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Hydrothermal synthesis and electrodeposition are low-temperature and cost-effective growth tech-
niques of high quality nanostructured active materials for opto-electronic devices. Here we report a
hydrothermal seed layer-free and rapid synthesis (15 min) of epitaxial nanorod arrays of ZnO on p-
GaN(0001). The effects of hydrothermal (HT) versus electrochemical deposition (ECD) synthesis on the
optical properties of ZnO nanorods/nanowires on p-GaN substrate are compared in details. For both types
oflayers, a strong photoluminescent UV-emission was found indicating the high quality of the synthesized
ZnO layer. The hetero-structures were used for LED applications. With HT-ZnO and ECD-ZnO, UV-emission
started at remarkably low forward voltage of 3.9-4.0 Vand 4.4 V respectively and increased rapidly. More-
over, the LED structures showed a stable and repeatable electroluminescence. We propose for further
studies a simple, efficient, seed layer-free and low temperature hydrothermal growth technique to fab-
Photoluminescence ricate high quality ZnO nanorods/p-GaN heterojunction LED nanodevices. It is also demonstrated that a
UV-light emitting diode single short wavelength emission can be shifted to the violet range with Cd-alloying of ZnO used for LED
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1. Introduction

The development of efficient short-wavelength light emitting
diodes (LEDs) has attracted much attention in the last few years.
Near-UV and violet-blue sources can be combined with efficient
phosphors for solid-state lighting to replace traditional lamps
due to their characteristics of long lifetimes and energy saving
[1,2]. There exists an increasing demand for LEDs in automo-
biles headlights, street lighting, back-lighting for display and so
on. Nowadays, InGaN- and GaN-based LEDs are under intense
research [3]. However, ZnO is a promising alternative emitting
material due to many advantageous properties such as a direct
bandgap at 3.37eV, a large exciton binding energy of 60 meV at
room temperature and nanostructuration [4-7]. Heterojunction of
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n-ZnO/p-GaN for light emitting devices is one of the best candidates
for near-UV LEDs, if we consider a large variety of promising results
reported in the literature [4-11]. In particular, the devices based on
ZnO-nanorods/p-GaN-thin films heterostructures are interesting
due to the possibility of improved light extraction from nanorod-
based devices. Also, the potential for cost-efficient fabrication of
ZnO based devices is very attractive. With ZnO nanotips per-
pendicularly grown on transparent p-GaN-LEDs by metal-organic
chemical vapor deposition (MOCVD), the light output power of
such LEDs was improved by 1.5-1.7 times compared with conven-
tional ones [8-11]. However, current techniques, such as MOCVD,
are applied at elevated temperatures to synthesize high quality
ZnO nanorods/nanotips, that may degrade the ohmic contact with
p-GaN and result in significantly increased forward bias of GaN-
LEDs [8]. In addition, the quality of p-GaN:Mg will be affected
by Mg-dopant activation during the high-temperature process. To
avoid these disadvantages, cost-effective, low-temperature elec-
trochemical or aqueous solution methods for growing zinc oxide
nanorods on p-electrode of GaN-LEDs was recently demonstrated
[4-6,12,13]. The effect of different growth regimes, which affect
the density of zinc oxide nanorod arrays and respectively the
light extraction efficiency, was also experimentally investigated
[4,5,12-14]. High-density nanorod arrays were proved to be able to
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extract much more light out of GaN-based LEDs than lower density
nanorod arrays. Directional output behavior of the GaN-based LEDs
with hydrothermal synthesis (HT) and electrochemical deposition
(ECD) ZnO nanorod arrays was also observed [12-14]. However,
in previous papers on HT-ZnO the reported threshold voltage was
usually about 10V [13] and the best experiments gave a threshold
voltage of about 5V [15-17]. In this study, we have investigated
the influence of the hydrothermal synthesis versus electrochemical
deposition on the optical properties of ZnO/p-GaN LEDs.

Hydrothermal synthesis of nano-ZnO is an efficient and green
procedure of ZnO nanorod growth on many types of surfaces. Elec-
trochemical deposition (ECD) has become an important technique
for fabricating ZnO nanowire-based heterojunctions due to its
simplicity, cost-efficiency, large-area deposition and good-quality
nanorod arrays [4,18-21]. Hydrothermal and electrochemical are
both low temperature solution growth techniques. As was proven
before [4-6], an improved heterostructure is expected when GaN
is used. ZnO and GaN both have the same wurtzite hexagonal
structure, similar lattice parameters, a small in-plane lattice mis-
fit constant (~1.8%),[21] the same stacking sequence (2H) [22],
a strong exciton binding energy of 60 meV for ZnO compared to
25meV for GaN that would favor light emission at room tem-
perature from zinc oxide [4,5,14,23]. Our previous reports on the
hydrothermal synthesis technique of ZnO nanorods will serve as
a reference for this work [24-26]. In this report, we present the
adapted growth conditions, which give the desired ZnO nanorods
dimensions on p-GaN surface and improved optical quality to
achieve high light extraction. The results are compared to our
previously reported ECD ZnO-NR/NW layers grown on p-GaN. In
premiere for hydrothermal synthesis it was demonstrated that a
single short wavelength emission can be shifted in the violet range
with Cd-alloying of ZnO used for LED structure.

2. Experimental details

The ZnO nanorod arrays on p-GaN substrates were grown
hydrothermally according to a procedure described elsewhere in
our previous papers [24-27]. The p-type substrate was a com-
mercial magnesium-doped GaN(000 1)-oriented layer grown on
sapphire with the c-axis perpendicular to the substrate (TDI, Inc.
Corporation). The GaN layer was ~2.5 wm thick, with a crystal
miscut of ~0.59° and a dopant concentration of 4 x 10'8 cm—3,
Before ZnO deposition, the p-GaN(0 00 1) substrate was degreased
in trichloroethylene at 50 °C for 12 min, subsequently cleaned 6 min
in acetone at 52°C and 8 min in methanol at 22°C both under
ultrasonic and then rinsed with deionized water. Next, the sub-
strate was etched 10 min in concentrated ammonia (27%) at 58 °C,
subsequently etched in HCl:H,0 (1:1vol.) for 15min to remove
any native oxide [5,26-28] and finally rinsed with high purity
water (resistivity of 18.2 MS2cm). This procedure was described
in Ref. [5] and was used to clean these p-type substrate sur-
faces.

Zinc sulfate [Zn(SO4)-7H,0] and ammonia (NH4OH) (Fisher Sci-
entific, reagent grade, without further purification) were used for
the synthesis of ZnO nanoarchitectures. 0.10-0.15M Zn(SOg4)-7H,0
and 2 M ammonia solution NH4OH (29.6%) were mixed with 100 ml
DI-water until complete dissolution at 22 °C and it became color-
less [24,27]. Afterwards, the p-GaN substrates were placed inside
an aqueous solution in a reactor described in our previous papers
[24-27]. The set-up was mounted on a hot plate, and the tempera-
ture was quickly increased to 95-98 °C and kept constant for 15 min
without any stirring. Manipulation and reactions were carried out
inside a fume hood. For one set of samples CdCl; (Alfa Aesar) was
added in the bath at 8 wuM to perform doping. All samples were
exposed to post-deposition annealing at 300°C in air for 20 min.

The as-prepared and thermally processed ZnO NR arrays were char-
acterized by X-ray diffraction (XRD) using a Rigaku ‘D/B max’ X-ray
diffractometer equipped with a monochromatized CuK, radiation
source (A=1.54178 A). The operating conditions were 30 mA and
40KkV at a scanning rate of 0.02°/s in the 26 range from 25° to 130°.
Data acquisition was made with the software Data Scan 3.1 and
analyzed with Jade 3.1 (from Materials Data Inc.). The morphology
was studied using a VEGA TESCAN TS 5130MM scanning electron
microscope (SEM). The different characterization techniques con-
firmed that the nanorod arrays were highly crystalline with regular
rods distributed throughout the substrate surface. This morphology
is considered to play a major role in nanodevice applications.

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 laser by Melles Griot. The emitted light
was collected by lenses and was analyzed with a double spectrom-
eter providing a spectral resolution better than 0.5 meV. The signal
was detected by a photomultiplier working in the photon counting
mode. The samples were mounted on the cold station of a LTS-
22-C-330 optical cryogenic system. The LED device, integrating the
ZnO-NR/p-GaN heterostructure, was maintained by a bulldog clip
and was biased with a Keitley 2400 source [5]. Its electrolumines-
cence (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 300gr/mm blazed at 500 nm in order to
record the emission of the ZnO in the whole near-UV-visible range.

3. Results and discussions

Fig. 1(a) shows a side-view of the close-packed ZnO NRs
hydrothermally grown on the (000 1) p-type GaN substrate. Their
mean radius is 180 nm and the rods have a flat top. It can be dis-
tinguished a heterostructure n-ZnO NRs/p-GaN/sapphire, which is
used in LEDs. Also, in Fig. 1(a) we can observe that the ZnO/GaN
interface is smooth and the nanorods are perpendicular to the p-
GaN layer. A top view of the ZnO nanorod arrays hydrothermally
grown on the p-type GaN substrate is presented in Fig. 1(b). On the
top view, one can observe the hexagonal section of the NRs with a
dense morphology. The lateral facets are oriented in the same direc-
tion for the various NRs (Fig. 1(b)) and the top aspect is typical of an
epitaxial growth with all the NRs having the same in-plane crys-
tallographic orientation [29,30]. No changes in SEM images were
observed for the n-Zn;_yCdxO NRs/p-GaN:Mg. The n-type ZnO is
epitaxially grown directly on the (000 1) p-type GaN:Mg.

The 6/26 XRD pattern of the heterostructure (n-ZnO NRs/p-GaN)
is dominated by both ZnO and GaN reflection peaks (Fig. 2). Single
crystalline GaN film is oriented with the c-axis perpendicular to the
sapphire substrate. On the enlarged view (Fig. 2(b)), we observe the
Zn0O(0002) diffraction peak on the left-side of GaN(000 2) reflec-
tion. Fig. 2(c) shows the enlarged views of the ZnO(0004) peak on
the left-side of the GaN(0004) reflection. XRD data confirm that
GaN and HT-ZnO have the same out-of-plane orientation. The pat-
terns are typical of a perfectly textured ZnO material. The full width
at half maximum of (000 2) peak for ZnO and GaN are the same at
0.07° and close to the apparatus line width. The value is typical of
a very high quality well-crystallized heterostructure. The rods are
very well-crystallized with a large size (radius measured at about
180 nm, each rod being a single crystal). From XRD (not shown)
it was observed a slight lattice deformation/expansion for Cd-ZnO
NWs due to these differences in ionic radii (r(Zn*)=0.074 nm,) by
Cd (r(Cd%*)=0.095 nm). The lattice constants for our samples a and
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Fig. 1. SEM images: (a) side-view and (b) top-view of epitaxial HT-ZnO nanorods
hydrothermally grown on p-GaN substrate at 98 °C for 15 min.

c of wurtzite structure ZnO were calculated as reported before [7]
and we obtained a=3.2506 A, c=5.2055A for pure ZnO NWs. For
concentrations of Cd (8 wM)-doped ZnO NWs, an increase in the
lattice parameters a and ¢ (3.2507 A and 5.209 A, respectively) was
found. The crystallite size width d,, derived from the Scherrer’s
formula [7] for all samples was about 350 nm.

The room-temperature micro-Raman spectrum of the het-
erostructure is indexed with GaN and ZnO emission modes in Fig. 3.
The Raman peaks located at 100 cm~! and 439 cm~! are attributed
to the ZnO low- and high-E, modes, respectively [31-33]. The high-
E; mode s clearly visible at 439 cm~! witha FWHM of 8 cm~1, while
the line-width of the peak corresponding to E;(low) mode is about
3cm1, indicating on high quality HT-ZnO [31].

Fig. 4 compares the photoluminescence (PL) spectra of two sam-
ples: the sample #1 hydrothermally grown as presented above and
the sample #2 grown by electrochemical deposition in a bath with
aqueous solution containing 0.10 mM of ZnCl, plus 0.1 M KCl as a
supporting electrolyte and saturated with O,. Both samples were
grown on p-type GaN substrates and subsequently annealed at
300°C for 20 min in air. The intensity of the near-bandgap UV emis-
sion is similar in the compared spectra, while the visible emission is
rather different. A weak emission band with the maximum at 2.1 eV
which is supposed to be due to the oxygen interstitial [33-36], is
observed in the sample #2, while ared band at 1.85 eV is observed in
the HT-ZnO sample #1. The presence of oxygen interstitial is highly
probable in a sample prepared with an electrolyte saturated with
0,.The emission band at 1.85 eV is an order of magnitude stronger
compared to the PL band at 2.1eV, and it is supposed to be asso-
ciated with a deep acceptor with the energy level located close to
the middle of the bandgap [36]. Unfortunately, it is not possible to
establish the microscopic nature of this deep acceptor at this stage.

A detailed analysis of the near-bandgap emission is presented
in Fig. 5. The PL spectrum at low temperature is dominated by the
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Fig. 2. XRD pattern: (a) of the HT-ZnO-NRs/p-GaN/Al,03 (0001) structure; (b)
enlarged view of the ZnO(0002)/GaN(0002) region; and (c) enlarged view of the
Zn0O(0004)/GaN(0004) region.

donor bound exciton emission (DX) at 3.360 eV in both samples,
as well as by a donor-acceptor pair recombination band (DA) with
phonon LO replica. Note that a neutral donor bound exciton line
Ig related to the Ga impurity with energy close to that observed in
our samples was shown to be characteristic for samples grown on
GaN substrates, due to the interdiffusion of Ga from the substrate
into the ZnO layer [36]. The maximum of the DA band is situated at
3.319eV and 3.324 eV in the sample #1 and the sample #2, respec-
tively. It is likely that a very shallow donor and a deeper acceptor
are involved in this DAP (donor-acceptor pair) transition [37-40].
One can assume that zinc vacancies can play the role of acceptor in
these transitions. According to a recent first-principle calculation,
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Fig. 5. Near-bandgap PL spectra of the hydrothermally gown sample #1 (curve 1)
and of a sample grown by electrochemistry (curve 2) measured at: (a) T=300K (a)
and (b) T=10K.

the 0/1- acceptor level of the zinc vacancy is situated 0.1-0.2 eV
above the valence-band maximum [41]. If one supposes that the
same acceptor is present in the compared samples, it means that
donors with different activation energies are involved in transitions
responsible for the 3.319 eV and 3.324 eV PL bands.

At room temperature, a band (Fig. 5(a)) with the maximum at
3.26eV is observed in the sample grown by ECD. One can suggest
that this band is due to free-to-bound (FB) transitions involving the
same acceptor which was involved in DAP transition at low tem-
peratures, while the donors are ionized due to their low activation
energy. Taking into account the bandgap of ZnO at room tempera-
ture (3.36eV), one can deduce the energy position of the acceptor
level to be located around 100 meV above the valence band, which
is compatible with the position of the 0/1-acceptor level of the
zinc vacancy as deduced from first-principle calculations. Taking
into account this activation energy of the acceptor (E4 =100 meV)
and the bandgap of ZnO at low temperatures (Egz=3.437 V) one
can estimate the activation energy of donors involved in the DAP
transitions from the relation:

e2
Ep_a = Eg —Ep —Eat %
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Fig. 6. (a) Electroluminescence spectra of the ITO/ZnO-NRs/p-GaN/In-Ga hetero-
junction light emitting diode (LED) structure under forward bias voltage of 4.3 V.
Curves denotes: 1-blank ITO/p-GaN, 2-ECD-ZnO/p-GaN and 3-HT-ZnO/p-GaN. It
shows the comparison of EL from the heterojunction LED structure and ITO/GaN/In-
Gasstructure. Insert shows LED devices structure used in our studies. (b) Relationship
between the EL intensity and the forward bias voltage of the fabricated LED structure

where Ep_p is the spectral position of the DA PL band, Eg is the
bandgap energy, and Ep and Ea are the binding energies of the donor
and the acceptor, respectively. The last term reflects the Coulomb
interaction energy. By taking a Coloumb energy of 20 meV [42-44],
one can estimate the activation energy of donors involved in the
DAP transitions responsible for the 3.319 eV and 3.324 eV PL bands
observed at low temperature as being equal to 38 and 33 meV,
respectively. Note that several experiments have confirmed the
existence of donors in ZnO with energy of 30-40 meV [43,45-49]. It
was suggested that these shallow donors contribute to the electri-
cal transport properties of ZnO samples significantly. Some of these
donors have been associated with the Himpurity inZnO [43,45-49].

In contrast to the sample grown by ECD, the room tem-
perature near-bandgap PL spectrum of the HT grown sample
#1 presents a structured band resulting from the superposition
of the band originating from the recombination of free exci-
tons (FX) with the maximum at 3.30eV with two LO phonon
replica.

Note that in addition to the PL bands coming from the ZnO
layer, several emission bands coming from the GaN substrates are
observed in the low temperature (10 K) PL spectrum of the sample
grown by ECD as follows: a weak emission at 3.456 eV is due to the
recombination of acceptor bound excitons in 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. No emis-
sion from the GaN substrate is observed at room temperature. On
the other hand, no emission from the GaN substrate was observed
in the sample #1 even at low temperature. This is due to the higher
density of the ZnO nanowires in this sample.

The electroluminescence of the LED structure was studied at
low bias at room-temperature (RT). For the HT-ZnO based device, a
threshold for the UV-EL was detected at a remarkably low forward
voltage of about 3.9-4.0V and the UV-EL signal increased with the
applied forward bias. No signal was detected under reverse bias.
Fig. 6(a)

presents EL spectra measured at 4.3V. Curves 1 and 2 are
the EL spectra from the blank ITO/GaN and sample #2 (ECD-
ZnO/p-GaN), without any electro-emissions. Curve 3 shows EL from
hydrothermally grown sample #2, which is characterized by a
unique emission peak centered at 399 nm and with a FWHM of
about 38 nm. The maximum of the EL wavelength is red-shifted
compared to the PL emission of ZnO and GaN by about 18 nm
and 28 nm, respectively. However, we can observe that the general
shape of both ZnO-PL and EL emissions are similar with the pres-
ence of a tail in the violet-blue region. Also, it can be concluded from
curve 3 of Fig. 6(a) that the emission occurs from the n-ZnO/p-GaN
heterojunction (sample #2-hydrothermal). The violet-blue emis-
sion tail could be observed with the naked eye above 5 V. Fig. 6(b)
shows a single electroluminescence emission peak which maxi-
mum wavelength emission does not shift with the applied voltage.
The low emission threshold and strong UV-emission at low volt-
age are remarkable and demonstrate that the interface between
the two semiconductors is of very high quality with a very low
density of defects and that the developed hydrothermal technique
along with previously reported electrodeposition procedure [4-6]
are effective to produce such excellent interfaces.

grown by HT technique. The inset shows voltages applied for each of the investigated
curves. (c) Relationship between the electroluminescence intensity and the forward
bias voltage of the fabricated LED structure for HT-ZnO and ECD-ZnO. All measure-
ments were performed at 22 °C. (d) Room-temperature electroluminescence spectra
of n-ZnO/p-GaN:Mg and n-Zn;_,Cd,O/p-GaN:Mg NRs heterostructured LEDs under
the forward bias of 7.0V.
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Fig. 6(c) shows the relationship between the electrolumines-
cence intensity and the forward bias voltage of the LED structure for
samples fabricated with HT-ZnO and ECD-ZnO. All measurements
were performed at 22 °C.

Fig. 6(d) shows room-temperature electroluminescence spec-
tra of the device structures made from n-ZnO/p-GaN:Mg and
n-Zn,_xCdxO/p-GaN:Mg NRs heterostructured LEDs (grown in
8 uM CdCl; in the bath) under the forward bias of 7.0V. Room-
temperature EL spectra of Zn;_4CdxO nanorods are compared with
those based of pure ZnO NRs/p-GaN LED used as reference (curve
1, Fig. 6(d)). It can be clearly seen a single short wavelength
emission shifted in the violet range with Cd-alloying of ZnO. The
appearance of the electroluminescence under the forward bias
of LED structure and the wavelength shift of up to 24nm with
doping (x) provides insights that the n-Zn;_,CdyO nanostructures
act as the light emitters. It can be concluded that by Cd-doping
is possible to tune the emission color by controlling the dopant
concentration in Zn;_y,CdxO NWs. The deviations in the EL and
PL spectrum (not shown) could be due to the influence of the
heterocontact defects [6,50,51]. We can note that we have also
successfully achieved the Cd doping of ZnO by the electrochemi-
cal technique using CdCl, as an additive in the electrodeposition
bath [50,51].

The developed hydrothermally grown LED structure possesses
improved performances (turn-on voltage ~4 V) compared to those
reported in the literature since in most previous works, forward
bias beyond 5-10V had to be applied to observe a significant EL
emission. Moreover, in most case visible emissions were found due
to defects or doping levels in the emitting material (Mg-deep levels
in p-GaN, intrinsic defects in ZnO, etc.) [14-16,52-54].

Stability of EL characteristics were investigated in details for
both samples and was similar to that we found for ECD-ZnO LED in
our previous study [4,50,51].

In this context, we would like to mention that for calculating the
light conversion efficiency it is required to determine the number of
nanowires well connected to the conductive glass and this was not
possible in this experiment. Therefore this research is focused on
the comparative studies of the electrodeposition and hydrothermal
syntheses through the variation of the threshold values and the
shape of the EL bands with the absence of the well-known defects
emission in the visible range. More details will be discussed in a
forthcoming paper.

4. Conclusions

We report on the successful growth of high quality epitaxial
ZnO nanorods on p-type GaN layers supported on sapphire by seed
layer-free low-temperature solution growth methods. The ZnO NRs
were deposited by hydrothermal and low-voltage electrochemical
techniques. They were vertically oriented with their c-axis per-
pendicular to the (0001) oriented GaN substrate. A comparison
of their PL and EL emission properties has been done. The PL spec-
tra were dominated by an UV near-band-edge emission at 381 nm
due to exciton recombination. The obtained heterojunctions were
used to construct light emitting diode structures. For HT-ZnO, a
narrow UV-emission peak, centered at 399 nm, was measured at
22°C above an applied forward bias of 3.9-4.0V and no emission
was found under reverse bias. The electroluminescence increased
rapidly with the applied forward voltage and the observed strong
emission was highly stable and reproducible. It was demonstrated
that the short wavelength emission could be shifted in the violet
range by Cd-alloying of ZnO used for LED structure.

Our results clearly state the remarkable effectiveness of
hydrothermally grown and electrodeposited epitaxial ZnO as an
active layer in solid-state lighting UV-LED devices.
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