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ABSTRACT: ZnO nanorod arrays were grown on a GaN/sapphire substrate in a controllable way using a hydrothermal growth
method. Proton beam writing (PBW), a direct-write 3D lithographic technique, was used to pattern a polymethyl methacrylate
(PMMA) mask spin-coated on to a GaN substrate. ZnO, which has the same wurtzite crystal structure and a low lattice misfit of
about 1.9% compared with GaN, nucleated and grew into vertical rods at positions where the GaN was exposed. The structural and
optical characteristics of the ZnO nanorods were further investigated using X-ray diffraction (XRD), and microphotoluminescence
spectroscopy (µ-PL). Annealing of the ZnO nanorods in nitrogen gas significantly improved the ultraviolet (UV) light emission at
380 nm wavelength, and successfully decreased the yellow and green band emission considerably. These results show new potential
applications for devices based on ZnO nanostructures.

1. Introduction

ZnO has attracted considerable attention over the past years
owing to its attractive properties, such as good piezoelectric
characteristics, chemical stability, and biocompatibility, and its
potential applications in optoelectronic switches, high-efficiency
photonic devices, near-UV lasers, and complex three-dimen-
sional nanoscale systems.1-4 Recently, a number of methods
have been used to produce one-dimensional (1D) ZnO nano-
structures, such as thermal evaporation, catalyst-assisted
vapor-liquid-solid (VLS), laser ablation, metal-organic chemi-
cal vapor deposition (MOCVD), and template-assisted and
solution processes.5-10

For the case of ZnO nanoarray light emitters based on the
quantum confinement effect, a big challenge is to control the
dimension 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 homo-
junction fabrication, a n-ZnO/p-GaN heterojunction has been
suggested as a strong candidate for device applications.11,12 Both
ZnO and GaN have a fundamental 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 reported
on the fabrication of n-ZnO nanorod arrays vertically grown
on p-GaN and demonstrated the potential to realize photonic
and electronic nanodevices.13 In addition, random lasing was
reported in ZnO nanoparticles,14,15 nanoneedles,16 nanorods,17

and nanowires.18 If we can realize vertically aligned ZnO
nanostructures with controllable size and position, it will be
helpful for achieving stimulated emission from such structures.
Meanwhile, another challenge to researchers is achieving large-
area well-aligned nanostructures by other cost-effective growth
methods rather than by the MOCVD and VLS techniques. One
of the most cost-effective methods, the hydrothermal method,19,20

has a process temperature as low as 80-100 °C, and because

of this low process temperature, polymers such as PMMA can
be used as a mask.

To fabricate nanostructures in a controllable way, it is critical
to fabricate a high quality mask with dimensions at the nano
scale. In the past decade, nano fabrication technology has de-
veloped at an astonishing speed, mainly driven by IC industry.
Technologies such as electron beam writing, proton beam
writing (PBW) and focused ion beam (FIB) lithography have
shown their potential in nano fabrication and have been con-
sidered as promising technologies for next generation litho-
graphies.21-23 Among these technologies, PBW has exhibited
the ability to fabricate 3D structures down to the 20 nm level
in resist materials such PMMA, SU8 and hydrogen silsesqui-
oxane (HSiO3/2)8 HSQ. The advantages of PBW is that high
aspect ratio masks can be directly fabricated, exhibiting vertical
structures, low edge roughness and relative large mask thi-
ckness.22,23 These characteristics are due to the high mass of
the proton compared with the electron, resulting in deeper and
straighter penetration into the resist. The efficiency of PBW is
higher than FIB, which essentially is a sputtering process, and
is therefore more suitable for large area fabrication. However,
as a direct writing process, PBW is a serial process and as such
is not suitable for mass production compared with masked
lithography as in the integrate circuit (IC) industry. However,
PBW is efficient for scientific research and prototype develop-
ment, where only a few prototype devices are required.

2. Experimental Methods

In this work, we have investigated the fabrication of ZnO nanorod
arrays using the hydrothermal process on GaN/sapphire (0001)
substrates covered with a PBW structured PMMA mask. The GaN/
sapphire substrate was prepared by depositing about 2.0 µm thick GaN
films on c-plane sapphire substrates with low-temperature GaN buffer
layers by MOCVD. Trimethyl-Gallium and ammonia (NH3) were used
as the sources of Ga and N, respectively, with H2 as carrier gas. Then
a 300 nm thick PMMA layer was spin coated on the GaN/sapphire
substrates, circular hole array patterns were fabricated in the PMMA
layer using a 2 MeV proton beam and the patterned structures are shown
in Figure 1. The whole pattern size is 25 µm × 25 µm with holes of
400 nm in diameter. 200 × 200 µm2 squares were also patterned on
the PMMA layer on the same substrate as a control to observe the
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large area ZnO growth under the same conditions. The patterned
templates were then placed in a 90 °C nutrient solution for the growth
of ZnO nanorods.14 The nutrient solution was prepared from an aqueous
solution containing Zn(NO3) ·6H2O (Aldrich, Milwaukee, WI) and
NH4NO3 ·2H2O (Aldrich, Milwaukee, WI) in deionized water at a
concentrations of 0.026 and 0.3 mol L-1, respectively. Sufficient
ammonium hydroxide was then added immediately to increase the pH
of the solution and initiate the growth of ZnO. The amount of am-
monium hydroxide added was calibrated by raising the pH of a room-
temperature solution to 9.5.

The position of the ZnO nanostructures is determined by the PMMA
mask, and the diameter and length of ZnO nanostructures are controlled
by using specific mask pattern sizes. After 10 h growth the substrate
was removed from the nutrient solution and placed in acetone to
dissolve the resist mask layer. Finally the sample was annealed in
nitrogen gas at 500 °C for 20 min.

Structural and optical characteristics of as-grown ZnO nanorod arr-
ays were investigated using X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), and microphotoluminescence
(µ-PL). The morphology of the ZnO/GaN/ sapphire samples was studied
using a SEM (JEOL JSM-6700F, 5kV), and the XRD spectrum of the
ZnO nanorod array sample was taken with a Bruker D8 GADDS X-ray

diffractometer using the Cu KR1 line. The µ-PL spectra were recorded
at room temperature using the 325 nm excitation line (Renishaw 2000)
from a He-Cd laser, using a focused laser beam with a lateral resolution
of 2.0 µm.

3. Results and Discussion

As shown in images c and d in Figure 1, large-area ZnO
growth resulted in crowded columns, most of which are aligned
vertically to the substrate with different diameters ranging from
several tens to a few hundred nanometers and with different
heights. Those with larger diameter in general exhibited larger
heights and showed an obvious sharp tip at the top. In contrast,
when using the nano array mask, the ZnO grew into uniform
hexagonal structures exhibiting a pyramidal tip with a similar
cross-sectional size as defined by the diameter of the holes in
the mask. As shown in images e and f in Figure 1, the average
diameter of the ZnO nanorods was about 400 nm. The rods
were also observed to be of uniform height, about 1.5 µm.

Figure 1. (a) Low- and (b) high-magnification SEM images showing the proton beam written PMMA template; (c, d) SEM images of ZnO nanorod
arrays grown on GaN/sapphire without the patterned mask; (e) SEM top-view image of the ZnO nanorod arrays selectively grown using the patterned
PMMA template; (f) SEM birds-eye view image of the ZnO nanorod array showing its 3D characteristics.
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Because there is no agitation in the solution, the unpatterned
large area growth is limited by ion diffusion. In the nano array
area, the holes cover around 15% of the surface area, and so in
this area there are relatively more ions available for growth.
This results in ZnO nano pillars of increased height.

From Figure 1d, it can be seen from unpatterned growth the
aspect ratios of the ZnO nano rods vary within a range of 3-5,
with the smaller crystals exhibiting higher ratios. In the nano
array area, the aspect ratio is 3, see Figure 1f. It can also be
seen in Figure 1d that the effective crystal nucleus density on
the GaN substrate is about 100/µm2. Therefore, when the crystals
grow to a size of about 60nm in diameter which corresponds to
a height of 180-300 nm, the crystals which are in the same
crystal orientation, meet and combine to form large single
crystals. Each crystal inside the nano mask hole was initially
formed from many small crystals which joined and grew into a
1.5 µm high rod. This hypothesis is supported by the Figure
1f, which shows that the base of each of the large crystal rods
consists of many smaller crystal rods.

It should be noted that some crystals might nucleate at defects
on the substrate and therefore are not vertical to the substrate,
as can be seen in Figure 1d, which shows that some pillars are
not orientated perpendicular to the surface.

As shown in images e and f in Figure 1, the cross-section of
these ZnO rods are hexagonal, and the rods are perpendicular
to the substrate with the same orientation alignment, indicating
that the rods grow along the [0001] direction, with the (0001)
crystal planes matching the (0001) planes of the substrate GaN.
The rods are uniform in size with diameters around 400 nm,
and are separated by an equal inter-rod distance of 700 nm,
which matches the size of the original PBW pattern as show in
images a and b in Figure 1.

The crystalline phase of the ZnO nanorods was analyzed by
XRD. Figure 2 shows that the nanorods have good crystallinity,
exhibiting a hexagonal structure. The three labeled diffraction
peaks at 2θ ≈ 31.6°, ∼36.3, and ∼56.6° correspond to the
(101j0), (101j1), and (112j0) facets in the wurzite ZnO structure.
The presence of a range of ZnO XRD peaks apart from the
(0002) peak in the data (Figure 2) for the c-axis oriented
nanorods array sample may be explained by the fact that the
size of the X-ray beam is about 3 × 3 mm2 and thus, because
the entire size of the PMMA patterned area is 25 × 25 µm2,
i.e., much smaller than the XRD beam size, the XRD is sampling
areas beyond the PMMA template, where the growth on the
opening area of GaN template might have occurred and will be
as in images c and d in Figure 1, i.e., much less well aligned,
leading to the presence of these other XRD reflection peaks.
The ZnO (0002) peak is not observed because of the overlapping

strong (0002) peak of the GaN substrate. The sharp diffraction
peaks of ZnO indicate that the as-grown nanorods are highly
crystalline.

The micro-PL spectra measured at room temperature from
the as-grown ZnO nanorod arrays before and after annealing
are shown in Figure 3. Strong improvement in the PL for the
hydrothermal grown ZnO nanorods was observed after postan-
nealing treatment with nitrogen gas. The UV exciton emission
was observed at 381.7 nm with a full width at half-maximum
(fwhm) of 14 nm of as-grown ZnO nanorods compared with
the fwhm of 11.6 nm of the annealed sample. The fwhm value
for the ZnO nanorods after annealing is superior to that of ZnO
nanorods on a GaN substrate grown by the VLS process.25 In
addition, the intensity of the UV emission was found to be
increased by around 1 order of magnitude after annealing.

It is well-known that the excited light emission intensity is
determined by both the radiative and nonradiative recombina-
tions. Because the as-grown ZnO nanorods were prepared by
the hydrothermal method, the growth temperature is much lower
than other growth methods (e.g., MOCVD, MBE, thermal
evaporation, etc.). Because it is generally acknowledged that
such lower-temperature techniques could introduce excess zinc
or oxygen vacancies, these defects could act as nonradiative
centers and reduce light emission. In our case, both crystal
defects and surface defects could be minimized. As observed
in Figure 3, a weak UV light emission peak and strong visible
light emission was observed from the as-grown ZnO before
annealing. To reduce and restructure nonradiative related defects,
we chose an annealing temperature of 500 °C,27,28 resulting in
increased luminescence efficiency. Our results indicate that the
ZnO nanorods fabricated in this study were of high optical
quality. On the other hand, the as-grown nanorods exhibited
yellow-green emission centered at ∼600 nm, commonly ob-
served in hydrothermally grown ZnO nanorods.24,26 This yellow-
green band was observed to be highly suppressed after the
annealing treatment. In ZnO nanorods annealed under N-rich
conditions, oxygen desorption may occur and oxygen vacancies
could be formed. A decreased intensity at 600 nm is observed
after annealing in nitrogen, indicating that the yellow-green
emission is not directly attributed to oxygen vacancy defects, a
result which agrees with the conclusion of Kwok et al. and Sim
et al. 27,28

4. Conclusion

In summary, we have demonstrated the controlled growth of
ZnO nanorod arrays using the hydrothermal growth method.
The PMMA template on which the nanorods were grown was

Figure 2. X-ray diffraction patterns of ZnO nanorod arrays. Figure 3. Room-temperature photoluminescence spectra of the as-grown
ZnO nanorods (dash line) and nanorods annealed in nitrogen ambient
(black line).
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made by proton beam writing, which is a new 3D direct write
technique of high precision. The highly ordered vertical aligned
nanorods have uniform hexagonal structure with a diameter of
around 400 nm, dictated by the template pattern feature size.
The observed height of the nanorods was about 1.5 µm. After
annealing, the nanorod arrays made using this technique are
highly crystalline and are of excellent optical quality. We have
shown that this fabrication process offers a simple and efficient
method to fabricate ordered nano arrays of controlled dimen-
sions, and has high potential in the development of vertical
nanorod devices.
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