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Heterojunction CrO3 /ZnO light emitting diodes have been fabricated. Their performance was
investigated for different annealing temperature for ZnO nanorods. Annealing in oxygen atmosphere
had significant influence on carrier concentration in the nanorods, as well as on the emission spectra
of the nanorods. Surprisingly, annealing conditions, which yield the lowest band edge-to-defect
emission ratio in the photoluminescence spectra, result in the highest band edge-to-defect emission
ratio in the electroluminescence spectra. The influence of the native defects on ZnO light emitting
diode performance is discussed. © 2009 American Institute of Physics. �DOI: 10.1063/1.3140962�

ZnO is a wide band gap material of great interest for
applications in optoelectronic devices, such as light emitting
diodes �LEDs�.1–7 Both homojunction7 and heterojunction1–6

devices, for a variety of materials, such as NiO,1 GaN,2 Si,3,6

SrCuO2,
4 Cu2O,

5 p-type polymer,6 etc., have been achieved.
Significant differences in electroluminescence �EL� spectra
and threshold voltages have been achieved for these devices,
and often the emission spectra had a significant component
in the visible spectral range.1–3,5,6 Thus, investigation of dif-
ferent p-type materials for ZnO heterojunction LEDs is of
interest. One of desirable features of the p-type material for
ZnO heterojunction LEDs is inexpensive fabrication to pre-
serve one of the main advantages of the use of ZnO �low
cost�. In this work, we have fabricated ZnO heterojunction
LEDs with electrodeposited chromium �VI� oxide �CrO3� as
a p-type layer. The influence of annealing conditions on
device performance has been investigated since annealing
has significant effect on the optical8–10 and electronic
properties10–12 of ZnO.

The electrodeposition of chromium �III� hydroxide film
�converted to CrO3 after annealing� was carried out using a
simple two electrode system �an indium tin oxide �ITO�
coated glass anode and a Pt wire cathode� at room tempera-
ture at 2.8 V voltage �deposition time 1 min�. The electrolyte
was a solution containing 0.04M chromium �III� nitrate non-
ahydrate �Aldrich, 99.99+%� and 0.015M hexamethylene
tetramine �HMT� �Aldrich, 99+% ACS reagent� in a mixture
of deionized water and ethanol �volume ratio: 1:1�. The elec-
trodeposited chromium hydroxide layer was then annealed at
200 °C for 30 min to convert it to chromium oxide. ZnO
seed layer for ZnO nanorod growth was also electrodeposited
using a two electrode system but with Zn foil anode, aqueous
solution containing 0.04M zinc nitrate hydrate �Aldrich,
99.999%� and 0.015M HMT as an electrolyte, and at depo-
sition temperature 80 °C. The voltage during deposition was
0.8 V and the deposition time was 1 min. The nanorods were
then fabricated by a hydrothermal method8,9,13,14 in an aque-
ous solution containing polyethyleneimine �Aldrich, 50 wt %
in water�, 0.025M zinc nitrate hydrate and 0.025M HMT at
90 °C for 2.5 h. Annealing was performed in a tube furnace

under the flow of oxygen gas at temperatures 200, 400, or
600 °C.

The morphology of samples was studied by scanning
electron microscopy �SEM� using JEOL �JSM-7001F� SEM,
while the optical properties were examined by photolumines-
cence �PL� spectroscopy using a HeCd laser �325 nm� and a
PDA-512_USB �Control Development Inc.� fiberoptic spec-
trometer. The electronic properties were investigated by elec-
trochemical impedance spectroscopy �EIS� measurements.15

The EIS measurement was performed in a three-electrode
cell using a Pt wire as counter electrode and a standard Ag/
AgCl in 3M KCl as reference electrode. The electrolyte was
a 0.5M Na2SO4 aqueous solution. The measurement was
done by applying a 10 mV amplitude as signal over the con-
stant applied bias with the frequency ranging between 10 000
and 0.05 Hz. Carrier concentrations were calculated from
EIS data according to the procedure described in Ref. 15. For
CrO3 layer, p-type conductivity was confirmed using a hot-
point probe method.16

For the device fabrication, a spin-on-glass �SOG� �Fu-
turex, Inc.� layer was used to prevent short circuit after depo-
sition of the top contact, since an insulating layer is needed
to cover the area between the nanorods.1,2,6 SOG was spin
coated on ZnO nanorods at 3000 rpm and annealed in air at
200 °C for 1 min, resulting in thickness of �400–500 nm
�for 600–700 nm long ZnO rods�. It should be noted that the
thickness and the quality of insulating SOG layer are
strongly dependent on the solution viscosity, which increases
with the storage time of SOG solution. The Al electrode �100
nm� was deposited using a thermal evaporator AST PEVA
500 EL. For the EL and I-V measurements, a Keithley 2400
source meter and a monochromator �Acton SpectraPro 500i�
with Peltier-cooled photomultiplier detector �Hamamatsu
R636–10� were used. Optical power was measured using a
Newport 1830-C optical power meter equipped with a
818-UV detector probe.

Figure 1 shows the SEM images of CrO3 film and ZnO
nanorods grown on CrO3 film, as well as x-ray diffraction
�XRD� spectrum of electrodeposited film before and after
annealing and schematic diagram of a device. The observed
peaks in the XRD spectra before annealing correspond to
Cr�OH�3,

17 while after annealing at 200 °C peaks from CrO3
�Ref. 18� can be observed. In both cases, some of the peaksa�Electronic mail: dalek@hkusua.hku.hk.
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corresponding to the ITO substrate19 can also be found. It has
been shown previously that presence of Cr �VI� is detected
by x-ray absorption spectroscopy after annealing of chro-
mium hydroxide at �200 °C, and that full transformation to
Cr2O3 occurs at temperatures exceeding 700 °C.

20 Anneal-
ing of the rods in oxygen atmosphere at temperature up to
600 °C does not result in a change of morphology.

Figure 2 shows the PL spectra of the devices for differ-
ent annealing temperatures. All the peaks originate from ZnO
nanorods. As-grown ZnO nanorods exhibit a weak UV emis-
sion and a strong yellow-green defect emission commonly
observed in hydrothermally grown samples.8,9 Similar trends
can be observed in ZnO nanorods fabricated here �electrode-
posited seed� and those fabricated on ZnO nanoparticle seed
or seed layer prepared from zinc acetate solutions.8,9 In all
cases, annealing at or above 200 °C produces redshift of the
defect emission. This can be attributed to the desorption of
OH groups,8,9 which are commonly present in hydrother-
mally grown samples and were found to be related to the
presence of yellow-green emission.8,9,21 The lowest UV to
visible emission ratio is obtained for annealing at 400 °C, in
agreement with results obtained for ZnO nanorods grown on
different seed layers.8,9 The origin of various visible defect

emission peaks in ZnO is still debated.22 The fact that the
observed emission peak is reduced after annealing in oxygen
at 600 °C indicates that this emission is likely not due to
defects associated with excess oxygen22 but rather defect
complexes instead of single point defects.9

Annealing in oxygen also results in decrease in the car-
rier concentration ��3.5�1021 cm−3 for as-grown, �6.5
�1019 cm−3 for 200 °C, �8.7�1019 cm−3 for 400 °C, and
�1.4�1019 cm−3 for 600 °C� in agreement with obtained
results for ZnO thin films.12 The measured I-V curves and EL
spectra for different annealing conditions are shown in Fig.
3. The observed changes in the carrier concentration are due
to the change in concentrations of native defects, though OH
group desorption �occurring at �150 °C�9,23 could also play
a role. The turn-on voltages for the light emission �8 V for
as-grown, 9 V for 200 °C annealing and 10 V for 400 and
600 °C� do not follow the same trends as the I-V curves,
where the highest currents for the same bias voltage are ob-
tained for samples annealed at 400 °C. Also, there is no
obvious relationship between the measured I-V curves and
the carrier concentrations in ZnO nanorods, indicating addi-
tional factors, such as interface quality and energy level
alignment at the interface, which affect the carrier injection
and recombination. It has been shown that annealing24 or
deposition conditions25 can alter the energy level alignment
in ZnO-based heterojunctions, which can occur due to
changes in the position of the surface Fermi level24 or
changes in the local composition of the interface25 and inter-
face dipoles.24,25 Also, rectifying properties worsen in case of
annealing at 600 °C. Ideality factors for all devices are large.
Previously reported heterojunctions between ZnO nanowires
and p-Si also exhibited high ideality factors, which was at-
tributed to the fact that this junction needed to be described
as a series of diodes �and consequently ideality factor would
be a sum of ideality factors of individual diodes� and deep-
level-assisted tunneling.26 Both of these mechanisms could
contribute to the observed I-V curve behavior in our study.

We can also observe a dramatic difference between the
measured EL and PL spectra. The samples annealed at
400 °C exhibit prominent defect emission peak in PL, and
only a weak defect emission in EL. The reasons for observed
differences between EL and PL spectra are the differences in
excitation mechanism. In PL, electron-hole pairs are created
in the region within optical penetration depth of the excita-
tion source.27 In EL, nonequilibrium carriers are injected at

FIG. 1. �a� Schematic diagram of CrO3 /ZnO LED. Top-view SEM images
of �b� CrO3 film and �c� ZnO nanorods on CrO3 film. Cross-sectional SEM
images of �d� CrO3, �e� CrO3 /ZnO, and �f� CrO3 /ZnO+SOG. �g� XRD
spectra of CrO3 film �before and after annealing�. Black squares, black
circles and open circles denote peaks corresponding to Cr�OH�3, CrO3, and
ITO, respectively.

FIG. 2. �Color online� Normalized PL spectra of CrO3 /ZnO �annealed at
different temperatures�.

FIG. 3. �Color online� �a� I-V curves �the inset shows logarithmic scale�. �b�
Normalized EL spectra �biased at 18–19 V� of different CrO3 /ZnO LEDs.
The insets show corresponding photos to representative spectra.
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electrodes and transported to the junction.27 This process can
result in carrier trapping in the bulk or the interface,27 as well
as carrier accumulation at interface in case of large injection
barriers. Consequently, in presence of a variety of native de-
fects as in the case of ZnO, there can be considerable differ-
ences between EL and PL spectra. In some cases, strong UV
emission is obtained in PL and only weak visible defect
emission is obtained in EL,27 while here the opposite behav-
ior is observed for samples annealed at 400 °C. These results
indicate great impact of defects on properties and device per-
formance of ZnO.

We have previously observed that strong short wave-
length emission can be obtained at higher bias for NiO/ZnO
devices which exhibited prominent defect emission in PL
spectra. In these devices, the ratio between the UV and de-
fect emission peak increased with increased bias voltage.1

However, no significant changes in this ratio are observed in
devices with chromium oxide p-type layer. On the other
hand, there is considerable redshift of the emission peak �for
example, from 398 nm at 12 V to 404 nm at 16 V for as-
grown sample, and 404 nm at 12 V to 416 nm at 16 V for
600 °C sample�, with the largest shift �from 392 nm at 12 V
to 410 nm at 16 V� observed for the device with 400 °C
annealing temperature. The emitted power from this device
at 13 V bias is 0.32 �W /cm2. The redshift is likely due to
the increase of the temperature of the active region, consid-
ering relatively large current density. Such effects have been
previously observed in other types of devices and can be
reduced either by optimizing device architecture and growth
conditions to increase efficiency and decrease parasitic resis-
tance or by pulsed excitation.28

To summarize, we have fabricated LEDs based on
CrO3 /ZnO heterojunctions and investigated the influence of
the annealing on the optical and electronic properties. Large
differences were obtained between EL and PL spectra of the
devices, and both types of luminescence spectra as well as
the I-V curves exhibited strong dependence on the annealing
conditions. The observed phenomena were attributed to the
changes in native defect concentrations after annealing.
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