telemicroscopy images [2-6]. A database was 

created to store images and other related data captured 

and recorded during telemicroscopy sessions, and share 

them among members of a telepathology network for 

remote diagnosis. However, quite soon this database 

started being used as a standalone application, 

independently of the real-time telemicroscopy tools. It 

turned out that telepathology consultations were often 

focused not on the real-time microscopy but on discussion 

of still images, which can be done by e-mail in offline 

mode. The problem was to manage (1) all the data 

relevant to each specific case (images, diagnoses, 

opinions, questions, answers, and other comments), and 

(2) the network of all potential participants in 

teleconsultations.  

This was achieved by combining e-mail 

communication with a web-based database and a web-site 

interface. Then, the iPath platform – a hybrid web- and e-

mail-based system –  became independent of the 

telemicroscopy component, and was eventually released 

as open source software for use by regional networks and 

other projects, especially those implemented in low 

resource settings. 

III. IPATH: A SUMMARY OF FEATURES 

 iPath is a web-based telemedicine platform using open 

source technology (PHP/MySQL); 

 Simple and user-friendly web interface, multilingual; 

 Integration of various file formats, e.g. documents 

(DOC, PDF, etc.), images (JPG, DICOM, etc.), audio 

and video files; 

 Integration of application-specific case forms for stan-

dardized acquisition of clinical data; 

 Automated e-mail alerts; 

 Easily accessible and growing with demand; 

 Low hardware requirements and compatibility with 

most operating systems and web browsers; 

 No license fees. 

IV. TECHNICAL ASPECTS 

Technically, iPath is an open source web application 

written in PHP scripting language and storing the data in 

MySQL database. The code is freely available and can be 

downloaded from sourceforge.net.  

Installation and operation of iPath requires a typical 

web server environment (Apache/MySQL/PHP) and some 

expertise in web server management.  

Functionally, iPath is somewhere between a content 

management system (CMS) and a groupware tool.  

iPath is designed for asynchronous (store-and-forward) 

telemedicine, it does not require the simultaneous availa-
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bility of all parties for real-time communication.  

This results also in very low requirements to the hard-

ware and bandwidth for the clients (teleconsulting net-

work members): they need neither broadband connectivity 

for live media streaming, nor high-performance hardware 

for good-quality real-time video processing.  

Requirements to the central iPath server are also quite 

modest: it may not be necessary to have a dedicated 

server.   

V. OPERATION 

Clinical cases and comments can be submitted to an 

iPath server either in the online mode (via the web inter-

face), or via e-mail. Submission by e-mail is a very useful 

function of iPath, particularly for areas with limited re-

sources. For e-mail submission, users send cases to iPath 

as an ordinary e-mail message from any e-mail client, 

with case title entered as message subject, clinical 

description as main text, and images as file attachments. 

Then, cases are automatically imported by iPath and 

posted to the web site. 

All users are organized into a number of discussion 

groups related to specific health topics, e.g. clinical spe-

cialities (Mother & Child Health, Radiology), Public 

Health, Health Technology Management, etc. Each dis-

cussion group has at least one moderator who can control 

membership of users in this group and delete improper 

items. Thus, the system does not need to be administered 

centrally as every group is self-administrating. 

Within each discussion group the group members can:  

 present and discuss cases in order to exchange infor-

mation, experiences and expert opinions; 

 organize consultation services where group members 

present cases to experts who provide their expertise 

as a second opinion;  

 collect structured data with customized forms for fur-

ther analysis; 

 build up a library (e.g. clinical cases for case-based 

learning, lectures, and other learning materials);  

 prepare and conduct distant lectures for remote part-

icipants. 

Users can register on the iPath server on their own, but 

after that they need to confirm their registration by e-mail, 

and to receive appropriate permissions to participate in 

specific groups from their administrators.  

 

VI. TEMPLATE FOR CLINICAL CASE 

PRESENTATION AND DISCUSSION 

Fig.1 shows an example of clinical case submitted to 

the iPath platform.  

 Header: this area is for information about the date of 

submission, case title, type, and author.  

 Body: for detailed description of the case. It should 

contain adequate clinical information and clearly 

formulated questions for discussion.  

 Attachments gallery: additionally, the case can be il-

lustrated by images, documents, and other relevant fi-

les to be displayed in the Gallery area. To provide 

complete and properly structured information about 

the case, authors are encouraged to fill specially 

designed standard forms, such as general Case evalu-

ation form, Obstetric case form, Neonatal case form, 

and so on. 

 Annotations: for opinions, questions, and comments 

by other members of the group (experts). 

The authors are responsible for proper presentation of 

their cases, for answering the questions that may be asked 

by the experts, and must not publish any information or 

images that may disclose the identity or infringe privacy 

of the patients.  

 

 
Fig.1. Example of clinical case presentation in iPath 

VII. IPATH IMPLEMENTATION IN UKRAINE 

Implementation of the iPath telemedicine platform in 

Ukraine started in 2003 as part of the Ukraine-Swiss peri-

natal health project [7]. The pilot institutions were Ivano-

Frankivsk Oblast Children Hospital (see Fig.2) and Insti-

tute of Pediatrics, Obstetrics and Gynecology (Kyiv). The 

doctors appointed to coordinate participation of these 

institutions in the project were trained to use digital 

cameras and to work with Basel University’s iPath server. 

 

 
Fig.2. Telemedicine workplace at the Perinatal Center 

in Ivano-Frankivsk, Ukraine (photo: M. Blunier) 

 

For some period of time, the Ukrainian iPath 

community was using a server installed at the National 

University of Kyiv-Mohyla Academy.  

Since 2009, the Ukrainian iPath platform has been run-

ning on a server in Donetsk hosted and maintained by 
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Association for Ukrainian Telemedicine and eHealth 

Development (see Fig.3). 

 

 
Fig.3. Web site of the Ukrainian iPath Telemedicine 

Server (front page, English version) 

 

By 2012, this server has more than 1,000 users in 12 

groups. More than 1,000 clinical cases have been posted. 

As part of the Ukrainian-Swiss Mother and Child 

Health Programme, the iPath platform is used by more 

than 80 medical institutions in 4 partner regions of the 

Programme: Volyn, Vinnytsia, Ivano-Frankivsk oblasts 

and the Autonomous Republic of Crimea (see Fig.4). In 

Volyn oblast, all rayon hospitals became involved in this 

project. 

 
Fig.4. iPath training in Crimea (2012) 

 

In 2009, implementation of the iPath telemedicine plat-

form started also in Moldova [8]. Currently, the 

Moldovan iPath community uses a server installed in 

Switzerland. 

VIII. IMPLEMENTATION PROCEDURE 

Based on the experience of employing the iPath tele-

medicine platform in Ukraine by the Ukrainian-Swiss 

Mother and Child Health Programme, there are several 

important steps required for successful implementation 

[9]: 

1. Introduction: the concept, principles, and 

advantages of the telemedicine platform should be 

presented to health care administrators, chief physi-

cians, and doctors to gain their support for the 

project. 

2. Administrative support: health care departments 

and medical institutions participating in the project 

should issue appropriate orders and other documents 

that support the project, appoint responsible persons, 

and provide adequate conditions for staff training and 

work. 

3. Technical basis: workplaces should be adequately 

equipped with computers, Internet access, digital ca-

meras, scanners, and appropriate diagnostic instru-

ments; staff should be trained. 

4. Regulations: each medical institution should prepare 

protocols that regulate the procedure of using the 

telemedicine platform (who can use it, when, how, 

and for what purposes). 

As a result, each partner hospital obtained at least one 

fully equipped workplace and staff trained to use the iPath 

platform.  

Also, regional expert groups involving specialists from 

oblast-level medical institutions where organized in the 

partner regions in order to provide consultations and other 

support to rayon hospitals. This resulted both in in-

creasing the number of experts participating in telecon-

sultations, and in improving coordination of efforts bet-

ween the oblast-level and rayon-level health care 

facilities. 

An important step to build up the iPath community was 

organizing training-of-trainers (ToT) workshops for re-

gional teams. Intergated training modules were 

developed, including trainer’s manual and student’s 

manual.  

IX. PROBLEMS, LIMITATIONS, AND 

CHALLENGES 

Analysis of iPath implementation in Ukraine (based on 

a survey of 260 doctors from 22 rayon-level and 5 oblast-

level medical institutions [9]) showed that most important 

factors slowing down the process were human rather than 

technical issues. The majority of participants in the 

telemedicine network were using iPath only for reading 

information about clinical cases, without making any 

comments or posting their own cases. The main factors 

restraining them from more active involvement in tele-

consultations (ranged by importance) were: 

1. insufficient computer skills; 

2. lack of permanent access to a telemedicine 

workplace; 

3. fear to demonstrate one’s own incompetence; 

4. lack of time. 

The participants pointed out the need for further 

training: 

1. training on medical information searching on the 

Internet (~60%); 

2. iPath training (~54%);  

3. computer skills training (~45%). 

 

As already mentioned, the iPath platform poses very 

low requirements to client’s hardware and bandwidth. 

Availability of computers and Internet access is becoming 

more and more common today. However, human-related 

factors still impose very essential restrictions on the use 

of telemedicine even in the absence of serious technical 
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limitations. 

 Doctors still fear to demonstrate their incompetence 

in the medical issues discussed. This factor is most 

typical for doctors working at rayon hospitals – who, 

at the same time, are in most acute need for access to 

up-to-date medical information, and thus should 

become more actively involved in teleconsultations. 

 There is a need to increase the number of experts 

actively participating in the consultations, so that it 

would be possible to discuss different opinions 

instead of only one, and critically assess the options 

proposed. 

 Participation of experts is also limited by the 

language barrier. Most doctors have a very limited 

command of foreign languages, so it is difficult to 

enlist international experts for active participation in 

the discussions. Thus, many cases are discussed only 

within a relatively small circle. 

 Only a small share of comments is substantiated by 

references to any evidence-based sources. This 

indicates the lack of skills for searching, analyzing, 

and assessing medical information on the Internet 

(further complicated by the already mentioned lack of 

foreign language skills).  

 It is very discouraging for doctors when they do not 

receive any expert opinions at all in reply to the cases 

they post. As a result, they are losing motivation to 

spend their time and efforts on teleconsultation at-

tempts. Thus, it is very important to monitor con-

sultation requests, contact and push experts when ne-

cessary, and try to make sure that all requests are 

answered.  

 By design, iPath is a tool for asynchronous  telemedi-

cine, and is not intended for urgent consultations. 

However, in many cases it is critical for doctors to 

get answers to their questions within a sufficiently 

short period of time to make appropriate medical 

decisions.  

 On the other hand, post factum discussions of clinical 

cases can be a valuable educational tool. Actually, 

some cases posted to the iPath platform are not con-

sultation requests – they are intended to share 

experience with colleagues, inform them of 

interesting cases or new approaches. 

To improve the quality of teleconsultations, it is impor-

tant to promote among the members of the iPath network  

principles of evidence-based medicine, and to provide 

appropriate trainings when possible. 

X. ONLINE RESOURCES 

 iPath Community platform on the Swiss Centre’s for 

International Health server 

http://www.ipath-network.com/scih/ 

 Ukrainian iPath Telemedicine server: 

http://telemed-ipath.org.ua 

 iPath Moldova Telemedicine platform: 

http://www.ipath-network.com/moldova/ 

 iPath project downloads: 

http://sourceforge.net/projects/ipath/ 

 Swiss TPH eHealth Toolbox 

http://www.swisstph.ch/services/ehealth/ehealth-

toolbox.html 

 Ukrainian-Swiss Mother and Child Health 

Programme http://motherandchild.org.ua 

XI. CONCLUSIONS 

The experience of iPath implementation in Ukraine fa-

cilitated by the Ukrainian-Swiss Mother and Child Health 

Programme demonstrated its effectiveness and viability as 

an asynchronous telemedicine tool that can be employed 

in low resource settings. To improve and maintain its 

impact and efficiency, it is very important to provide not 

only technical support but also to take appropriate admini-

strative actions and make persistent efforts to overcome a 

number of barriers and limitations caused by human 

issues.   
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I. INTRODUCTION 

Physicians are persons who enjoy the confidence of 

people contacting them. Therefore, establishing ways of 

cooperation between the representatives of medical 

communities from both banks of the Dniester can serve as 

a catalyst to facilitate contacts and increase the confidence 

level between people from both banks. 

Medical diagnostics is inevitable stage in treatment of 

any patient, and ultrasound diagnostics is the most 

common method of medical imaging, which continues to 

expand its area of operation. 

Given the above, a team, which includes well-known 

experts in domain of ultrasound diagnostics and medical 

informatics, recognized on both banks of the Dniester, 

proposes as a goal to develop a computer-based shared 

platform for clinicians and researchers in domain of 

ultrasound diagnostics, in particular of the hepato-

pancreato-biliary system. 

II. EARLY DIAGNOSTICS BASED ON 

ULTRASOUND EXAMINATION TECHNIQUE 

Increased incidence of neoplastic processes of 

abdominal organs, as well as acute pathological states 

such as severe inflammatory processes and injuries of 

abdominal organs, and not least chronic hepatitis resulting 

in cirrhosis and portal hypertensions, determines a high 

level of morbidity and mortality. A correct early 

diagnostics allows prescribing an optimal treatment in 

order to increase survival rate. This is extremely 

important because the progress of hepatitis and 

pancreatitis is a risk factor for cancer of these organs. 

Ultrasound examination, being a modern technique of 

imaging, is one of the most widely used methods of 

medical diagnostics thanks to its accessibility, 

noninvasive nature and possibility to visualize organs’ 

anatomy in real time. It provides data about shape, 

volume, structure and organ vascularization, as well as 

particular relations of lesions with different anatomical 

structures in the region of interest. Ultrasound is reliable 

and accurate method for diagnostics of the diseases of 

hepato-pancreato-biliary region with sensitivity more than 

70-80%. Another important advantage is that ultrasound 

diagnostics is by far inexpensive compared to many other 

imaging methods of diagnostics like MRI, CT, etc. 

However, this diagnostics technique has its own 

drawbacks. One can mark out three basic drawbacks, 

related to the specific character of this method, and one 

drawback appeared as a result of separation of the 

medical community from two banks of the Dniester. 

The accuracy of ultrasound in detecting pathologies is a 

good one, but has some limitations, because of both false-

positive and false-negative results. In addition, ultrasound 

images are noisy, blurred in shape, and suffer from 

echoes. So, the first problem is to obtain a good image, 

the most relevant and useful for physician's decision-

making. This is the main task of an operator, and the 

reason for which ultrasound investigation is considered 

highly operator-dependent. 

Ultrasound diagnostics of pathological modifications is 

based on the analysis of characteristic signs from images, 

obtained for the investigated organ. The resulting 

conclusion is quite subjective, and widely depends on a 

physician's experience. So, the second, and probably more 

important problem, is the interpretation of the obtained 

ultrasound images. 

The third problem is associated with the development 

of new transducers or improvement of old scanners. This 

does not simplify, but rather complicates physicians' 

diagnostic thinking, because they have to analyze a much 

larger number of diagnostic data, which typically reduces 

the accuracy and increases the time of diagnosis 

determination.  

For solving difficult and rare cases consultation with 

more experienced physicians (experts) is a common 

practice in medicine. It is a time- and money-consuming 

procedure. So, the consultation high cost is the fourth 

problem. The main cause of the costs increasing is the 

lack of a unique methodology of description and 

interpretation of ultrasound images. Thereby, a 

pathological case, described by a physician, might not be 

understandable for another physician. In this case, a 

The concept's general goal is to develop and provide a computer-based multilingual platform designed to 

assist dialogue within and between the divided communities from both banks of Dniester – stakeholders from 

medicine, academic staff and policy makers. Utilization of this platform by clinicians and researchers in 

domain of ultrasound diagnostics from both banks will: 1) permit to collect and store a vast database of 

ultrasound images and registered cases of pathologies and anomalies, representing a shared experience of 

clinicians from both banks of Dniester; 2) increase the patients' confidence in physician's conclusion; 3) help 

to build face-to-face personal contacts; 4) create a good base to promote a common standards in description 

of ultrasound images in order to facilitate their understanding and interpretation. 

Index Terms — clinical computer-based shared platform, domain formalization, knowledge base validation, 

medical expert knowledge acquisition, ultrasound diagnostics. 
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consultation needs for additional explanation phase. A 

more difficult situation is when a consultation is needed, 

but the physicians are working on different banks of the 

Dniester. In present, such cases are rare, and occur only as 

private ones. This situation has been created not only 

because of the Dniester conflict, but due to the dominance 

of two different schools in the education of medical 

specialists on different banks. One school is oriented 

more on Russian (former USSR) standards, other – on the 

European ones. 

However, such problems are familiar to the researchers 

in the field of medical informatics, and have some 

specific solutions. 

Since precedent-based reasoning implies keeping in 

mind all data, which participate in medical diagnostics, 

and the volume of information is in a continuous growth, 

the practicing physicians have an evident necessity in aids 

for storage and retrieval of the existing professional 

knowledge (including their own). 

A formalized description of the experts' experience and 

recommendations from both banks of Dniester (for 

selection the optimal ways of approach in images 

acquisition and/or for adjustment of scanner settings), 

embedded into computer-based platform with possibility 

of search for precedents, will be a good solution to 

increase the confidence in physician's conclusion. 

The drawback of the existing computer-based systems 

specific to ultrasound domain is that the case collections 

consist of isolated, incomplete and non-standardized data 

[1-3] 

III. DESIGN OF CLINICAL COMPUTER-BASED 

SHARED PLATFORM IN DOMAIN OF 

ULTRASOUND DIAGNOSTICS 

The computer-based platform to be developed under 

this concept, in fact, is an multilingual (Romanian, 

Russian, English) information system based on expert 

knowledge, which will permit to clinicians and 

researchers in domain of ultrasound diagnostics of the 

hepato-pancreato-biliary system, other medical staff, 

lecturers and students of medical faculties from both 

banks of the Dniester: 

 to share professional experience; 

 to obtain a consultation from the recognized 

experts; 

 to find documentary registered cases, 

annotated by expert; 

 to familiarize with well-tried 

recommendations of effective scanning; 

 to write clear and correct 

descriptions/interpretations of ultrasound 

images; 

 to disseminate information about good 

practice to follow and malpractice to avoid. 

Hence, the following activities are necessary: 

1. Design and development of the clinical computer-

based shared platform.  

Specialists in medical informatics domain together with 

the experts in ultrasound diagnostics from both banks of 

the Dniester will design structure and interface of the 

computer-based platform. The main modules of the 

platform will be developed and integrated into the 

platform prototype. The functionality of the obtained 

prototype will be tested and approved by the experts and 

consultants. 

2. Expert knowledge acquisition. Formalization of 

domain of ultrasound diagnostics of the hepato-pancreato-

biliary system. 

Specialists in medical knowledge acquisition together 

with the experts in ultrasound diagnostics from both 

banks of the Dniester will formalize the domain of 

ultrasound diagnostics of the hepato-pancreato-biliary 

system. Each organ of this system – gallbladder, pancreas, 

liver and bile ducts – will be formalized separately. This 

process will take place through video chat, or in direct 

communication of the knowledge engineer with the 

experts. As a result two formal descriptions, one 

corresponding to the work of a physician from the 

Dniester’s right bank, and another – from the left bank, 

will be obtained. Specialists in medical informatics 

domain will combine the obtained descriptions into one 

joint multilingual formalized description. This description 

will be validated by the experts from both banks of the 

Dniester. 

3. Validation of the acquired knowledge and the 

obtained multilingual formalized domain description by 

consultants. 

Public seminars will be organized to discuss and 

validate the obtained joint multilingual formalized 

description of diagnostics of the hepato-pancreato-biliary 

system by the consultants and other stakeholders. 

4. Incorporation of the formalized domain into the 

clinical computer-based platform and testing.  

Specialists in medical knowledge acquisition and 

medical informatics will integrate multilingual formalized 

description of diagnostics of the hepato-pancreato-biliary 

system into the computer-based platform prototype. The 

obtained platform will be offered for testing to the experts 

and consultants. 

5. Implementation and evaluation of the computer-

based shared platform for clinicians and researchers in 

domain of ultrasound diagnostics from both banks of 

Dniester.  

The experts group will provide access to the platform 

for members of the medical community from both banks 

of the Dniester. The effectiveness of the platform 

implementation will be assessed by specialists. 

The main modules of the clinical computer-based 

shared platform for clinicians and researchers in domain 

of ultrasound diagnostics of the hepato-pancreato-biliary 

system will be the following: 

I. Database containing information about normal states, 

pathologies, anomalies of the hepato-pancreato-biliary 

system organs (gallbladder, pancreas, liver and bile 

ducts): 

 sample sets (documentary registered cases – 

anamnesis, diagnostics, ultrasound annotated 

images); 

 laboratory sets; 

 clinical features; 

 standard diseases treatments; 

 cause-effect  relations. 

II. Knowledge base containing: 

 declarative knowledge in terms of nosological 
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sonographic signs, describing normal and 

pathological states (base of facts); 

 formalized diagnostics process (base of decision-

making rules). 

III. Module of acquisition of medical data and expert 

knowledge; 

IV. Module of inference, search for similar cases and 

explanation for drawing conclusion; 

V. User interface adaptive to different categories of 

users (specialized physicians, general practitioners, 

students). 

The development of all mentioned modules will be 

based on SonaRes methodology and technology [4, 9, 11, 

14], as well as on knowledge management techniques 

specific to medical domain. 

IV. SONARES METHODOLOGY AND 

TECHNOLOGY UTILIZATION 

SonaRes methodology is a comprehensive and 

integrated approach for design and development of 

clinical decision support systems, which provides 

clinicians with information support in all decision making 

stages [15], and currently has no analogy in the world. 

SonaRes methodology combines new advanced 

methods for acquisition and management of medical 

professional knowledge with effective algorithms of 

ultrasound images processing. 

SonaRes methodology: 

 offers principles to select the acquisition method 

and mode, corresponding to the application 

domain; 

 proposes an original alternative form for 

representation of the acquired knowledge; 

 gives new original methods and algorithms for 

inference, ultrasound images processing, quick 

search, encryption of personal data about 

patients, creation of adaptive interfaces. 

Under the presented concept, SonaRes methodology 

will be used: to select the strategy to acquire expert 

knowledge, properly at the stage of clinical knowledge 

acquisition and to choose the method for representation of 

the acquired knowledge [13]. 

SonaRes technology provides effective algorithms for 

storage and documentation of specific cases, 

corresponding to normal/pathological states and 

anomalies of organs from the hepato-pancreato-biliary 

region, detected by ultrasound diagnostics. This 

technology allows in reasonable terms to formalize the 

same organs with another degree of particularization, 

other organs, or some other types of medical diagnostics. 

SonaRes technology will be used to incorporate the 

kernel of SonaRes knowledge base of four abdominal 

organs (gallbladder, pancreas, liver and bile ducts) into 

knowledge base of clinical computer-based shared 

platform in domain of ultrasound diagnostics of the 

hepato-pancreato-biliary system. 

The kernel of SonaRes knowledge base, which will be 

incorporated, includes the following data and expert 

knowledge: 

 the knowledge base for gallbladder contains of 

335 facts and 54 decision rules, 166 model 

images annotated by the expert group, 226 

images with regions of interest (ROIs) marked; 

 for pancreas – 231 facts, 52 decision rules, 106 

model images, 137 images with ROIs marked; 

 for liver – 167 facts, 31 decision rules, 87 model 

images, 111 images with ROIs marked; 

 for bile ducts – 257 facts, 15 decision rules, 30 

model images, 37 images with ROIs marked. 

By degrees the collection of images (with ROIs 

marked) will be completed for new specific cases. 

Knowledge management techniques specific to medical 

domain [5-8, 10] will be used for structure modeling of 

domain of ultrasound diagnostics of the hepato-pancreato-

biliary system and development of module of inference 

and adaptive user interface of the clinical computer-based 

shared platform. 

V. EXPECTED RESULTS. DIRECT AND INDIRECT 

BENEFICIARIES. 

Implementation and use of the clinical computer-based 

shared platform in domain of ultrasound diagnostics of 

the hepato-pancreato-biliary system will allow physicians 

to expand the cooperation between the medical 

communities from both banks of the Dniester by 

increasing personal contacts and mutual consultations. 

This will enhance the confidence level on three layers: 

 between physicians from both banks of the 

Dniester by using a common standard of 

ultrasound images description; 

 between a physician and his patients by 

providing a more accurate diagnostics; 

 between a patient and a physician from different 

banks of the Dniester, if in the investigation of 

the patient a consultation of a physician from 

another bank of the Dniester was required. 

In terms of quality, the computer-based platform will 

enable: 

 clinicians and researchers in domain of 

ultrasound diagnostics of the hepato-

pancreato-biliary system to collect and share 

medical data and information about rare cases, 

and to obtain a consultation, basing on 

documentary registered cases, annotated by 

expert(s); 

 operators to familiarize with well-tried 

recommendations of effective scanning; 

 health care policy makers to disseminate 

information about good practice to follow and 

malpractice to avoid. 

In the future, the obtained results can be used in 

education, training and retraining of medical staff in 

domain of ultrasound diagnostics [12]. 

The direct beneficiaries are the Society for Ultrasound 

in Medicine and Biology of the Republic of Moldova, 

clinicians and researchers in domain of ultrasound 

diagnostics of the hepato-pancreato-biliary system, other 

medical staff, lecturers and students of medical faculties 

from both banks of the Dniester. 

The indirect beneficiaries are patients, because the 

clinical computer-based platform will allow practitioners 

to make a more accurate and informed diagnoses, and the 

ultrasound examination reports will be more 

understandable. 
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VI. CONCLUSION 

Joint efforts of medical experts and specialists in 

medical informatics in creating a computer-based shared 

platform for clinicians and researchers in domain of 

ultrasound diagnostics of the hepato-pancreato-biliary 

system it’s a good solution for solving the main drawback 

of the existing systems – medical data and information 

isolation, incompletion and non-standardization. 

The clinical computer-based shared platform will 

intensify, simplify and facilitate knowledge exchange that 

otherwise would be difficult or even impossible. 

Moreover, the increased number of contacts between 

physicians from both banks of Dniester will significantly 

influence the level of trust between people. 
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I. INTRODUCTION 

Decision support systems (abbreviated DSS) are widely 

used in various fields such as: 

• Sciences (mathematics, physics, economics); 

• Humanities; 

• Sport; 

• Medicine. 

When decisional situations appear it is necessary to 

make decisions. 

The decision is the result of conscious activity to select 

directions of action and engagement in it, which usually 

involves the allocation of some resources. Decision 

resulting from the processing of information and 

knowledge and belongs to a person or group of persons 

who have the authority and responsible for the effective 

use of resources in certain situations [1, p. 11]. 

Medical institutions managers may use a DSS when 

have to solve a decisional problem. These problems can 

be modeled on the computer. Modeling is a method used 

in scientific research. Its essence consists in the fact of 

schematic reproduction investigated system in the form of 

another similar or of the analogous systems to study the 

properties and behavior of the studied system. 

 

II.  DECISION SUPPORT SYSTEM 

One area of activity is considered well structured if this 

area can be widened into a formal system. Otherwise the 

field of activity is considered low structured (adapted 

from [2]). 

Decision support systems (DSS) assist poorly 

structured problems - problems that relate to the low-

structured domains.  
Decision-making problems are problems of synthesis 

[3] and refers to the class of low-structured problems. 

Well-structured solution to a problem is obtained as a 

result of a dialogue between end-user, beneficiary of 

problem or his representative, and DSS. 
DSS can be applied also for well-structured problems 

complexity class NP (nondeterministic polynomial). 

Algorithms to solve these problems require polynomial 

time execution can outweigh the time requested by the 

customer. 

DSS can be applied in the management of Medical 

institutions to assist resolving computer using a wide 

range of decision-making problems, such as the purchase 

of medicinal equipment. Problems of equipping the 

medical institutions in the classification established DSS 

refers to monocriteriale decision problems and decision 

problems that can be solved by methods of decision trees. 
DSS can be used also in correctly diagnosing patients as 

results do analysis and determining appropriate treatment. 

An example in this context is SONARES system [4]. 
Intelligent Support System (abbreviated ISS) presented 

in this paper  is intended for solving on the computer the 

decision problems that belong to four classes of families 

of decision problems.  

Often beneficiary of the decision problem needs 

considerable time to evaluate the decision problem in all 

its criteria. SII can effectively assist the beneficiary to 

solve on the computer decision-making problems. 

Decision-making process consists of the elements: 
1. Decider; 
2. Alternative courses of action: 

; 

3. State of nature: ; 

4. Probabilities of states of nature: 

; 

5. Decision matrix (see the Table 1 [5, p. 81]); 

6. Criteria for the decision making based on family 
decision problems. 

 
Table 1 The general structure of the decision matrix. 

 
 

Modeling of decision-making process is done with help 

of Intelligent Support System (ISS), using the following 

variables: 

  - dependent decision variable; 
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  - independent uncontrollable parameters; 

  - independent uncontrollable parameters; 

  - dependent variables.  

III. STRUCTURE AND PRINCIPLE OF OPERATION 

SUPPORT SYSTEM INTELLIGENT 

ISS can be operated in two modes a) training of 

students overseen by professor and b) self training 

students. In case b) SSI can be regarded as digital tracks 

students in DSS. 

ISS core is developed in C#. In order to further verify 

the correctness of proper decision-making problem 

solving by the teacher (for supervised learning) or by the 

student (if self-training) call core mathematics package. 

The principle of operation of the ISS can be seen in 

Figure 1.  

 

 
Figure 1. Structure and principle of operation of the 

overall ISS. 

 

SSI was designed using the methodology oriented 

families decision problems. 

The crowd decision problems (DP) included in 

course "Decision Support Systems" consists of four 

subsets: 

PD = D1   D2   D3   D4, 

where: 

 D1 - the family of monocriteriale decision problems 

(abbreviated FDP_Mo) 

 D2 - the family of multiatribut decision problems 

(abbreviated FDP_Mu); 

 D3 - the family of decision problems modeled by 

single period decision trees (abbreviated FDP_A); 

 D4 - the family of multiatribut decision problems 

modeled using fuzzy sets (abbreviated FDP_F). 

 .,41 ,41 Ø, jijiDD ji   

The set DP is meeting subsets FDP_Mo, FDP_Mu, 

FDP_A, FDP_F, each of the subsets are disjoint two by 

two. 

Each issue of discipline "SSD" is treated by the authors 

as a formal theory. 

 

Definition 1 (adapted from E. Mendelson [6]). Formal 

theory (axiomatized)   is considered defined if the 

following conditions are met: 

(1)  Is given some finite set of symbols - alphabet theory

 . Finite strings of symbols of the alphabet are 

called expressions of theory . 

(2) There is a subset of expressions theory , called 

crowd theory formulas . 

(3) The crowd formulas is outlined in a subset called 

axioms of crowd theory  . 

(4) There is a finite nRR ...,,1  relationships between 

formulas, called crowd of inference rules. For each 

rule iR  there is a natural number j  so that for each 

set of j  formulas and each formula A  effectively 

determine whether these j  formula and formula A  

relationship is iR  - and if so, A  is called a logical 

consequence of these j  formula by the formula iR . 

 

Alphabet, the set of formulas and inference rules are 

crowd formal language theory (see, for example, [1]). 

This language is a training language - structured subset of 

natural language. 

After building a formal model each topic shall establish 

the two components of intelligent e-Learning for 

appropriate topic: generator problems and problem solver. 

These two components of e-Learning is actually a virtual 

Tracks for training and assessing trainees' skills in 

knowledge DSS methods. 

IV. GENERATORS THE DECISION PROBLEMS  

ISS is a component of e-Learning, designed both to 

support the training of students as well as for: 

a) students, master, doctoral students enrolled in the 

Faculty and for b) managers and people interested in 

independent study of SSD methods. 

Generating tests and custom formulations laboratory 

problems (further - custom problems), represents 

activities that require the teacher considerable amount of 

time and effort. Therefore, research on automatic 

generation of personalized issues of computing disciplines 

and automatic evaluation of students' responses to these 

works are present. 

Generator is a software problem intelligent, using 

random factor, every access automatically develop a 
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personalized problem (test). Thus, for each subject can be 

obtained by a family of decision problems bed. 

Generation of decision problems, using ISS, follows 

these steps: 

1. End user enters dates for ISS or ISS 

automatically prepares input data;  

2. ISS receives input from XML; 

3. SSI process, analyzes, generate and 

transmit Mathematic software the 

information crowd generated for 

solving problems. 

 

V. DECISION PROBLEM SOLVED 

Problem solver assists the manager in decision-making 

and problem solving. Role of the pproblem solvers is to 

give an optimal response decision or assist teacher 

assessment tests proposed for solving students. 

A problem solver is an artificial intelligence program in 

which:  

a) program facts are axioms formal theory;  

b) productions - the rules of inference; 

c) questions (called and purposes) - the problems faced by 

managers or proposed for solving students; 

d) when formulating the core purpose of an ISS the 

beneficiary, developed in C#, calling the Mathematics 

software. Mathematic software algorithms 

automatically prepare the test solution;  

e) solutions obtained (one, several or none) can be treated 

as theorems proved in the formal theory corresponding 

theme examined and solver tests - as a system of 

automatic theorem proving in formal theory;  

f) program in C# assisted by software running 

Mathematics is a problem solver. 

 

Solving a family of decision problems using ISS 

following steps: 

1. Mathematical software processes 

information received from ISS (solves 
the problem of modeling decision 

problems proposed) and returns the 

results ISS. 

2. ISS unites (encapsulates) the problem and the 

results obtained from solving. 

3. Output data are transmitted to the 

end user in XML and XLS. 

 

VI. CASE STUDY 

 

Whether the Ministry of Health of the Republic of 

Moldova wants to buy a new subordinate institutions 

diagnostic medical equipment A . Participating in the 

auction organized by the Ministry four producers of this 

type of equipment respectively, 4321 ,,, AAAA . 

The organizers have chosen one of these machines. 

Analyst team Health Ministry agreed on eight attributes 

(characteristics) that may be taken into account and can 

be used as criteria for evaluation of proposed equipment. 

The criteria are: 1C  - precision measurements; 2C  - 

degree of harm to the patient; 3C  - degree of 

environmental pollution; 4C  - efficiency measurements 

(minutes required for an investigation); 5C  - purchase 

price; 6C  - cost of operation; 7C  - term operation and 

8C  - facilitate exploitation (see Table 2). 

 
Table 2. Decision Matrix. 

 
Legend: M - medium, S - weak, FS - very weak, D-

difficult, B - good, F.B - very good FB, R – high 

 

Demonstrates attribute value antagonism. For example, 

the performance attributes 1C , 2C , 3C , 4C , 6C , 7C  

and 8C  necessarily lead to increased attribute 5C  - 

purchase price. 

Under the conditions specified by the Ministry of 

Health has chosen an optimal way considering Moldova's 

needs in this type of diagnostic medical equipment and 

financial resources available for this purpose Ministry. 

 

Elements of the problem are: 

 list of alternatives: 

 4321 ,,, AAAA  

 Evaluation Criteria: 

 1C , 2C , 3C , 4C , 5C 6C , 7C , 8C ; 

 Media type decision 

 multiatribut; 

 Methods decision 

 Maximin Method; 

 Maximax Method. 

 

Below we will show the steps to solve this problem 

with ISS. 

Step 1: Select the type of problem. 

Are selected: 

a) Type of problem (multiatribut problems) 

b) Decision-making environment (multiatribut methods) 

and 

c) Decision-making methods. 

All these steps can be seen in Figure 2. 

 
Figure 2. Select the type problem. 
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Step 2: Editing the decision problem can be introduced 

to the problem (click on the Edit button to make 

parameters, see Figure 3). 

 

 
Figure 3. Editing the decision problem. 

 

Step 3: Enter the parameters for the task (see Figure 

4). 

 

 
Figure 4. Entering data problem to solve. 

 

Step 4: Saving Parameter problem and generating the 

problem. These buttons can be seen in Figure 3. 

 

Step 5: Complete data visualization decision problem 

and problem solving outcomes (see Figure 5). 

 

 

 
Figure 5. The problem and results. 

 

Step 6: Export decision problem results in XLS 

format. Proceed to the final step when the user wishes to 

export your results into XLS format. is click on the 

Export button in XLS see Figure 6. 

 

 

 
Figure 6. Exports in XLS. 

 

Export decision problem results visualization can be 

seen in Figure 7. 

 

 
Fig. 7. Results issue. 

 

After receiving the results of problem analysts’ team 

from the Ministry of Health make an analysis of all results 

received under the two methods and they deem it 

appropriate decision. 

VII. CONCLUSION 

Analyst team Health Ministry decision problem 

analyzed results, evolved in the manner optimistic ISS 

(MaxiMax method) and pessimistic (maximin method) 

and appropriate decision. 
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I. INTRODUCTION 

Good information is the foundation for any kind of 

policy-making, planning, programming, and 

accountability. Health indicators are indispensable for 

public health action. Unfortunately, good information is 

rarely available in low- and middle income countries due 

to underinvestment in Health Information Systems (HIS) 

that are essential for data collection, analysis, 

dissemination, and use. Along with the institutional 

difficulties, common technical problems include poor 

quality of data; lack of common standards; data 

inconsistencies and inefficiencies; difficulties to analyze 

and aggregate the data. Furthermore, the information 

obtained through a HIS is no longer only relevant to the 

work of epidemiologists and public health experts, but 

also to communities and health care providers [1]. 

Due to that fact and because HIS is a very wide topic, it 

is important to break it down into groups or categories of 

applications. According to the Health Metrics Network, 

there is a basic distinction in HIS between two main 

sources of data: 

 Population based data (e.g. a demography profile 

from Civil Registration) 

 Health institution based data (e.g. disease records 

or health administrative data) 

The present work deals primary with management of 

“Health institution based data” and the related tools and 

methods.  

Typical Information Systems at institution- or facility 

level include: “Individual Records” (also referred to as 

Electronic Health Records- EHR) which store information 

around the patient and its treatment history. Further, there 

are systems to manage the “Service Records” which store 

essentially clinical and administrative services delivered 

and associated costs. Third, there are so called “Resource 

Records”, which should help the institution to allocate the 

inputs (human resources, medical equipment, 

infrastructure, pharmaceuticals, or other consumables) 

[1]. 

With the technological advances in healthcare, the 

amount and complexity of data has increased steadily. 

This calls for new tools, methods and architectures to 

handle this data. 

Obviously, one of the consequences (or causes) of this 

development is that there is a shift from paper-based to 

electronic processing and storage of information. Another 

implication is that there is trend from institution-centered 

hospital information systems towards regional and 

national HIS [2]. This also means that healthcare planners 

can no longer only focus on technical HIS problems but 

need to equally consider human resources allocation, 

change management as well as strategic information 

management. 

This paper will focus on the electronic- or computer-

based parts of the HIS and the institutional / 

organizational challenges of institution based data 

management. More specifically, on experiences made 

along the introduction of an Information- and 

The Role of Biomedical Engineers in the 

Introduction and Maintenance of Health 

Information Systems 
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Management System for Medical Devices in the field of 

Perinatology and Pediatrics in the Republic of Moldova 

are presented herein.  

Information Systems for Medical Devices are a special 

case because the topic is rarely mentioned in HIS 

literature. In an improved health information system 

however, medical devices information have to become a 

separate, well recognized and analyzed part of health 

institution and administrative data.  

Furthermore, the authors think that findings are 

important for the future role of Biomedical- or Clinical 

engineers and that the lessons-learned are, to a certain 

extent, generalizable and should be considered when the 

country engages into further HIS implementations on the 

agenda. 

II. METHODS AND TOOLS 

Since 2009 two Moldovan-Swiss collaboration projects 

- REPEMOL (Regionalization of the Pediatric Emergency 

and Intensive Care Services in Moldova) and PERINAT 

(Modernizing Moldovan Perinatology System) - funded 

by the Swiss Agency for Development and Cooperation 

(SDC) are promoting the strengthening of the Health 

Technology Management (HTM) system of Moldova. 

The multifaceted initiative and related activities requires 

close collaboration with the Ministry of Health, 

Professional Associations and Agencies, the Technical 

University. However, to the largest part the project is 

directly targeting the partner hospitals (listed in Table 1). 

In the secondary level 

and tertiary level 

hospitals, the project 

supports the 

establishment and 

endowment of 

maintenance workshops, 

QM procedures, user 

training, and other 

initiatives. In the sense 

of strengthening 

technology and 

information management, the project has also invested in 

building- up of an Information System for “resource 

records”, in this case medical equipment. 

Besides reporting of the experiences from introducing 

and running this Information Systems in the facilities, the 

study also investigates on the availability, the educational 

background, the age, and exposure to Health Information 

Systems of technical heath workforce at the hospitals 

listed in Table 1. 

The qualitative data originate mainly from the project 

progress reports and field visits. Information on human 

resources is also routinely collected by the project - as 

part of the monitoring system. Additionally, it was 

verified by phone interviews with each of the hospitals 

prior to the publishing. 

III. RESULTS 

Every introduction of a new processes and management 

systems is confronted with challenges. In the case of 

Moldova, it was difficult to identify hospital staff workers 

with the relevant job profile and computer skills. In the 

beginning in 2009, hardly any formally trained 

Biomedical Engineers were present in the hospitals. The 

health workforce available was often not familiar with the 

information to be collected (administrators, or computer 

clerks) or they had the technical understanding of the 

subject matter but were lacking experience in using 

computers in their daily work. Consequently, the data was 

entered only sparsely, there was no follow-up and the 

quality of the data was poor. 

Ideally, trained Health Informatics Specialists or 

similar professions are present at least in secondary or 

tertiary level institutions. The expertise of such 

professionals would have been much needed in the 

planning and design phase of HIS, the infrastructure 

upgrading, data management and the training and 

technical support of users at the facility level.  

Although the Republic of Moldova has, with its e-

Transformation program [3] initiated a number of targeted 

centralized services for citizens, the investment in IT 

skills and capacities at local/facility level remains a 

challenge; if such specialists with the relevant skills exist 

in the public sector, they work for the central government 

or at major healthcare institutions. In the case of 

Moldova, it must be mentioned that the salaries of IT 

professionals employed in public hospitals compare very 

badly to the remuneration of an equivalent position in the 

private sector.  

Thus, for the introduction of the HIS, it was clear that 

the project could not rely on working only with IT- or 

health informatics specialists.  

In 2010 to 2012, more hospitals could employ 

biomedical engineers. To investigate on the human 

resources issue more quantitatively, the project has made 

the following findings: 

 
TABLE 2. AVAILABILITY OF TECHNICAL EXPERTS IN SELECTED 

MOLDOVAN HEALTHCARE INSTITUTIONS IN 2012 (BY ABSOLUTE 

VALUES, PERCENTAGE IN BRACKETS) 

 PROFESSIONS   

BIO. ENG. ENG. IT OTHER TOTAL 

TOTAL 10 (0.43) 5 (0.22) 4 (0.17) 4 (0.17) 23 (1) 

2ND
 LEVEL 

(9 HOSP.) 
6 (0.6) 3 (0.6) 4 (1) 2 (0.5) 15 (0.65) 

3RD
 LEVEL  

(1 HOSP.) 
4 (0.4) 2 (0.4) 0 (0) 2 (0.5) 8 (0.35) 

MALE 10 (1) 4 (0.8) 4 (1) 4 (1) 22 (0.96) 

FEMALE 0 (0) 1 (0.2) 0 (0) 0 (0) 1 (0.04) 

Ø AGE [Y] 24.0 47.2 27.0 55.8 35.1 

HIS EXP. 9.0 (0.9) 1.0 (0.2) 4.0 (1) 0.0 (0) 14.0 (0.61) 

 

Table 2 shows that 43% of the currently employed 

technical staff in the target hospitals has a degree in 

Biomedical Engineering from the Technical University of 

Moldova (TUM). At the same time, only 4 IT 

professionals (17%) are under contract by the 3
rd

 and 2
nd

 

level facilities surveyed (ref. Table1). It stands out that 

regarding the gender of the technical staff; only one 

female (an Engineer) comes on 22 males. The average age 

of the biomedical engineers (10) at the hospital is 24 

years, while it is 47,2 for engineers (5) and 55,8 years for 

TABLE I. LIST OF HOSPITALS 

INVOLVED IN THE PROJECT 

HOSPITAL LEVEL 

MCHRI 3 

CMH no.1 2 

MH Balti 2 

SM Bălți 2 

SMC ”V.Ignatenco” 2 

SR Orhei 2 

SR Soroca 2 

SR Cahul 2 

Ciadir-Lunga 2 

Hincesti 2 
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other professions such as mechanics or artisans (4). This 

is evident given the fact of the introduction of the 

discipline of Biomedical Engineering only few years ago. 

At the same time, it shows that Engineers and other 

professionals are – partly considering their age – less 

likely to use or even support computer-based systems in 

their daily work. There was even no utilization of 

Information Systems at all in the category “other staff”. 

On the other hand, thanks to the Information and 

Management System, 90% of Biomedical Engineers 

employed in hospitals were already exposed to 

information systems.  

In total, 14 people (61%) of all technical professionals 

have been involved in the introduction of the HIS. Those 

people did not only bring benefit to the system itself but 

they have gathered useful practical expertise in key issues 

(infrastructure, human resources, data availability, data 

and quality) relevant for the introduction of health 

information systems in hospitals. 

 

 
FIGURE 6: EMPLOYEES IN THE OFFICE OF A 3RD

 LEVEL MAINTENANCE 

WORKSHOP IN CHISINAU, MOLDOVA. 

 

In our case, those hospitals have managed to keep the 

information system more updated, complete and maintain 

better data quality. What has further helped in 

accomplishing the task was the technical background and 

– in this particular case – the good understanding of the 

nature of the work (data on medical devices 

infrastructure). 

Another benefit was also the better availability of 

computers or workstations at the newly established 

maintenance workshops which have (in most cases) also 

internet connection.  

To generalize this finding, it can be said that in the long 

run, the task of entering and managing HIS data 

electronically must be decentralized, i.e. brought to the 

respective department or user and have HIS become part 

of the routine work processes. 

Based on the experience made, the role of technical 

staff, namely biomedical engineers, at the hospital in the 

introduction and maintenance of information systems 

were the following: 

 Specifications and requirements writing 

 Software installation and acceptance 

 Infrastructure installation and maintenance 

(network, server, etc.) 

 Documentation and data management (including 

data quality) 

 Training and education of other users 

As in all medical disciplines, collaboration with 

Universities, technical high schools and post-graduate 

training institutions is also very important. In the case of 

Moldova, the herein mentioned Information System has 

only performed well in the field, because the respective 

faculty of the Technical University of Moldova (TUM) 

has taken up the topic in their curriculum. A dialogue 

with other relevant training institutions (in our case, the 

medical faculty, the informatics studies, etc.) is 

indispensable for changing the way information systems 

work in a country.  

IV. CONCLUSION 

It is confirmed in other case studies, deploying health 

information systems within facilities and districts requires 

dedicated human resources, training and career 

development. Only if this is given, improvements in the 

quality of data reported and in the understanding of its 

importance by health care workers can be achieved [4] 

As it was shown in our example, the adoption of HIS 

applications at hospital level in Moldova depends on the 

availability of Biomedical Engineers rather than IT 

experts. 

Taking this into account, a key task for health system 

planners at central and local level is to make sure such 

resources are available and to establish a respective policy 

and monitoring framework. 

Additionally, the theoretical background on HIS and 

hospital networks should become integrated in the 

education of Biomedical Engineering or related 

professions. It is already part of standard works in 

relevant textbooks. Topics or chapters like: “The 

integration and convergence of Medical and Information 

Technology” [5], “Medical Information Processing and 

Communication” [6] or “Biomedical Engineering and 

Information Systems – IT Tools and Applications” [7] 

provide valuable technical references. 

The specific skills of the Biomedical Engineers are 

even indispensable where there is an interface between IT 

systems and medical devices such as for X-Ray systems 

and PACS or Lab analyzers and the electronic 

information exchange between analytical instruments 

(AIs) and laboratory information systems (LISs)[8]. 

According to the experience of the project, the new 

workforce has also brought significant support to other 

areas of information management at the hospitals such as 

Telemedicine systems or Clinical Skills Lab and related 

information processing. 

A stronger involvement of Biomedical Engineers in 

Health Information Systems in general is needed in 

assuring access and understanding clinical- or service data 

from institutions. It shall provide the engineers with 

relevant evidence for investment planning (e.g. for how 

many tests does a certain instrument have be specified? 

Or: what is the number of patients per year needing this 

type of ventilation?) 

For all those reasons, the presence of well-trained 

Biomedical- or Clinical Engineers in small or mid- size 

facilities is critical – not only to assure the adoption of 

Health Information Systems but to effectively profit from 

the large range of information technologies for health care 

per se. 
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I. INTRODUCTION 

Healthcare industry with a turnover more than 100 

billion dollars annually and with a growth rate of 7% per 

year: it is one of the few areas that is expected to grow 

continuously for a long time. Healthcare industry includes 

13,600 registered producers, about 10,000 generic devices 

and over 500,000 products. About 50% of all treatment 

and diagnostic methods used today did not exist 10 years 

ago. 

Maintenance, control and health technology 

management have become priorities of a health policy in 

many countries. Many studies proved that using coherent 

policies in these areas can improve the cost/efficiency use 

of advanced medical technologies, increase patient’s 

safety as well as the quality of medical service [1-2]. 

II. CURRENT SITUATION 

Thus, in a report published on the website of the 

World Health Organization shows that despite billions of 

dollars spent annually on medical equipment and devices, 

most countries still consider medical device management 

as a matter of purchase and less as a part of public health 

policy [3]. More than 95% of medical technologies in 

developing countries are imported; many of them do not 

correspond to real needs of the national health system. It 

was estimated that in developing countries about 50% of 

medical equipment is not functional, is not used correctly 

and moreover the equipment is inconstantly maintained - 

a situation with serious consequences for patient’ care. It 

is therefore crucial to have a national policy regarding 

management of medical devices including its: 

maintenance, inspection and proper use, specialists’ 

training, establishing a system of continuous training. 

In Moldova, the situation is similar to other 

developing countries, although it invests heavily in 

medical technology. However the maintenance and 

inspection of medical devices is not ensured, there is no 

training for specialists in the field and as well the system 

lacks of a proper training system. 

Currently, the health system in Moldova includes 939 

hospitals, of which 244 public health facilities (86 

hospitals with 22,031 beds, 12,914 doctors and 27,445 

healthcare workers with secondary education.  Over 300 

enterprises and companies dealing with import and 

installation of equipment and over 35 biomedical 

companies and service companies licensed in catering 

medical technology. Currently, Moldova is in lack of 

specialists in the field of biomedical systems and 

equipment, as specialists in this area were not prepared. 

Amongst major problems and difficulties of health 

technology management in Moldova, the following can be 

mentioned: 

• Acute lack of specialists in the field of maintenance, 

inspection and diagnostic of biomedical devices; 

• Absence of coherent policies for activities in this 

area, including conformity assessment and preventive & 

corrective maintenance; 

• Wrong management - or more specifically, a lack of 

established policies and procedures for planning, 

acquisition and maintenance of medical equipment; 

• Weak or even absent technical competences in all 

hospitals for inspection/maintenance of medical devices, 

and where the competence is present it is insufficiently 

used; 

• Lack of continuous regulation, mandatory for 

professionals working in the field of catering medical 

devices, as well as for those who are working with 

marketing and installing medical devices; 

• Service providers are expensive and often delayed. 

Causes of failures and accidents of medical equipment 

can be classified as: 

10% - Technical failure; 

30% - Inadequate maintenance strategy; 

60% - User mistakes. 

Continuous Training in Biomedical 
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A proper implementation of health technology 

management allows 80% of maintenance issues to be 

resolved by 20% of resources. 

III. CONTINUOUS TRAINING IN BIOMEDICAL 

ENGINEERING 

In order to solve these problems it is necessary to 

establish a viable system with continuous improvement, 

mandatory for professionals who cater medical devices.      

Training’ beneficiaries can be divided into following 

groups: 

- Users of medical devices; 

- Bioengineers and technicians, who serve medical 

devices; 

- Administrative staff. 

  Trainings can be classified as: 

• Basic Training - this should be enough to get 

fundamental knowledge regarding the basics of 

electricity, mechanics, optics, pneumatics as well working 

material features; 

• Training in the working place - it should address the 

staff to the specific needs of medical technology, working 

in the health service, HTM activities such as: accounting, 

stock control and inventory renewal. This training may be 

provided by central or regional HTM teams; 

• Introductory Training – when the staff is freshly 

employed, transferred to another department, institution 

or another location with other responsibilities; 

• Training when new equipment is brought; 

• Recover training- to renew skills; 

• Skills development - participation in training courses 

focused in vocational training institutions. 

      

Trainings for equipment operators must include: 

• Practice using the equipment; 

• How to operate the equipment; 

• Proper application of the equipment; 

• Safety procedures; 

• Inventory and stock management; 

• Planning the preventive maintenance for users; 

Training curricula for users includes the following 

presentations: 

• Health Technology Management; 

• General principles; 

• The organizational structure of health technology 

management with assigning obligations and 

responsibilities to each level; 

• Assess efficiency of HTM; 

• Documentation and reporting 

• Electrical safety of medical devices, patient’ and 

health worker security; 

• Practical sessions: working with defibrillator and 

pulse oximeter; 

• Final evaluation, course evaluation. 

It should be mentioned that if pre-assessment was 

45.7% then the final evaluation was 77.6%. 

Provision of such trainings should be taken into 

consideration seriously by the medical facilities. There are 

several options to develop skills and each institution 

should pursue a combination of strategies to ensure 

appropriate training. A skill development program is vital. 

Staff necessities during training, no matter which level, 

should be inscribed in a training plan. 

CONCLUSIONS 

Medical institutions can provide a complete service 

that is not impeded by non-functional technologies.  

Equipment is used and maintained correctly henceforth 

the staff uses the equipment, following written procedures 

and good practice. 
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Abstract 
Telemedicine can be defined as the use of electronic signals to transfer medical information from one 

system to another. The emergence and development of Teleradiology occurred due to the needs of optimal 

allocation of resources. The effectiveness of medical care is being increasing simply by the fact that an expert 

radiologist or other specialist can view patient images from his working place without losing his precious time 

for traveling. Teleradiology solution offers a range of advantages: reducing the presence of specialists on call, 

rapid obtaining of second opinions, medical centers interconnection etc.In our study we will focus on the 

Teleradiology activity. A prospective study of consulted cases was conducted via Teleradiology; there were 

applied two basic methods of transmitting information. In 01.01.2012 to 31.12.2012 there were totally examined 

393 children and consulted 430 radiological images, of them - through Skype - 102 children and 199 images via 

iPath platform. Conclusion. Successful implementation of Teleradiology within Telemedicine has improved the 

quality of diagnosis in cases treated in the pilot centers. 

  

 

I. INTRODUCTION 

Telemedicine can be defined as the use of 

electronic signals to transfer medical information from 

one system to another. The technology used to carry out 

the Telemedicine can range from a simple phone to 

satellite as well as the equipment for video conferences. 

Although the definition is broad, the telemedicine term is 

used recently for remote electronic clinical consultation. 

The “Telediagnosis” term refers to the remote 

consultations when the diagnosis is based on medical data 

transmitted over telecommunications networks. An 

important use of activities use the terms of 

“Teleradiology”, “Telepathology”, “Teleendoscopy” to 

define symbiosis between telematics and the respective 

specialty / medical investigation [1, 2].   

The emergence and development of 

Teleradiology occurred due to the needs of optimal 

allocation of resources. The effectiveness of medical care 

is being increasing simply by the fact that an expert 

radiologist or other specialist can view patient images 

from his working place without losing his precious time 

for traveling. Teleradiology solution offers a range of 

advantages: reducing the presence of specialists on call, 

rapid obtaining of second opinions, medical centers 

interconnection etc. [1, 6]. 

Decreased waiting time and more efficient use of 

resources that are related to Telemedicine reduce 

geographical distances. In fact, there is no difference if 

the distance between patient and doctor is bigger or less. 

Telemedicine allows a decentralization of health services, 

so that patients can be treated closer to home, etc. Medical 

examinations that require time consuming and money due 

to the traveling of both specialists and patients, can be 

achieved today through Telemedicine. [4, 5]. 

 

What are the Teleradiology objectives?   

 

 

 

 

- Sending images to a diagnostic center for routine 

interpretation and consultation  

- Emergency examination in case of critical condition; 

- Examination of diagnosis difficulties; 

- Monitoring of patient status dynamics; 

- Archiving and storage of materials; 

- Continuous professional instruction at distance 

(improving knowledge). 

 

II. MATERIAL AND METHODS:  

In Moldova the implementation of Telemedicine 

in Perinatal system has originally started in 2009 with 

four pilot centers: Mother and Child Institute (level III), 

Perinatal Center from the Hospital no. 1 Chisinau, 

Perinatal Center from Balti and Perinatal Center from 

Cahul, then being expanded to seven level II Perinatal 

Centers: Edinet, Causeni, Hincesti, Orhei, Soroca, 

Ungheni, Ciadâr-Lunga. 

This network aimed at consultation of severe 

neonatal and obstetric cases from level II Perinatal 

Centers through the telemedicine system of the Mother 

and Child Institute, level III center within the 

perinatology regionalized system, but unclear or difficult 

cases should be consulted with specialty clinics from 

abroad via the international platform iPath. 

 

This telemedicine platform was designed to 

facilitate informational and communicational exchange 

between professionals working in the health sector 

providing the following functionality: creation of 

discussion groups on various health topics. Initial areas of 

users’ interest are the Telemedicine within the 

perinatology system and medical technology 

management; within each focus group members can: 

present and discuss cases (medical) in order to exchange 

information and opinions, organize consultations at 
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distance when specific cases are presented colleagues to 

provide a second opinion. 

  

In our study we will focus on the Teleradiology 

activity. 

A prospective study of consulted cases was 

conducted via Teleradiology; there were applied two 

basic methods of transmitting information: 

  1) iPath Platform 

  2) Skype 

The activity period of this study has comprised the period 

from 01.01.2012 to 31.12.2012. 

Centers and departments participating in the 

study: NICU from MCI (level I); NICU from MCI (level 

II); NICU from Perinatal Center Balti; NICU from 

Perinatal Center from the Hospital no.1, Perinatal Center 

Orhei, Perinatal Center Edinet, Perinatal Center Soroca, 

Perinatal Center Hincesti and Perinatal Center Ciadar-

Lunga.  

III. RESULTS: 

In this time period there were totally examined 

393 children and consulted 430 radiological images, of 

them - through Skype - 102 children and 199 images via 

iPath platform.  

 

Fig.1. Distribution of consultations case by Skype and 

Ipath per Perinatal centers 

 

 

Analyzing these data, we have found that in 12 

(2,8%) cases the images could not be decoded due to poor 

scan quality. 

The centers can be classified by the frequency of 

addressability: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2. Distribution of cases examination by 

region  

 

Analyzing the data in Figure 1 by region of 

examination, we have found that: 73,4% of 

investigations were for general radiography of chest and 

abdomen; 16,2% - tubular bones and 10,4% - skull 

radiography and cervical region. 

 
 

Fig.3.  Distribution of cases by diagnosis  

 

In 9,04% of cases there was diagnosed MCC - in 

10,1%, congenital pneumonia in 14,36% (fig.3.).  

We present you some clinical cases where the 

diagnosis was established through Teleradiology: 

 

Number of

performed…
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Case 1. Right congenital diaphragmatic hernia 

 
 

Case 2. Imperfect osteogenesis  
Bilaterally in projection of upper limb bones and ribs 

multiple fractures at different points of consolidation are 

detected, in the left radial projection the formation of 

pseudoarthrosis is observed. 

CONCLUSION: 

1. Successful implementation of Teleradiology within 

Telemedicine has improved the quality of diagnosis 

in cases treated in the pilot centers. 
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