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ABSTRACT: Europium (Eu):Y2O3-nanoparticles/Mg:ZnO-nanowires/p-GaN and
(Eu):chelate-based light-emitting diode (LED) structures have been fabricated,
showing controlled mixed near-UV, violet, and red electroluminescence from
trivalent europium. The magnesium (Mg)-doped ZnO (Mg:ZnO)-nanowires/p-
GaN heterojunction were integrated into the LED structure and were covered on
the top with the nanoparticle of yttrium oxide doped with trivalent europium ions
(Eu3+:Y2O3) or by Eu:chelate. Samples exhibit mixed UV/blue light at ∼384 nm
coming from the Mg:ZnO structure and a sharp red emission at ∼611 nm related to
the intra4f transition of Eu ions. It is found that with Mg doping of ZnO, the
emission wavelength of LEDs in the near-ultraviolet region is shifted to a smaller
wavelength, thus being better adapted to the trivalent europium excitation band.
Radiative energy transfer is achieved through the strong overlap between the
emission wavelength from n-(Mg:ZnO)/p-GaN heterojunction and 7F0-

5L6
absorption of Eu3+ ions in the case of Eu:Y2O3 or of the (Eu):chelate intensive
absorption bands. Indeed, the (Eu):chelate/(Mg:ZnO)-nanowires/p-GaN structure appears to be more adapted to UV/blue and
red dual emission than Eu:Y2O3, for which low absorption prevents efficient emission. Our results demonstrate that the designs
of nano-LED structures and of the chelate ligands are crucial to enhance the performance of electroluminescence devices based
on ZnO nanowire arrays and rare-earth metal complexes.

1. INTRODUCTION

Solid-state lighting devices are promising efficient lighting
sources for displays and general illumination devices1,2 owing to
their lower energy consumption and longer lifetime compared
with the incandescent bulbs. In recent years, there has been
high interest and attention in systems based on europium (Eu)
complexes and doped nano-ZnO for many promising photonic
applications.3−6 Among the different materials used as emitters
in the light-emitting diodes (LEDs) design (as seen, for
instance, in refs 6−8), europium complexes are attracting great
attention because of their narrow (4f−4f) emission band in the
red and their suitability for manufacturing pure red and full-
color electroluminescent (EL) devices.9−13

Furthermore, considering the small oscillator strengths of the
4f−4f Eu3+ transitions, a sensitization process of the metal-ion
luminescence has to be designed, involving energy transfer
from coordinating species to the metal cation excited states.
One way is to use energy-transfer paths through a long-lived
ligand triplet state (T1).12−16 It requires optimizing the energy
gap between T1 and the emitting level of a lanthanide ion to

obtain high sensitization efficiencies. Because triplet states are
reached in the sensitization process,13 one should expect the
dominating contribution of triplet states in EL and an increase
in the quantum efficiency (QE).12 The figures of the external
EL QE reported to date for Eu chelates-based LEDs are up to
4.5% photons/carrier.15,17 It should, nevertheless, be noted that
QE may be strongly reduced at larger current densities.9,15,17,18

Yttrium oxide doped with trivalent europium ions
(Eu3+:Y2O3) is a well known unsurpassed red-emitting
phosphor used in: cathode ray tubes, fluorescent lamps and
projection television tubes.19,20 Moreover, it is a promising
phosphor that can be developed at the nanoscale for field
emission display devices.21 Previous reported works demon-
strate optical QE close to 95% for this phosphor;22 therefore,
this material seems well-suited for the new EL devices
investigated in this paper. The Eu3+:Y2O3 absorption feature
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is constituted of narrow lines (related to Eu3+) in the visible
range, a broad band with a maximum at 250 nm related to the
Eu3+-O2− charge transfer and strong absorption region below
230 nm due to the host lattice.19 Both excitations of the host
lattice and in the charge-transfer band lead to a strong emission
in the red range at ∼611 nm characteristic of the trivalent
europium species.19 The excitation mechanism of the phosphor
is important because the trivalent europium cations cannot be
directly and efficiently excited in its 4f bands due to the low
oscillator strength of these transitions. In the present work, to
use the phosphor in the LED system, ZnO/Eu3+ transfer is
required to obtain strong red EL. It is the motivation of the
present work to investigate and compare two possible systems,
namely, Eu3+-doped-Y2O3 nanoparticles and Eu:chelates. The
effective overlap between the ZnO emission broad band and
the absorption of the europium or host phosphor enable
ultrafast energy transfer (ET) through a resonant radiative ET
process, which is crucial for good efficiency. Direct ET from
ZnO to Eu3+ has so far been quite low or even not
observed.23−30 In these works, defect states were involved in
the ET process26−30 because of the poor energy level overlap
and due to the very short ZnO excitonic lifetime. This leads to
poor ETs from ZnO to Eu3+ ions.29 It has been proposed that
the defect states in ZnO can temporarily store the excitation
energy, which will then increase the efficiency of the ET from
ZnO to Eu3+ ions.29−31 Furthermore, radiative and nonradiative
ETs have also been proposed in refs 26, 27, and 29−32.
In the present work, the introduction of Mg into the ZnO

heterostructure has been done electrochemically and consid-
ered to tune the EL emission wavelength and adjust the emitted
wavelength. The adjustment are in agreement with the
phosphors optical characteristics and to enable an ultrafast
and improved ET. In that case, red emission centered at ∼611
nm could be observed when the samples were electrically
excited by a 384 nm Mg:ZnO nanowire/p-GaN LED structure.
In these heterostructures, the ET between the EL material and
the europium-based phosphors was efficient due to the close
distance between these two elements and the overlap of their
optical features.19,33

Herein, we report on two different types of phosphor: Eu3+-
doped-Y2O3 nanoparticles and Eu:chelate, integrated in light-
emitting device structures. The main goal of this work was to
deposit phosphors as continuous layers on top of n-Mg:ZnO-
nanowires/p-GaN, leading to the efficient Eu3+:Y2O3/Mg:ZnO-
nanowires/p-GaN and Eu:chelate/Mg:ZnO-nanowires/p-GaN
heterostructures with controlled mixed blue/violet and blue/
red emissions, respectively.

2. EXPERIMENTAL SECTION
The magnesium-doped ZnO nanowire arrays were grown by
electrodeposition according to a procedure described else-
where.4,5,32,34−36 The substrate was a commercial magnesium-
doped GaN (0001)-oriented single-crystal layer grown on
sapphire with the c axis perpendicular to the substrate
(purchased from TDI). The p-type GaN layer was 3 μm
thick, and the dopant concentration was 3 × 1018 cm−3. The
crystal miscut was 0.59°. Magnesium chloride MgCl2 (2.5 μM,
99.99% MgCl2·2H2O, Aldrich) was used as the dopant in
electrochemical bath for ZnO in the present work. Two
trivalent based europium phosphors, Eu3+-doped-Y2O3 nano-
particles and Eu:chelate, were tested in the present study.
Synthesis of the Eu:Y2O3 Nanoparticles. Eu3+-doped

yttrium oxide phosphors used in the study were an optimized

commercial Eu3+:Y2O3 product from General Electric (elec-
tronic phosphor reference GE-1281-274W) with particles size
of ∼50 nm and indicative light quantum yield of 95%.21,37

Nanoparticles could also be prepared by various techniques to
control their size in the nanoscale range.37,38 In the literature,
Eu3+:Y2O3 nanoparticles have been prepared by a coprecipita-
tion, sol−gel,39 combustion methods,40,41which was also
investigated, and other techniques.42 In the present work,
using a coprecipitation method, NH4OH was added dropwise
to a solution of europium nitrate dissolved in distilled water.
The obtained hydrous gel was filtrated, washed with distilled
water, and dried overnight. It was subsequently calcined at 1000
°C to obtain the pure phase. For the combustion method, also
investigated, europium nitrate was dissolved in distilled water
together with glycine in stoichiometric quantities. The mixture
was dried overnight at 100 °C and then heated to 580 °C in an
oven for 1.5 h. A white and very volatile powder was obtained
after combustion. Part of this powder was further annealed at
various temperatures up to 1400 °C to get the particle size
variation. The nanoparticles were characterized by X-ray
diffraction (XRD) using a Siemens D5000 diffractometer and
the Cu Kα1 radiation with λ = 1.5406 Å. For transmission
electron microscopy (TEM) measurements, nanopowders were
ultrasonically dispersed in butanol, and a drop of solution was
evaporated on a holey carbon copper grid. A high-resolution
(0.19 nm) TOPCON OO2B operating at 200 kV was used to
measure the TEM images of the nanoparticles. XRD patterns of
the coprecipitation and combustion products indicate a pure
Y2O3 cubic phase (the space group Ia3−) for any annealing
temperatures (not shown here). Average particle size was
estimated from XRD diffraction pattern using Scherrer formula.
However, Scherrer formula yields the apparent or average
particle size for a nanomaterial.
In the present work, a special attention was paid to the study

of Eu:Y2O3 particles prepared by the combustion method, since
this method has been less developed in the research literature.
Figure 1a shows the XRD pattern recorded in the 20−70°
range with a scanning step of 0.02° of Eu:Y2O3 particles. The
pattern matches the lattice spacing of crystalline Eu:Y2O3 in the
cubic phase (the space group Ia3-) and it is compared with a
reference sample (Figure 1a). According to the TEM images
shown in Figure 1b,c, the particle size depended on the
annealing temperature. It was initially about 25 nm (Figure 1b)
and it reached about 60 nm after thermal annealing at ∼1100
°C and about 140 nm after thermal annealing at 1400 °C as
presented Figure 1c. Then, in a second step, these nanoparticles
dispersed in ethanol were deposited on the top of LED
structure by using screen-printing technique.39 These nano-
particles deposited as a film with thickness of 5−10 μm.

Synthesis of the Europium Chelate. A molecular
phosphor Eu(TTA)3(H2O)3, where TTA stands for thenoyltri-
fluoroacetone, was used for integration in LED structures. Our
choice for the compound was governed by several arguments
including: good solubility and simple synthesis, large absorption
cross-section and good quantum yield, large Stokes shift
between absorption and emission, absorption in the UV range
compatible with LEDs and, as compared with dye molecules,
good emission properties even in the bulk state. The Europium
chelate was synthesized following the protocol described by De
Silva et al.43 First, 3 mM of potassium tert-butoxide was
dissolved in 20 mL of water by heating at 60 °C in a round-
bottomed flask under nitrogen atmosphere. Afterward, 3 mmol
(mM) of the ligand TTA was progressively added. The mixture
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was stirred under nitrogen until complete dissolution (∼30
min). An aqueous solution of Europium(III) chloride (1 mmol
in 10 mL H2O) was then added drop by drop under nitrogen.
The solution became cloudy, and a white precipitate,
luminescent under UV light, was formed. The mixture was
heated at 60 °C during 30 min and then kept 3 h at room
temperature under nitrogen and stirring. The precipitate was
filtered and rinsed with a few milliliters of water and then with
hexane. Finally, the obtained compound was dried one night
under vacuum and used without any further purification. The
complex had a quantum yield of 25% measured by comparison
with calibrated standards. It presented a strong absorption
cross-section in UV in the range of 350−400 nm, as detailed
later.
Spray Deposition. The investigated europium chelate is

highly soluble in ethanol and does not show significant
extinction effect at high concentration or in the solid state.
Therefore, it was not incorporated into a matrix. The molecule
was simply dissolved in ethanol at 50 mg/mL, and the
deposition was made by spray pyrolysis on the glass side of a
manufactured microscope slide covered by indium−tin oxide
(ITO). The setup is similar to the one used by Fleury et al.44

To avoid any deterioration of the ITO film, we taped the
substrate from the front side on the heated massive aluminum
block. Afterward, 1 mL of the solution was deposited using a
Paasche Talon gravity airbrush feed with a 0.38 mm nozzle.
The air pressure was 1.5 atm, the air flow was ∼100 mL/s, and
the solution flow was ∼0.1 mL/min. According to the
literature,43−45 heating the substrates at a temperature close
to the evaporation temperature of the solvent appears to be the
best deposition procedure to obtain spatially homogeneous
films and avoid uncontrolled spreading of the solution. Thus, in

our case, the ITO substrate was heated to 60 °C during the
spray deposition.

Photoluminescence. Photoluminescence (PL) emission
spectra were measured with a tunable optical parametric
oscillator pumped with the third harmonic of a Nd:YAG Q-
switched laser used as excitation source (Ekspla NT 342B-SH,
10 Hz repetition frequency, 6 ns pulse width). The
luminescence was analyzed with a Jobin Yvon HR250
monochromator coupled to a Roper ICCD camera. With the
ICCD camera, integrated and delay times were adjusted to the
emission system. For Eu3+, typical set-up was 5 ms (integration
time) and 5 μs (delay time). Scanning electron microscopy
(SEM) images were obtained by Hitachi S4800 FEG-SEM at
10 kV of accelerating voltage. The LED device structure
assembly maintained by a bulldog binder clip was polarized
with a Keitley 2400 source.35 The EL was collected by an
optical fiber connected to a CCD Roper Scientific detector
(cooled Pixis 100 camera) coupled to a SpectraPro 2150i
monochromator. The monochromator focal lens was 150 mm,
and grating of 300 grooves/mm was blazed at 500 nm to record
the emission over the whole ZnO-nanowires (NWs)/p-GaN
near-UV−visible range. The CIE coordinates were calculated
from this calibrated system.

3. RESULTS AND DISCUSSION
The integration of such phosphors onto the ZnO-NWs/p-GaN
LEDs heterostructure was first investigated and is presented in
the following part of the paper.
According to detailed cross-sectional SEM analysis of the

edge of the evaporated Eu:chelate layer on glass (see Figure 2),

the thickness of Eu:complexes-chelate film was ∼0.5 μm. SEM
images demonstrated that the deposition was homogeneous on
the substrate surface. Tang and VanSlyke46 found that the
morphological properties of the organic layers are critical in the
construction of thin-film devices without pinholes. It is
necessary that both layers in the EL device be smooth and
continuous, as presented in Figure 2.
Magnesium-doped ZnO-NWs/p-GaN epitaxial heterojunc-

tion was used to construct a light-emitting diode structure,
assembled as illustrated in the schematic of Figure 3, presenting
the Y2O3:Eu

3+/Mg:ZnO-nanowires/p-GaN and Eu:chelate/
Mg:ZnO-nanowires/p-GaN heterostructures-based LEDs. The
top of the Mg:ZnO nanowire arrays was connected by ITO
layer deposited on a transparent glass sheet/Eu:Chelate or

Figure 1. (a) XRD pattern of Eu:Y2O3-nanophosphors. TEM
micrographs of Eu:Y2O3-nanophosphors obtained by combustion
method: (b) without thermal treatment and (c) same as panel b after
annealing at 1400 °C.

Figure 2. SEM image of the Eu:chelate/glass structure in cross-
sectional view.
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Y2O3:Eu
3+ nanoparticles. The top TCO (transparent conduct-

ing oxide) plate and the uncovered GaN layer were separated
by a thin insulator35 to avoid the direct contact between the
two layers. The GaN layer was connected by In−Ga eutectic.
More details of the fabrication of ZnO-nanowires/p-GaN LED
structures can be found in refs 4, 5, and 35.
Figure 4 presents the excitation and emission spectra of the

two phosphors. The excitation spectrum (Figure 4a, curve 1-

blue) and the emission (Figure 4a, curve 2-red) have been
reported for the commercial Eu3+:Y2O3 nanocrystals with
particle sizes of ∼50 nm (General Electric phosphor). The
Eu3+:Y2O3 sesquioxide phosphors with various sizes, elaborated
by coprecipitation and combustion methods, presented the
same optical features, but with lower emission efficiency than
the commercial powder. Therefore they will not be further

considered in this paper. The excitation band in Figure 4a
extends between about 350 to 420 nm, with a characteristic
structure coming from the 4f-4f absorption (7F0-

5L6 manifolds
transition). Such absorption ranging in the emission range of
the ZnO-hybrid EL structure is associated with the low
intensity of the 4f−4f Eu3+ transitions.47−49 One can notice that
the Eu−O charge-transfer band lies at a higher energy19 and
will not participate in the excitation process in the device. One
can further notice that for Eu3+:Y2O3 nanocrystals the features
of the emission spectrum are similar to those of the bulk
material reported in literature:48 intense peak at 612 nm
originates from 5D0→

7F2 forced electric-dipole transition of
Eu3+; the one centered at 633 nm corresponds to 5D0→

7F3
transition, and the peaks around 595 nm correspond to
5D0→

7F1 magnetic-dipole transition.50 Small band peaking at
535 nm corresponds to 5D1 emission.
Figure 4b shows the excitation (curve 1-blue) and emission

(curve 2-red) spectra of Eu:chelate samples under excitation
wavelength of 380 nm. In these spectra, the intensity was
normalized by the excitation intensity. The narrow emission
peaks are assigned to 5D0→

7Fn (n = 0−4) transitions, with the
strong emission at 612 nm originating from 5D0→

7F2 electronic
dipole transition. Emission intensity of Eu(TTA)3(H2O)3 is
maximum when the complex is excited between 350 and 385
nm (curve 1, Figure 4b). These excitation wavelengths
correspond to the absorption maxima of the β-diketonate
ligands, confirming that the sensitization of the cationic metal
center occurs efficiently by ET mediated by these ligands,
consistent with the well-established mechanism of ligand-
sensitized luminescence43,46 of such hybrid phosphors. This
absorption is indeed enhanced in regard to the forbidden 4f-4f
rare earth absorption bands, which are not observed in the
excitation spectrum.
Figure 5 shows the room-temperature EL spectra under a

low forward bias voltage of 6.8 V for ZnO-NWs/p-GaN and

Mg:ZnO-NWs/p-GaN LED structures. It can be seen that the
structure based on Mg:ZnO demonstrates an enhanced EL
intensity and an emission shifted toward shorter wavelengths
(∼384 nm), which looks well-suited to the excitation band of
the phosphors presented in Figure 4. As discussed by Li and
coauthors,51 the formation energy of zinc vacancies decreases
with the increasing Mg content. This could be one of the
reason for the increased efficiency observed in such LEDs. For

Figure 3. Schematic configuration (side view) of the Eu:Y2O3 or
Eu:chelates/Mg:ZnO-nanowires/p-GaN LED structures.

Figure 4. (a) Excitation and emission spectra of Eu3+:Y2O3-
nanocrystals with particle sizes of 50 nm, monitored for 5D0→

7F2
(611 nm emission) and 395 nm excitation, respectively. (b) Excitation
spectrum (blue curve) of Eu:chelates when emission at 611 nm is
monitored. Emission spectrum (red curve) of Eu:chelates (excitation
wavelength 380 nm).

Figure 5. Room-temperature electroluminescence spectra of ITO/
ZnO-nanowires/p-GaN and ITO/Mg:ZnO-nanowires/p-GaN LED
structures (at 6.8 V).
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further details of the characterization of the hybrid Mg:ZnO/
GaN, please refer to ref 35. In the following study, only the
optimized hybrid n-Mg:ZnO/p-GaN heterojunction has been
used because its emission wavelengths are in better agreement
with the phosphors’ optical properties.
Figure 6 presents the room-temperature EL spectra of the

Eu3+:Y2O3/ITO/Mg:ZnO-nanowires/p-GaN LED structure (at

8 V) and of Eu:chelate/ITO/Mg:ZnO-nanowires/p-GaN LED
structure (at 12 V). They are characterized by intense emission
peaks in both the UV and red wavelength ranges. The
Eu:chelate/Mg:ZnO-NWs/p-GaN LED structure shows mixed
near-band-edge EL peak of ZnO and sharp red luminescence
originating from intra-4f shell Eu3+5D0→

7F2 transition. These
results indicate that the luminescence occurs from both the
LED and the Eu-based phosphors. It should be mentioned that
the excitation wavelength (384 nm) for the EL measurement is
indeed well-adapted to the absorption band of the Eu:chelate as
presented in Figures 4b and 7, and Eu3+ chelate ligands present
much stronger absorption than the direct Eu3+ 4f-4f absorption,

as observed in the case of Eu3+:Y2O3. Efficient emission at ∼611
nm is observed in Figure 6 in addition to the already reported
Mg:ZnO emission at ∼384 nm.4,5 This may open the door to
realize the blue/red-light LEDs based on doped ZnO NWs.
Comparison of two types of nanophosphors integrated in LEDs
indeed shows that the Eu:chelate is more efficient in red
emission than the Eu3+:Y2O3 nanocrystals.
It is well known that direct ET from ZnO to Eu3+ ions is

difficult to achieve when trivalent europium cations are inserted
inside the ZnO structure due to the short lifetime of exciton in
ZnO,30,52 differences of ionic radii, and charges between Eu3+

and Zn2+ cations. Nevertheless, in the present work, the
Mg:ZnO NW layer not only plays an important role in the
emission wavelength tuning of ZnO NW but also could serve as
a medium for radiative ET from Mg:ZnO to Eu3+ ions. A strong
overlap between the emission from n-Mg:ZnO/p-GaN and
ligands or 7F0-

5L6 absorption of Eu3+ ions is important for
efficient and controlled red EL with such phosphors. Taking
into account the bandgap of ZnO, the shallow level may be in
line with the 7F0-

5L6 absorption band of Eu3+ ions (393 nm).
Those defects located at the boundaries can serve as energy
trap centers and support the transfer of energy in the system.52

Kinetic experiments were performed to investigate the time
response and the stability of the system. Figure 6(inset)
illustrates the reproducibility of the response at the minimum
voltage of 7 V for the Eu:chelate/n-Mg:ZnO/p-GaN hybrid
structure. The same maximum of the emission was reached
instantaneously (in <10 ms) after device switch-on, and the EL
was immediately cut after the device switch-off. Many switch-
on/switch-off cycles could be applied to the LED structure
without any degradation of the performances or deterioration
of the LED structure. Similar results (not shown) were
obtained for the Eu3+:Y2O3/Mg:ZnO-nanowires/p-GaN LED
structure.
On the basis of the previous discussion, Figure 7a,b illustrates

the excitation and emission processes that may occur for UV-
excited Eu3+ doped phosphor emission. With Eu3+:Y2O3/
Mg:ZnO-nanowires/p-GaN LED structure, EL emission of the
Mg:ZnO is generated due to the electron/hole recombination.
The UV spectrum of the ZnO films strongly overlaps the
absorption line of Eu3+ ions 7F0-

5L6. Hence, radiative ET from
the Mg:ZnO emitter to Eu3+ ions takes place, promoting the
Eu3+ ions from the ground-state 7F0 to the excited-state 5L6.
The Eu3+ ions in the excited state 5L6 undergo nonradiative

Figure 6. Room-temperature electroluminescence of the Eu3+:Y2O3/
ZnO:Mg-nanowires/p-GaN LED structure (at 8 V, curve 1) and of
Eu:chelate/ITO/Mg:ZnO-nanowires/p-GaN LED structure (at 12 V,
curve 2). Inset shows RT-EL time dependence under dc bias of 7 V for
three switch-on/switch-off pulses (60 s between each one) for the
Eu:chelate/ITO/Mg:ZnO nanowires/p-GaN LED structure. The
emissions are normalized with the intensity of the 5D0→

7F1 (dipolar
magnetic) transition.

Figure 7. Simplified energy level diagram showing the main energy-transfer paths involved in the luminescence of Eu3+-doped: (a) Y2O3 and (b)
chelate systems. Arrows indicate emission and energy-transfer paths.
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decay to the 5D0 state because the gaps of adjacent levels are
small. (See Figure 7.) Radiative transition takes place between
the 5D0 and the

7FJ J = 0−6 states because of the larger gap.20,53
The radiation is dominated by the red emission peak at ∼611
nm, which arises from the 5D0-

7F2 transition. Because of the
poor absorption strength of the 4f-4f transitions, the ET is
limited. Additionally, the energy level of carriers trapped at the
interface may also contribute to the mechanism. After
relaxation, the excited carriers in Eu3+ ions recombine, also
giving rise to 5D0-

7FJ red emission.52

The NW-based LED structure could be favorable to the
resonant ET. However, this is not the optimal case for the
Eu:Y2O3 compound here because usually this phosphor is
excited in the deep UV range at ∼250 nm in the intensive O−
Eu charge-transfer band.19 The emissions resulting from the
384 nm transition and the 611 nm transition are shown in
Figure 6.
The case of Eu:chelate/Mg:ZnO/GaN, as presented in

Figure 7b, appears to be more favorable. The absorption of the
chelate is more intense − allowed transition − and the ET
could be enhanced, as presented in Figure 6, in the spectra
normalized with the trivalent europium emission. The chelate-
ligand energy levels could be drawn, being in good resonance
(see Figure 4b) with the UV-LED emission. Again, nonradiative
de-excitation occurs toward the 5D0 emitting levels, and red
emission is observed in these EL systems. These results show
that there is an ET between the Mg:ZnO layers and Eu3+ ions,
resulting in the red emission, which increases with the
increasing overlap between the ZnO emission and ligand
absorption.
Figure 8a presents the spectra characterized by the blue−red

emission at different forward voltages applied to the nano-
particle-Eu3+:Y2O3/Mg:ZnO-nanowires/p-GaN LED struc-
tures. The emission increased rapidly with the applied voltage
and became intense above 8V (Figure 8a), proving that it is
well-controlled by forward bias. Figure 8a (inset) shows an
image of the violet−red light emission from Eu3+:Y2O3/
Mg:ZnO-nanowires/p-GaN LED system at 15 V forward bias,
which can be clearly seen by the naked eye. Figure 8b shows the
chromaticity coordinate diagram X = 0.24, Y = 0.1 for the
Eu3+:Y2O3/Mg:ZnO-nanowires/p-GaN LED system, indicating
the violet color emitted by the LED. In that case, mainly the
blue−violet LED emission was observed, as reported in the
chromaticity coordinate diagram (Figure 8b).
Figure 9a presents room-temperature EL spectra of

Eu:chelate/ITO/Mg:ZnO-nanowires/p-GaN LED structure
for different applied forward voltages. It can be clearly observed
that the blue emission peak centered at 384 nm and red
emission peak centered at about 611 nm increased rapidly with
the applied voltage and became intense above 8V (Figure 9a).
These results demonstrate that developed LED structure is
well-controlled by forward bias in a wide range. The inset
shows red light emission from Eu:chelate/ITO/Mg:ZnO-
nanowires/p-GaN LED at 8.5 V, which can be seen by the
naked eye. Figure 9b displays the chromaticity coordinate
diagram (X = 0.40, Y = 0.25) for the same structure. The
chelate:Eu/Mg:ZnO-nanowires/p-GaN LED system presents a
red emission in addition to the UV LED emission (Figure 9b).
Figure 9a demonstrates the spectra of the blue−violet−red
emission at four different forward voltages applied to the
nanoparticle-Y2O3:Eu

3+/Mg:ZnO-nanowires/p-GaN LED
structures, which can be controlled by external voltages.
These experimental results prove that the proposed design of

nanowire-based LEDs and of the nanophosphors are crucial to
enhance the performance of mixed-color EL devices.

4. CONCLUSIONS
This work describes new designs for LEDs based on Eu-doped
emitters and ZnO nanowire arrays showing dual visible UV-
violet and red luminescence. We have studied their optical
properties and have demonstrated that Eu:chelate/Mg:ZnO/p-
GaN based-LED structures emit near-UV/blue light combined
with red light at ∼611 nm with good brightness. Samples
exhibit sharp intense red emission related to the intra4f
transition of Eu3+ ions. Comparison of two phosphors, Eu:Y2O3
and Eu:chelate was performed and discussed in terms of
overlap between the emission from n-Mg:ZnO/p-GaN and
Eu3+ or matrix energy levels. In addition, the directional
guidance of emitted light from Mg:ZnO-nanowire/p-GaN
heterojunction is favorable to enhance the phosphor
absorption.54−56

It is found that with Mg doping in ZnO, the EL of LEDs is
shifted toward the near-ultraviolet range, which favors red light
emission from the phosphors while also decreasing the low
wavelength component in the total output light. From the

Figure 8. (a) Spectra of the red emission at two different forward
voltages applied to the nanoparticle-Eu3+:Y2O3/Mg:ZnO-nanowires/p-
GaN LED structures. Inset shows a picture of the red light emission
from LED at bias of 15 V. (b) Chromaticity coordinate diagram X =
0.24, Y = 0.1 for the Eu3+:Y2O3/Mg:ZnO-nanowires/p-GaN LED
system.
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results obtained with Eu:chelate/n-Mg:ZnO/p-GaN-based LED
structures, future studies should be of interest, for example, by
adding green emitting Tb3+ complexes on the way toward white
hybrid LEDs.
Our results demonstrate that the designs of ligands and of

nano-LED structures are crucial to enhance the performance of
mixed-color EL devices based on doped ZnO NWs and rare-
earth metal complexes. We showed that the UV emission
spectrum of the ZnO can be tuned to strongly overlap with the
absorption of Eu3+ ions by controlling the Mg doping. These
results open the possibility to realize LEDs from lanthanide
ions in nanowires devices based on radiative ET. Finally, our
study provides a proof-of-concept that a magnesium-doped
ZnO-NWs/p-GaN epitaxial heterostructure can be an efficient
UV light excitation source for lanthanide-based emitting layers
to design LED devices with tunable color emissions or mixed
colors.
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