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ABSTRACT The electrochemical growth of ZnO nanowire arrays on p-type GaN (0001) single crystalline thin films supported on
sapphire is demonstrated for the first time. The wires were directly epitaxially grown on the GaN with the relationship
ZnO(0001)[101̄0]|GaN(0001)[101̄0]. By glancing-angle XRD experiments, the ZnO mosaicity was shown to be as low as 1.2°. The
deposited ZnO-NWs exhibited a very low density of intrinsic defects as demonstrated by micro-Raman and photoluminescence (PL)
experiments. The only significant PL emission of the heterojunction at room temperature was the near band edge one of ZnO at 382
nm. After integration of the heterostructure in a solid-state light-emitting diode device, a rectifying behavior was found with a forward
current onset at 3 V. The diodes emitted an unique UV-light centered at 397 nm for either as-prepared or annealed samples. The
emission threshold voltage was 4.4 V. The violet visible tail of the emission could be observed above 5-6 V with the naked eyes. The
present results clearly state the remarkable quality of the electrochemical ZnO material and ZnO-NWs/p-GaN interface as well as the
effectiveness of electrodeposited epitaxial ZnO as an active layer in solid-state UV-LED structure.
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1. INTRODUCTION

Zinc oxide is a II-VI semiconductor (SC) material with
a wide band gap of 3.37 eV and a large exciton
binding energy of 60 meV at room temperature (1).

ZnO can be grown as individual or arrays of one-dimensional
nanostructures that exhibit superior and additional proper-
ties compared to bulk and thin films because of a large
surface-to-volume ratio and quantum confinement effects
(1, 2). The arrays of ZnO nanowires are promising for a large
variety of applications in opto-electronic devices including
light emitting diodes (LEDs) (2–14) and solar cells (15 -17).
Nanowire (NW)-based LEDs have drawn large interest be-
cause of the many advantages compared to thin-film -based
devices. Marked improved performances are expected from
nanostructured active layers for light emission (7, 13).
Nanowires can act as direct waveguides and favor light
extraction without use of lens and reflectors. Moreover, the
use of wires avoids the presence of grain boundaries and

then the emission efficiency is boosted by the absence of
nonradiative recombinations at the joint defects. The junc-
tions between the n- and p-type semiconductors can also be
of very high quality with low interfacial strain and defect
density because of a reduced contact area between the two
materials in the case of epitaxial heterojunctions.

However, ZnO is intrinsically an n-type semiconductor
because of native donors and the synthesis of reproducible,
stable p-type ZnO material with sufficient high conductivity
and carrier concentration is still in a development phase
(18–20). Typically, up to now, the performances of ZnO-
based homojunction devices have remained inferior to the
ZnO-based heterojunction LEDs (n-type ZnO on a p-type SC)
(14). Among the various p-type SC candidates, GaN appears
as the most promising since the heteroepitaxy of ZnO on
GaN is facilitated by their same hexagonal wurtzite structure
with a low lattice mismatch (1.9% for the a parameter)
(21–24). Moreover, the two materials have a similar thermal
expansion coefficient and commercial highly p-doped GaN
is available. Because the growth of ZnO-NWs can be done
by various techniques, a pertinent approach appears to be
growing ZnO nanowire arrays on p-GaN thin films. Most of
the efforts for the preparation of ZnO NW-based LED have
been focused on vapor phase growths of ZnO such as
MOCVD (metal organic chemical vapor deposition) (5–9) or
MOVPE (metal organic vapor phase epitaxy) (25). There have
been much less published works on the use of solution
grown ZnO-NW based heterostructures (12–14, 26). Typi-
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cally, ZnO-NWs were grown by seeded hydrothermal tech-
niques. The corresponding LED characteristics were rather
disappointing with some authors reporting a violet emission
peak at 410-415 nm assigned to recombination in p-GaN
combined with a broad visible emission of lower intensity,
the emissions being observed for bias voltages higher than
10-15 V (13, 26).

The present paper focuses on the electrochemical deposi-
tion (ECD) technique, an original low-temperature growth
method from solution for the preparation of ZnO-NW based
LEDs. Electrodeposition has proven to be interesting for the
epitaxial growth of ZnO on n-GaN (21–24) and Au (27, 28).
Because of the electron exchange during the growth, ECD
gives rise to an excellent electrical contact between the
substrate and the deposited layer and is then promising for
the preparation of opto-electronic devices. In the present
case ZnO nanowires were electrodeposited, in the absence
of seed layer or catalyst, directly on a p-type GaN single
crystal supported on sapphire. Arrays of epitaxially grown
ZnO nanowires were produced. We have observed that the
density of wire increased with the concentration of zinc ions
in the deposition bath. The epitaxial growth was clearly
stated by glancing angle X-ray diffraction (GA-XRD) φ-scan
experiments for seven different families of diffraction planes.
The deposited material was of high structural and optical
quality with a significant improvement after thermal anneal-
ing at 300 °C and the corresponding heteroepitaxial struc-
tures have been successfully integrated in efficient UV-LED
structures.

2. EXPERIMENTAL SECTION
The ZnO nanowire arrays were grown by electrodeposition

according to a procedure described elsewhere (24). The sub-
strate was a commercial magnesium-doped GaN (0001)-orient-
ed layer grown on sapphire with the c-axis perpendicular to the
substrate (purchased from TDI, Inc. corporation). The p-type
GaN layer was 3 µm thick and the dopant concentration was 3
× 1018 cm-3. The crystal miscut was 0.59°. Prior to deposition,
the p-GaN (0001) substrate was degreased in trichloroethylene
at 50 °C for 10 min, subsequently cleaned 5 min in warm
acetone at 53 °C under ultrasonics and 10 min in methanol at
RT under ultrasonics, and then rinsed with deionized water. In
a second step, the crystal was etched 10 min in concentrated
ammonia (28%) at 60 °C (24), subsequently etched in HCl:H2O
(1:1 vol.) for 12 min to remove any native oxide (29, 30), and
finally rinsed with high-purity Millipore water (resistivity of 18.2
MΩ · cm). These cleaning steps were performed just before to
start the electrodeposition process. Cleaned GaN substrates
were mounted on a static working electrode (WE) with a copper
support. The electrical contact between the substrate and the
support was taken by rubbing In-Ga eutectic. The low resis-
tance of the contact was checked by I-V measurements. The
deposition bath was an aqueous solution containing 0.07 mM
(samples A), 0.10 mM (samples B), or 0.25 mM (samples C)
ZnCl2 plus 0.1 M KCl as a supporting electrolyte and saturated
with O2 ( 31, 32). The ZnO nanowires were grown at 85 °C for
1 h in a classical three-electrode cell (32, 33). The applied
potential was -1.12 V versus the saturated calomel electrode
(SCE). A platinum wire was used as a counter-electrode. The
ZnO deposits were performed through a circular mask of 3 mm
in diameter (0.07 cm2). After electrodeposition, the substrate
was rinsed with Millipore water and dried under an Ar flux. The

ZnO/GaN heterostructure was annealed at 300 °C in air during
30 min when specified.

The sample morphologies were examined with a high-resolu-
tion Ultra 55 Zeiss FEG scanning electron microscope (SEM) at
an acceleration voltage of 10 kV. X-ray diffraction patterns were
recorded with a homemade four-circle apparatus operated at
35 kV and 25 mA using the CuKR radiation with λ ) 1.5406 Å.
The glancing angle (GA) between the sample and the incident
beam was 0.6° in order to optimize the signal from ZnO. The
Bragg conditions were obtained by setting the detector in two
directions with angular coordinates in the height direction and
azimuthal direction noted δ and γ respectively (Table 1). The
φ-scan measurements were performed by rotating the sample
around an axis perpendicular to the sample. The micro-Raman
spectra of the ZnO-NW arrays were measured using a Horiba
Jobin-Yvon LabRam IR system in a backscattering configuration.
The 632.8 nm line of a He-Ne laser was used for off-resonance
excitation with less than 4 mW power at the sample.

The continuous wave (cw) photoluminescence (PL) was
excited by the 325 nm line of a He-Cd Melles Griot laser. The
emitted light was collected by lenses and was analyzed with a
double spectrometer providing a spectral resolution better than
0.5 meV. The signal was detected by a photomultiplier working
in the photon counting mode. The laser power for the PL
excitation was about 20 mW. The samples were mounted on
the cold station of a LTS-22-C-330 optical cryogenic system. The
LED device assembly was maintained by a bulldog clip and
polarized with a Keitley 2400 source. Its electroluminescence (EL)
was collected by an optical fiber connected to a CCD Roper
Scientific detector (cooled Pixis 100 camera) coupled with a
SpectraPro 2150i monochromator. The monochromator focal lens
was 150 mm, grating of 300 gr/mm blazed at 500 nm in order to
record the emission of the ZnO in the whole near-UV-visible
range.

3. RESULTS AND DISCUSSION
The cyclic voltammogram (CV) at 85 °C of a bare

p-GaN(001) electrode in the deposition bath containing 0.25
mM ZnCl2 is shown in Figure 1a. A single cathodic wave
appears below -0.8 V vs SCE. The wave is due to the
electrochemical reduction of molecular oxygen at the elec-
trode surface (34) and similar curves were recorded at lower
ZnCl2 concentration. The electrochemical reaction generates
hydroxide ions which react with zinc ions present in the

Table 1. Analysis of the GA-XRD Patterns of an
Epitaxial ZnO-NWs/p-GaN Heterojunction (sample C)
for Various Families of Plane: Position of the
Detector, Mean FWHM Deduced from the Six φ-Scan
Diffraction Peaks, and Sample Mosaicity

plane
family

height
detector δ

(deg)

detector
azimuth
γ (deg)

GaN fwhm
(deg)

ZnO fwhm
(deg)

112̄0 0 57.86 0.38 1.26
202̄0 0 67.91 0.43 1.21
101̄1 17.405 32.27 0.43 1.14
202̄1 17.46 67.93 0.42 1.09
101̄2 36.39 32.91 0.46 1.47
112̄2 36.37 62.09 0.42 1.27
202̄2 36.455 73.58 0.43 1.39

Mosaicity

GaN 0.3°
ZnO 1.2°
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solution and produce an array of ZnO nanowires at the GaN
surface (24, 35). We can mention that no metallic zinc was
produced over the scanned potential range because no
reoxidation peak could be observed on the positive-going
scan of the CV curve. The ZnO layer depositions were
performed at a constant applied electrochemical potential.
After many tests, an applied potential of-1.12 V vs SCE was
chosen in order to combine a slow growth rate which favors
the material quality (36) and a good homogeneity of the
deposited ZnO NW arrays. In Figure 1b shows chronopo-
tentiograms recorded upon the growth of ZnO nanowires
in baths containing various concentrations of ZnCl2. At high
concentration, a steady state current density of -0.8 mA
cm-2 was reached rapidly. The supersaturation near the
electrode was attained rapidly and the electrode was then
promptly covered by the ZnO seeds. On the contrary, at
lower precursor concentrations, an induction period of
approximately 120s was necessary to reach the supersatu-
ration. Then after, the deposition current increased more
slowly probably due to a more progressive nucleation of the
ZnO seeds. The steady-state currents were the same for the
three experiments because this parameter is mainly related

to the molecular oxygen concentration in the bath, which
was fixed at the saturation level in our experiments.

The role of zinc ion concentration on the ZnO nucleation
has been confirmed by SEM observations of the deposited
layers. In Figure 2, we can see that after 1 h of deposition
time, the GaN substrates were not fully covered by a dense
film of ZnO but by an array of ZnO nanowires. In the present
case, the formation of nanostructured ZnO was favored by
the rather high deposition temperature and the low concen-
tration of the zinc ion precursor (36). The latter parameter
induces the blocking of the lateral growth of the crystallites
after a short induction time period, which is followed by a
vertical growth. It has been suggested that the pH change at
the interface upon deposition along with the zinc ion precur-
sor depletion may play an important role in the growth rate
of the various crystallographic planes (31). In Figure 2, we
can also observe that the higher the ZnCl2 bath concentra-
tion, the higher the density of wires. In the case of 0.25 mM
ZnCl2, the space separating the free-standing wires was
small. More material was deposited because of a higher
deposition efficiency. Another interesting observation is that
on the micrograph’s top views the ZnO crystallites have a
hexagonal shape indicating that the wires are grown along
their c-axis in an out-of-plane orientation similar to that of
the substrate. Moreover, the hexagons of the various ZnO
crystallites are oriented in the same in-plane direction and
then the wires are epitaxially grown (22, 24). Because of the
epitaxial growth, the n-ZnO wires were perfectly vertically
oriented on p-GaN as illustrated in the inset of Figure 2b. The
wire length was approximately 800-900 nm regardless of
the ZnCl2 concentration and the nanowires were directly
attached to the GaN film (inset Figure 2b). The SEM top-views
point out some dispersion of the ZnO crystallite sizes,
especially for the low precursor concentrations (0.07 mM
and 0.1 mM) because the nucleation was not instantaneous
but progressive.

The structural relationship between the deposited ZnO
and the p-GaN substrate was investigated by four-circle XRD
experiments at glancing angle (GA). GA-XRD φ-scans have
been performed for seven different families of planes
(22, 23, 37). Well-defined peaks with a 6-fold symmetry
were observed in every case (Figure 3 and Figure S1 in the
Supporting Information). The zoom views (see Figure 3b and
Figure S1 in the Supporting Information) clearly show the
presence of a second diffraction peak at the left-hand of the
main one. The main one is due to the GaN single-crystal
substrate and the second is assigned to electrodeposi-
ted epitaxial ZnO-NWs. The epitaxial relationship is
ZnO(0001)[101̄0]|(0001)GaN[101̄0]. The near-zero value of
the pattern baseline reveals that the whole ZnO is epitaxially
deposited. The GaN and ZnO diffraction peaks were fitted
with Gaussian curves and their fwhm have been calculated
for the seven different families of plane. Examples of the
good quality of the fits are shown in Figure 3b and Figure
S1 in the Supporting Information. Each family of ZnO plane
is characterized by the δ and γ pair of coordinates reported
in Table 1. Because of the close lattice parameters of ZnO

FIGURE 1. (a) Cyclic voltammogram of a bare and clean p-type
GaN(0001) static electrode in a solution containing 0.25 mM ZnCl2
and 0.1 KCl (pH 5.5) at 85 °C saturated with oxygen. The solution
was stirred at 300 rpm and the sweep rate was 10 mV s-1. The red
dotted line marks the applied potential for ZnO electrodeposition.
(b) Chronoamperograms of a static p-type GaN(0001) electrode
polarized at -1.12 V vs SCE in the same bath for various ZnCl2
content.
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and GaN, the GaN signal was always detected with the ZnO
one on the φ-scans. Their full-width at half maximum (fwhm)
have been calculated by averaging the values for the six
diffraction peaks of a scan are summarized in Table 1 for
the seven investigated families of planes. The fwhm of GaN
ranged between 0.38 and 0.46°. The in-plane misorientation
was larger for the electrodeposited ZnO and ranged between
1.09 and 1.47°. From data in Table 1, the mosaicity of GaN
and ZnO have been calculated at 0.3 and 1.2° respectively
(Table 1) (37). The GA-XRD analysis shows that the elec-
trodeposited ZnO was in a very good epitaxial relationship
with the substrate. We can note that the in-plane misorien-
tation in the present case is lower than the one reported in
a previous work by Pauporte et al. for dense electrodeposited

ZnO films with fwhm values higher than 1.6° in that case,
in spite of a single-crystal n-type GaN substrate of better
quality (0.28° fwhm) (22).

The effects of ZnO deposition conditions and annealing
on the heterojunction were characterized by micro-Raman
experiments. The spectra in Figure 4 have been indexed
with GaN and ZnO emission modes. For the samples B and
C as-grown in 0.10 and 0.25 mM ZnCl2 respectively (Figure
4a,b), the ZnO peaks were located at 100 and 439 cm-1 and
could be attributed to the low and high E2 modes, respec-
tively, of nonpolar optical phonons (38–41). Their fwhm
were similar at 2 and 7.5 cm-1 for the low and high E2

FIGURE 2. SEM top-views of the ZnO nanowires electrodeposited on p-type GaN(0001) substrate: (a) sample A (0.07 mM ZnCl2), (b) sample B
(0.10 mM ZnCl2) (the inset is a side-view of the wires), and (c) sample C (0.25 mM ZnCl2). The scale bars are 200 nm.

FIGURE 3. (a) GA-XRD φ-scan of the {202̄1} family of planes for
sample C. (b) Enlarged view of one of the diffraction peak: experi-
mental points and two-Gaussian curve fit line.

FIGURE 4. Effect of annealing at 300 °C on the micro-Raman spectra
of epitaxial ZnO-NWs electrodeposited on p-GaN thin film. (a)
Sample B (0.10 mM ZnCl2) and (b) sample C (0.25 mM ZnCl2).
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modes, respectively. The thermal annealing treatment im-
proved significantly the quality of the material because the
peak intensity was increased by approximately a factor of
2 for the two samples investigated and the FWHMs were
reduced to 1.5 and 6 cm-1 for the low and high E2 modes
respectively. These latter values were comparable to those
reported in the literature for very high quality ZnO (38, 39).
In this work, the spectrum measurements were done with
an incident light perpendicular to the top surface of the ZnO
NW arrays on GaN substrate. According to Raman selection
rules the E1(TO) and A1(TO) modes are forbidden when the
incident light is parallel to the c-axis of NWs. In our studies,
the absence of other phonon modes indicates that all NWs
were perpendicularly oriented to the substrate surface. It can
be concluded that ZnO nanowires were c-axis oriented,
which is in agreement with the epitaxial growth of the ZnO
material with the c-axis perpendicular to the substrate by
XRD.

The emission properties of the nanostructured layers
were characterized by photoluminescence (PL) measure-
ments under UV excitation. At room temperature, the as-
grown samples were dominated by a broad and asymmetric
near-bandgap band with a maximum at 3.26 eV (382 nm)
(Figure 5a). No significant visible PL-emission was found.
The spectrum measured at 10K presented an UV-emission

intensity increased by more than 1 order of magnitude and
the maximum wavelength of the emission was shifted to
3.36 eV. The intensity ratio between the UV and visible
emissions of ZnO is a classical measure of the material
quality because the visible emissions are due to point defects
(36, 42–46). In the present case, the PL results demonstrate
the very high quality and low point defect concentration in
the as-electrodeposited material along with a significant
quality improvement by the annealing treatment.

The shape of the near bandgap PL band is typical of highly
doped ZnO samples (47–49). The broadening of the PL band
involved was shown to be accounted for by the broadening
of the band edges because of potential fluctuations induced
by the high concentration of intrinsic defects or impurities.
The width of the band tails, and the dependence of the full
width at half-maximum (fwhm) of the PL band on carrier
concentration can be calculated using the model for broad-
ening of impurity bands in heavily doped semiconductors
developed by Morgan (50). By using the established depen-
dence of the fwhm of the PL band on carrier concentration
and supposing that the model apply in the present case, we
have estimated the electron concentration in our as-pre-
pared sample B to be 4 × 1020 cm-3 and 5 × 1020 cm-3 at
10 K and at room temperature, respectively. The obtained
values are likely overestimated because the model supposes

FIGURE 5. PL spectra under the excitation by the 325 nm line of a He-Cd laser of the epitaxial ZnO-NWs/p-GaN heterojunction: (a) as-grown
sample B (0.10 mM ZnCl2) and (b) sample B annealed at 300 °C. (Curves 1) measured at 10 K and (curves 2) at 300 K. (c) Near-bandgap PL
spectra measured at 10K of a sample B (0.10 mM ZnCl2) annealed at 300 °C (curve 1) and of the p-GaN substrate (curve 2). Curve 3 is the same
as curve 1 but under excitation of the 363 nm line of an Ar laser.

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 7 • 2083–2090 • 2010 2087



that the broadening of the emission band is due to only
heavy doping.

The narrowing of the near bandgap PL emission peak
after annealing at 300 °C during 30 min in air can be
explained by a decrease in electron concentration (16, 51).
The emission intensity was also increased by a factor of 2
at both 300 and 10 K measuring temperatures (Figure 5b).
A weak visible emission band around 2.1 eV was observed
that can be assigned to interstitial oxygen (46). However,
the intensity of this visible emission remained more than 2
orders of magnitude weaker than the UV one. In Figure 5c,
the near band edge PL spectrum at 10 K of the annealed
layer is compared to the spectrum of bare p-GaN substrate.
A weak emission at 3.456 eV is observed on the bare GaN
which is due to the recombination of acceptor bound exci-
tons in the GaN substrate. Two PL bands at 3.360 and 3.324
eV are due to ZnO because they are not observed on bare
GaN and under the excitation by the 363 nm (3.42 eV) line
of an Ar laser. They are assigned to the recombination of
neutral-donor bound excitons and donor-acceptor pairs in
the ZnO nanowires, respectively. The bands at 3.277 eV,
3.185 eV, and 3.093 eV observed under the excitation by
the 325 nm line of a He-Cd laser are due to the GaN
substrate. The band at 3.277 eV is a zero-phonon line of the
donor-acceptor pair recombination in the GaN substrate,
while the lines at 3.185 eV, and 3.093 eV are the phonon
replica with a LO phonon energy of 92 meV characteristic

for a GaN crystal with wurtzite structure. The lines at 3.277,
3.185, and 3.093 eV disappeared from the spectrum under
the excitation by a 363 nm line of an Ar-laser (curve 3 in
Figure 5c), since the excitation quantum energy was lower
than the bandgap of GaN. When measured at room temper-
ature, the GaN spectrum was characterized by a single
emission peak located at 3.277 eV (378 nm). No blue
emission due to a transition between the conduction band
and deep Mg dopant levels was observed for the substrate
(see Figure S2). In sample C (0.25 mM) (see Figure S3 in the
Supporting Information), no emission from the GaN sub-
strate was observed at 10 K, all the PL bands were related
to the ZnO nanowires, and the near-band-edge emission due
to ZnO was significantly higher than in the 0.1 mM sample.
This is due to the higher density of the ZnO nanowires, and
then a higher intensity of the emission arising from these
nanowires.

The ZnO-NWs/p-GaN epitaxial heterostructures were in-
tegrated in the light-emitting diode device illustrated in the
schematic of Figure 6a. The top of the ZnO wires was
contacted with an ITO layer (Solems, France) deposited on
a transparent glass sheet. The ITO layer acted as a transpar-
ent ohmic contact with ZnO (9). The top TCO (transparent
conducting oxide) plate and the uncovered GaN layer were
spaced by a thin insulator to avoid the direct contact
between the two layers. The GaN layer was contacted with
In-Ga eutectic. The device presented a rectifying current-

FIGURE 6. (a) Schematic of our ITO/ZnO-NWs/p-GaN/In-Ga heterojunction light emitting diode. (b) Image of the light spot emitted at room
temperature under a forward bias of 6.5 V by a LED structure fabricated with an annealed sample B. (c) RT-EL spectra of the LED under 6.5
V bias for as-grown and thermal annealed samples B. (d) Same as (c) for sample C. (S devices 0.07 cm2).
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voltage behavior with a turn-on forward bias voltage of about
3 V for annealed layers (Figure 7a). The diode current
decreased after annealing (Figure 6c,d) in good agreement
with the decrease in donor concentration (and then conduc-
tivity) that could be deduced from the excitonic PL emission
narrowing in Figure 5. The LED electroluminescence spectra
under a low forward bias voltage of 6.5 V are displayed in
Figure 6c,d. The emission spectra of heterojunctions grown
in 0.10 mM ZnCl2 before and after annealing are dominated
by a UV emission centered at 397 nm. The emission is
shifted compared to the UV-PL peaks of ZnO (382 nm) and
GaN (378 nm). The UV-emission can be assigned to the
electron-hole radiative recombinations in ZnO and the red-
shift to some heating effects. The spectrum shows that the
as-prepared heterojunction is of high quality and that elec-
trochemical low temperature growth methods are very
promising for the preparation of nanostructured active layers
for solid-state UV-LED. However, the thermal annealing of
ZnO/GaN structure dramatically increased the intensity of
the EL without changing the emission peak wavelength.
Annealing reduced the density of point defects in the ZnO
and improved the quality of the ZnO surface and the ZnO/
GaN interface. Similar EL spectra were found for the layer
grown from 0.25 mM ZnCl2 (Figure 6d). The EL intensity for
the as-prepared heterojunction was significantly higher

showing a better quality of the ZnO material and of the
interface. After annealing, the intensity remained slightly
higher, probably due to the higher density of wires. The
emission tail in the visible could be observed with the naked
eyes above 5-6 V in the case of the annealed heterostruc-
tures (Figure 6b) and it was detected by the CCD camera
above 4.4 V (threshold voltage), which is a very small value
compared to literature data for ZnO (5–14). The devices
were stable (52) and they could be operated at various
voltages. Figure 7b shows the variation of the EL intensity
with the applied forward bias of LED structure. It confirms
the higher emission intensity from the layers as-grown at
higher ZnCl2 concentration (Figure 7b inset). The intensity
was boosted after heterojunction annealing and the slightly
better performance then of sample C compared to sample
B was confirmed. The obtained results are remarkable in
terms of the low voltage for the emission onset and of the
purity of the UV-light produced by the devices because no
significant parasitic visible-light contributions were mea-
sured. The reported results are all the more encouraging that
the fabricated devices were not optimized for instance in
terms of electrical contact between the ZnO-NWs and the
ITO layer and light extraction in LEDs.

4. CONCLUSION
The growth by an electrochemical technique of ZnO

nanowire arrays on a p-type GaN (0001) single crystal thin
film supported on sapphire was demonstrated for the first
time. The density of wires increased with the zinc precursor
concentration. The wires were perfectly vertically oriented,
directly attached to the GaN films and epitaxially grown. The
epitaxial in-plane relationship was demonstrated to be
ZnO(0001)[101̄0]|GaN(0001)[101̄0] by GA-XRD experi-
ments. The epitaxy was of very good quality with a mosaicity
of ZnO as low as 1.2°. The deposited ZnO NWs presented a
very low density of intrinsic defects as demonstrated by
micro-Raman and photoluminescence experiments. The
only significant PL emission of the heterojunction at room
temperature was the near-band-edge one of ZnO at 382 nm.
After integration of the heterostructure in a light emitting
diode structure, a rectifying behavior was found with a
forward current onset at 3 V. The diodes emitted a single
and bright UV light centered at 397 nm in the case of either
as-prepared or annealed samples. The emission threshold
voltage was very low at 4.4 V. The EL intensity increased
rapidly with the applied voltage. After annealing, the violet-
blue emission due to the long-wavelength tail could be easily
observed with the naked eye above 5-6 V. The present
results clearly state the remarkable quality of the electro-
chemical ZnO material and ZnO/p-GaN interface as well as
effectiveness of electrodeposited epitaxial ZnO as an active
layer in solid-state UV-LEDs. The performances of the fab-
ricated devices were very high and encouraging since they
were not optimized. The present work also paves the way
for the fabrication of nano-UV-LED that may be obtained by
addressing the ZnO NWs individually or in small groups.

FIGURE 7. (a) Current-Voltage (I-V) characteristic curves of an-
nealed n-ZnO NWs/p-GaN heterojunction diode curve (S device 0.07
cm2). (b) Room-temperature UV-electroluminescence intensity at
397 nm of the fabricated LED structure annealed at 300 °C as a
function of the applied forward bias voltage. The inset shows the
same curves for as-grown ZnO NWs/p-GaN heterojunctions.
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(21) Pauporté, T.; Lincot, D. Appl. Phys. Lett. 1999, 75, 3817.
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(23) Pauporté, T.; Yoshida, T.; Cortès, R.; Froment, M.; Lincot, D. J.

Phys. Chem. B 2003, 107, 10077.
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(34) Goux, A.; Pauporté, T.; Chivot, J.; Lincot, D. Electrochim. Acta

2005, 50, 2239.
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