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Structural Properties of ZnO Grown on GaN/Sapphire

Templates

The Transition from Nanorods to Thin Films
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ZnO nanorods were synthesized on GaN/sapphire substrates using a modified thermal-evaporation process. The as-synthesized
ZnO nanorods and thin films were characterized using scanning electron microscopy, micro-Raman, and X-ray diffraction tech-
niques. The morphology of the ZnO changes from nanorods to continuous thin films when the growth temperature increases to
800°C. Further increase in the growth temperature leads to a lower growth rate of ZnO along the (0001) direction. Micro-
photoluminescence measurements show ultraviolet band-edge emission peaks around 378 nm from both nanorods and thin films.
Realization of such ZnO structures may be useful for the fabrication of hybrid ZnO/GaN optoelectronic devices.
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7ZnO has attracted considerable attention over the past years ow-
ing to its attractive properties, such as good piezoelectric character-
istics, chemical stability, and biocompatibility, and its potential ap-
plications in optoelectronic switches, high-efficiency photonic
devices, near-UV lasers, and complex three dimensional nanoscale
systems.l’4 Recently, a number of methods have been used to pro-
duce one-dimensional (1D) ZnO nanostructures, such as thermal
evaporation, vapor-phase transport, laser ablation, metallorganic
chemical va(ljpor deposition, and template-assisted and solution
processes.s'1 For the case of ZnO nanoarray light emitters based on
quantum confinement effect, a big challenge is to control the dimen-
sion of ZnO nanostructures. Furthermore, the difficulty of p-type
doping in ZnO has impeded the fabrication of ZnO homojunction
devices. As an alternative approach to homojunction, an
n-ZnO/p-GaN heterojunction has been suggested as a strong candi-
date for device applications.“’12 Both ZnO and GaN have a funda-
mental bandgap energy in the range of about 3.3-3.4 eV, with the
same Wurtzite crystal structure, and a low lattice misfit of about
1.9%. Recently, Park and Yi reported on the fabrication of
n-ZnO/p-GaN nanorod electroluminescent devices and demon-
strated the potential to realize photonic and electronic
nanodevices.'® It is a challenge for researchers to achieve large area
well-aligned nanostructures by the other cost-effective growth
method rather than selective area metallorganic chemical vapor
deposition (MOCVD) growth. In this paper, we have shown that
ZnO nanorod arrays can be grown on GaN/sapphire (0001) sub-
strates in a controllable way using a thermal evaporation technique.
The transition of nanorod morphology to thin film can be achieved
by the one-step growth without any interruption and temperature
regulation during continuous thermal vaporization process. The
crystalline and optical properties of such ZnO structures have been
addressed.

GaN films about 4.0 pm thick were first deposited by MOCVD
on c-plane sapphire substrates with low-temperature GaN buffer lay-
ers. Trimethylgallium and ammonia (NH3) were used as the sources
of Ga and N, respectively, with H, as carrier gas. The GaN/sapphire
templates were then placed inside a tube furnace for the growth of
ZnO films by thermal vaporization of Zn (99.9% purity) powder and
subsequent condensation of Zn vapor in the presence of oxygen. The
alumina boat with Zn powder was placed at the center of a quartz
tube and purged by He (99.999% purity) at a flow rate of 100 sccm.
The furnace temperature was increased to the growth temperature in
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the range of 750-850°C and oxygen (99.99% purity) was introduced
in the tube reactor at a flow rate of 10 sccm. The mixed O, and He
gas flow was maintained throughout the whole reaction process (
~30 min). The morphology of the ZnO/GaN/sapphire samples was
studied using a JSM-6700 field-emission scanning electron micro-
scope (SEM). High-resolution X-ray diffraction (HR-XRD) mea-
surements were also performed using a Philips X’Pert X-ray diffrac-
tion apparatus equipped with a Cu Ka radiation source. The PL
spectra were recorded at room temperature using the 325 nm exci-
tation line (Renishaw 2000 micro-PL-Raman set up) from a He
-Cd laser. Micro-Raman measurements were carried out using a JY-
T64000 set up equipped with the 514.5 nm excitation line from an
Ar ion laser.

The effects of the growth temperature on the morphology of ZnO
grown on GaN were systematically studied. In this modified thermal
evaporation process, the growth of ZnO is believed to be dominated
by the vapor—solid (VS) process. Figure 1 shows the cross-sectional
and top view SEM images of ZnO structures grown at different
processing temperature. We can clearly see that morphological
changes can be controlled by a slight variation of the growth tem-
perature with the availability of Zn-O vapor. When the temperature
is lower than 800°C, the as-grown ZnO forms long and needle-
shaped nanorods on GaN with a typical average diameter of about
100 nm (see Fig. la for 780°C growth temperature). Moreover, the
thickness of these nanorods became smaller when the growth tem-
perature increased to 790°C. The observed surface morphology can
be explained by a higher growth rate of ZnO along the c-direction
and the poor surface migration of Zn atoms on (0001) surface at low
temperatures. With a further increase in the growth temperature to
800°C, we have seen a quite uniform and continuous ZnO film (Fig.
1b). Formation of a film at this growth temperature could be due to
a faster diffusion of the Zn-O vapor and higher surface mobility.
However, the window of the growth temperature is small and with a
proper choice of the gas flow rates, a smooth ZnO(0001) surface can
be achieved. Furthermore, at a much higher growth temperature of
820°C, the ZnO(0001) surface became rough due to the increase in
the evaporation rate of absorbed source molecules on the surface
(Fig. 1c). Figure 2 shows the effect of the temperature on the growth
rate of ZnO with the oxygen flow rate kept at 10 sccm. We can see
that higher temperature suppresses the growth rate along the [0001]
direction, and led to formation of thin films rather than nanorods.

Figure 3 shows the HRXRD 2w/0 scans of the ZnO samples
grown at different growth temperatures. Here, we have shown the
Zn0O(0004) and GaN(0004) diffraction peaks that indicate the
c-axis-oriented ZnO growth with Wurtzite structure. XRD rocking
curves were measured to determine the degree of alignment to the
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Figure 1. Cross-sectional SEM images of the ZnO structures grown on
GaN(0001) at different growth temperature with 10 sccm oxygen flow rate.
Growth temperature (a) 780, (b) 800, and (c) 820°C. The SEM images in the
inset show the top surface morphology.

normal direction of the substrate surface. The narrower full width at
half-maximum (fwhm) implies that ZnO nanorods are well oriented
along the (0001) direction with improved crystalline properties. The
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Figure 2. The estimated ZnO(0001) growth rate as a function of growth
temperature.
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Figure 3. (a) The HRXRD /26 scans of the ZnO/GaN/sapphire (0001)
heterostructures grown at different temperature.

orientation and uniformity of the nanorods prepared by this method
are somewhat better than those directly grown on ZnO substrates.'*
Furthermore, the intensity of the ZnO(0004) diffraction peak de-
creases as the growth temperature increases, indicating a better crys-
talline quality nanorods when compared to the thin films possessing
a large density of point and line defects. A reduction in the thickness
of the films also led to a decrease in the XRD peak intensity. From
Fig. 3, we can also observe that the ZnO(0004) spectrum from the
nanorods structure show a substantial peak shift when compared to
the thin films. This is caused by the strain relaxation in nanorod
structures because of the aspect ratio."” However, the ZnO thin film
samples show an in-plane tensile stress component as confirmed
from XRD analysis.

The optical properties of the ZnO samples grown on c-GaN were
investigated by room temperature micro-PL spectroscopy. Figure 4
shows the PL spectra of ZnO samples where the ratio of GaN peak
intensity to that of ZnO varies with the growth temperature. This
change in the PL spectra indicates a different thickness or/and crys-
talline quality of ZnO layers. In the PL spectra, the near-band-edge
PL peaks from GaN and ZnO nanorods are centered around 363 and
378 nm, respectively. From the continuous ZnO film, the PL appears
from the top ZnO surface due to the limitation in the laser penetra-
tion depth. Although the absorption coefficient at 325 nm is large in
bulk ZnO and GaN, we can assume that laser probing depth in
nanorods is somewhat close to the bulk values. In bulk ZnO, due to
a wide range of absorption coefficients reported in literature, we
have estimated a penetration depth in the range of 60—120 nm under
325 nm excitation. Although the estimated PL probing depth is be-
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Figure 4. The PL spectra recorded from ZnO/GaN samples grown at differ-
ent temperature with the same oxygen flow rate of 10 sccm. The PL excita-
tion wavelength was 325 nm and the laser power on the sample surface was
kept below 0.5 mW.
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Figure 5. Room-temperature Raman spectra of ZnO nanorods (grown at
780°C) and thin films (grown at 800 and 820°C). The spectra were recorded
using a z(xx)Z scattering geometry. The Raman peaks from sapphire substrate
are marked by asterisks. The inset shows the E, phonon peak shift in these
ZnO structures.

low 150 nm for bulk GaN, micro-PL signal from underlying GaN
appears due to presence of air gaps between ZnO nanorods. For the
case of ZnO film grown at 820°C, the PL spectrum also shows a
relatively stronger defect-induced broad green emission. The stron-
gest PL intensity is observed from the nanorods grown at 780°C.
This is due to an enhanced light extraction due to multiple scattering
at the sidewalls/facets of the nanorods. However, band-edge PL
from nanorods shows an inhomogenously broadened lineshape due
to a fluctuation of the average rod diameter. In addition, interfacial
defects could also broadened the PL lineshape. From the continuous
films, the decrease in PL intensity and broadening could be associ-
ated with the presence of high-density line defects and vacancy-
impurity complexes. Recently, Fonoberov et al.' reported a com-
parative PL study from ZnO quantum dots, nanocrystals, and bulk
material. In their report, the room-temperature free exciton peak
from bulk ZnO appeared at 3.294 eV whereas PL peaks around
3.250 eV from quantum dots are related to bound exciton transi-
tions. In our case, the PL peak from the ZnO nanorods and thin film
grown at 800°C appear at 3.266 and 3.270 eV, respectively. Such a
red shift in the PL peak positions from our sample with respect to
the bulk ZnO exciton peak could be associated with the presence of
a tensile stress component. The room-temperature PL spectra of the
ZnO nanorods grown at 780°C show the potential for optoelectronic
applications.

Next, we present a micro-Raman study of such ZnO structures
grown at different temperatures. Raman scattering has become a
popular tool to investigate the electron-phonon interaction and crys-
talline properties of ZnO thin films and nanostructures.'’ " Figure 5
shows the Raman spectra recorded from the ZnO nanorods and thin
films. Raman spectra show strong E;z) phonon peak of ZnO near
437 cm™!. Other phonon peaks from the underlying GaN and sap-
phire substrates are also observed. Due to wide bandgap, such a
visible 514.5 nm Raman excitation probes the whole ZnO and GaN
layer. Because this excitation wavelength is transparent to both ZnO
and GaN, we also observed the Raman peaks form sapphire sub-
strates, which are marked with asterisks in Fig. 5. However, the
recorded phonon peak intensity is much higher from nanorods when
compared to thin films. This is due to the multiple light scattering at
the sidewalls of the nanorods. The presence of a large dielectric
contrast in the nanorod arrays also led to the observation of A;(LO)

phonon peak of ZnO. Furthermore, the relative E(zz) phonon peak
shift has been used to determine the residual stress in such ZnO
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structures. The in-plane stress values were estimated from the stress
vs E, phonon peak shift, Aw = Ko, where K is the proportionality
factor given by 6.7 GPa™! cm™! and Aw is the observed peak shift
with respect to bulk phonon peak. This relationship has been derived
using the Raman shift calibration and appropriate phonon deforma-
tion potentials reported in literature.'>* The elastic modulus of ZnO
used to determine the proportionality factor was taken from Ref. 21.

For the case of a 300 wm strain-free bulk ZnO substrate, E(zz) pho-

non peak appears at 438.5 cm~!. The red-shifted E(zz)phonon peak
from our ZnO structures clearly showed the presence of an in-plane
tensile stress component. The E(Zz) phonon peak was observed at
437.3 cm™! from the as-grown ZnO nanorods grown at 780°C and
this indicates a small residual tensile stress of about
0.18 + 0.03 GPa. From the thin film grown at 800°C, the tensile
stress value increased to 0.30 = 0.03 GPa. Similarly, for the case of
ZnO film grown at 820°C, the observed tensile stress was of the
order of 0.39 + 0.03 GPa. The accuracy in the residual stress values
is about 30 MPa, which is determined by the spectral resolution
(0.2 cm™") of the Raman instrument.

In summary, we observed a nanorod-to-thin film transition in
ZnO grown on GaN/sapphire (0001) substrates by a thermal evapo-
ration technique. Arrays of c-axis orientated ZnO nanorods can be
achieved with good optical properties. The crystalline quality of the
nanorods and thin films were studied by HRXRD, micro-Raman,
and PL measurements. Such a method to realize ZnO may provide
opportunities for the fabrication of hybrid n-ZnO/p-GaN nanopho-
tonic devices.
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