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Abstract This paper reported a simple and effective
method for fabricating and patterning highly ordered ZnO
nanorod arrays on H2-decomposed GaN epilayer via
hydrothermal route. The edge of pattern, which has been
decomposed by H2 flow, provides appropriate nucleation
sites for the selective-growth of aligned ZnO nanorods.
The density of ZnO nanorod arrays assembled the
hexagonal pattern can be tuned by varying the solution
concentrations, growth time and reaction temperatures.
The results have demonstrated that the ZnO nanorods are
highly uniform in diameter and height with perfect
alignment and are epitaxially grown along [0001] direc-
tion. This work provides a novel and accessible route to
prepare oriented and aligned ZnO nanorod arrays pattern.
And the aligned ZnO nanorods form an ideal hexagonal
pattern that might be used in many potential applications of
ZnO nanomaterials.

Keywords ZnO nanorod, GaN epilayer, hexagonal
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1 Introduction

One-dimensional (1D) semiconducting nanostructures
have been extensively studied due to their potential
applications in nanoelectronic devices. Wurtzite zinc
oxide (ZnO) is considered the most promising material
for short wavelength optoelectronic devices because of its
direct wide bandgap energy of 3.37 eV, and a large exciton
binding energy of 60 meV at room temperature. ZnO 1D
nanostructures, such as nanowires, nanorods and nano-

tubes, have attracted extensive attention over the past few
years, because of their unique electrical and optical
properties [1–3]. In particular, patterned and aligned 1D
ZnO nanostructure arrays, which can bring improved
optoelectronic performance, are the most attractive [4].
Dimension adjustable, highly oriented, periodic ZnO
nanorod/nanowire arrays are highly desirable for the
realization of advanced photonic optical devices [5].
Traditionally, the fabrication of patterned and aligned 1D
ZnO nanostructure arrays can be achieved via vapor-
liquid-solid (VLS) growth on the patterned catalyst/seed
sites created by electron-beam lithography (EBL) [6], laser
interference lithography (LIL) [7], nanoimprint lithogra-
phy (NIL) [8] or self-assembled nanosphere lithography
(NSL) [9,10]. However, the temperature for VLS method
is too high for direct application on various substrates.
Furthermore, it may also have a risk of introducing catalyst
residual atoms into ZnO. Usually, the resulting ZnO
nanostructures are distributed randomly or poor crystal-
lization [11,12], which largely limits their application in
high performance optoelectronic devices. Compared with
the conventional VLS method, hydrothermal growth
shows some advantages, such as the use of simple
equipment, low-temperature deposition (about 100°C),
low cost, less hazard, and no need for the use of metal
catalysts.
Here, Gallium nitride (GaN) film was used as a template

for the ZnO nanorod growth since these materials have the
same wurtzite crystal structure, low lattice constant misfit
(1.9%) and similar thermal expansion. There have been
many examples of catalyst-free epitaxial growth of ZnO
nanowires on GaN using metal-organic chemical vapor
deposition (MOCVD) [13,14] or from aqueous solutions
[15–22] but no clear explanation for 1D growth. In fact, the
favorable lattice match between the basal planes of GaN
and ZnO [23] would tend to promote two-dimensional
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(2D) epitaxial film growth over 1D nanowire growth. It
was realized that GaN substrates were so effective at
enabling epitaxial 1D growth of ZnO nanowires/nanorods.
Probably because GaN thin film grown on sapphire
substrate contain high densities of dislocations [24], and
these dislocations at can actually act as growth site to assist
dislocation-driven 1D growth [25].
In this paper, a facile and effective approach to the

selective-growth of highly ordered and vertically aligned
ZnO nanorod arrays on the H2-decomposed GaN/sapphire
substrate via a hydrothermal route is reported. For the
preparation of the patterned GaN substrate, H2 was used to
decompose the GaN epilayer grown by MOCVD, and
some hexagonal patterns were obtained on the GaN
epilayer, then the patterned GaN epilayer were used to
propagate the growth of epitaxial ZnO nanorods directly
from aqueous solutions. ZnO nanorod arrays grow from
the GaN epilayer, and the coalescence of multiple ZnO
nanorods to a thicker nanorod from single growth site can
be realized at the appropriate solution concentration,
growth time and reaction temperature. The ordered ZnO
nanorods are highly uniform in diameter and height with
perfect alignment and are epitaxially grown along [0001]
direction. And the growth mechanism will also be
discussed in detail.

2 Experimental methods

The GaN epilayer was prepared by growing an 800 nm
GaN film on c-plane sapphire by a horizontal-type low-
pressure (~40 Torr) MOCVD system. The triethylenegly-
col (TEG), trimethylaluminium (TMAl) and ammonia
were used as source gas for Ga, Al and N, respectively.
Hydrogen was used as the carrier gas. First a thin AlN
nucleation layer was deposited directly on the c-plane
sapphire at the temperature of 620°C, then a high
temperature using AlN buffer pulsed atomic layer epitaxy
(PALE) method was deposited on the low temperature
nucleation layer at the temperature of 1050°C. At last GaN
epilayer about 800 nm thick was grown on the PALE-AlN
buffer at the temperature of 940°C. Then GaN decom-
position occurred by flowing pure H2 at 1050°C for 5 min,
and GaN epilayer with hexagonal patterns will be
obtained.
Reagent grade zinc nitrate hexahydrate (ZNH) and

hexam-ethylenetetramine (HMT) were used for the synth-
esis of patterned ZnO nanorod arrays. Aqueous solution of
ZNH and HMT was prepared using deionized water with
equal concentrations (0.05 mol/L) for the growth of
nanorods. The c-plane GaN/sapphire substrate was sub-
jected to sequential ultrasonic rinsing in acetone, ethanol
and deionized water prior to inserting in growth solution.
The substrate was then placed in a Teflon liner containing
80 mL precursor solution, with the GaN template layer
facing downwards on a special glass instrument. The

Teflon container was tightly closed in a stainless steel
autoclave. The autoclave was placed in an oven for a
period of 2 h at a temperature of 105°C. On completion of
reaction, the container was cooled naturally to room
temperature. The sample was taken out, washed in
deionized water several times and dried in air.
The resulting ZnO nanorods on GaN were characterized

by field emission scanning electron microscopy (JEOL
6700FESEM). The crystalline and microstructure proper-
ties were analyzed by using X-ray diffraction (XRD:
PhilipsX’Pert) and transmission electron microscopy
(TEM: Philips CM300) respectively. The photolumines-
cence (PL) measurement was carried out to characterize
the optical property of the ZnO nanorods using a 325 nm
He-Cd laser as the excited source.

3 Results and discussion

Figure 1 shows the morphological images of ZnO
nanorods on H2-decomposed GaN epilayer. Some hex-
agonal patterns assembled with vertical epitaxial ZnO
nanorods have been observed over a large area, which are
consistent with the hexagonal crystal structure of ZnO. At
the same time, additional hexagonal ZnO nanorods were
also present. The micrographs of the ZnO nanorods were
observed at 1000�(Fig. 1(a)), 8000�(Figs. 1(b) and 1(c)),
15000�(Fig. 1(d)), and 60000�(Fig. 1(e)) magnifications,
respectively. From the micrographs, ZnO nanorod was
inclined to grow at edge of the large hexagonal pits
resulting to a hexagonal pattern, shown in Figs. 1(b) and 1
(c). And the sizes of hexagonal patterns are similar as the
hexagonal pits. When there were no evident hexagonal
pits, ZnO nanorod was still distributed perpendicular to the
GaN epilayer surface but no with regular distribution (Figs.
1(d) and 1(e)). The length and diameter of the ZnO
nanorods were measured at about 3 μm and 500 nm,
respectively. In our experiments, the diameter, length and
density of the ZnO nanorods can be changed by varying
the reactant concentration, growth time and temperature. If
high inerratic hexagonal pits fabricating on GaN epilayer
by H2-decomposed, the vertical epitaxial ZnO nanorods
which assembled regularly for hexagonal patterns will be
obtained. Therefore fabricating nanostructures in a con-
trollable way, it is critical to fabricate a high quality mask
with dimensions at the nano scale.
The X-ray diffraction (XRD) measurement was carried

out to characterize the crystal structure of the ZnO
nanorods, as shown in Fig. 2(a). The strong ZnO (002)
diffraction peak was consistent with the SEM images,
which demonstrate the oriented arrays of ZnO nanorods
assembled the hexagonal pattern with a preferential growth
in the c-axis direction. The observed ZnO (002) diffraction
peak was indexed to the hexagonal phase of ZnO. The
crystallinity and texture of H2-decomposed GaN epilayer
were significant for the subsequent growth of ZnO
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nanorods, especially the edge of GaN hexagonal pattern. A
typical HRTEM image of an individual nanorod (the
inserted TEM image) grown on the GaN epilayer is
described in Fig. 2(b). It clearly shows that the ZnO
nanorod possesses a single-crystal structure. Furthermore,
the spacing of 0.26 nm between adjacent lattice planes
corresponds to the distance of (0002) planes, showing that

[0001] is the growth direction of the ZnO nanorods.
To investigate the growth process of ZnO nanorod

assembled a hexagonal pattern; hydrothermal growths at
different solution concentration, growth time and reaction
temperature were also performed. When synthesizing at
lower solution concentration of 0.002 and 0.01 mol/L,
sparse and thin nanorods had obtained at the edge of

Fig. 1 (a) Top-view of the patterned and aligned ZnO nanorod arrays on the H2-decomposed GaN epilayer grown by hydrothermal
reaction; (b, c) top-view and 30° tilt view nanorods assembled a hexagonal pattern; (d, e) other nanorods distributed perpendicular to the
GaN epilayer surface without regular distribution
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hexagonal etch pits, as shown in Figs. 3(A1) and 3(A2).
The size of the hexagonal patterns was on the scale of
micrometers and each hexagonal pattern consisted of
aggregates of nanorods with sizes of 150 – 300 nm. In this
case, ZnO nanorods become gradually dense and thick
with increasing solution concentration. It is interrelated to
increasing nucleation at the edge of hexagonal etch pits on
the GaN epilayer. By increasing growth time to 4 or 7 h and
keeping other conditions under the same, those ZnO
nanorods assembled the hexagonal pattern have been
merged into thicker nanorods (Fig. 3(B1)). Especially,
when growth time keep for 7 h, it is obvious that the
hexagonal pattern has been assembled with connected
nanorods, as shown in Fig. 3(B2). If there are two or more

steps in the H2-decomposed GaN hexagonal pits, ZnO
nanorods will formed series of hexagonal pattern (shown
in Fig. 3(B1)). The nanorods have no evident change where
sparsely distributed other places, such as near the
hexagonal pattern. When altering reaction temperature to
125°C, the ZnO nanorods almost integrate to form a
hexagonal pattern; and a diverting phenomenon occurred:
some nanotubes are present among the nanorods and some
nanorods become broken, as shown in Fig. 3(C1). With
reaction temperature increasing to 160°C, there are no
nanorods formed only leaving a H2-decomposed GaN
hexagonal pattern (Fig. 3(C2)). From these results, the
experimental conditions could tune the density or dimen-
sion of ZnO nanorods. And these experimental conditions
have been listed in Table 1. Furthermore, if we employ
GaN substrates that have not been decomposed by H2, only
a few ZnO nanorods were obtained randomly on the GaN
substrates, visible under SEM (Figs. 3 (D1) and 3(D2)).
The observation of experiments about these epitaxial

ZnO nanorods and on the H2-decomposed GaN substrates
supports our hypothesis that two main growth steps may
occur in the synthetic process. First, some selective growth
sites for ZnO nanorods growth were present on the GaN
epilayer. In our experiment, GaN film was decomposed by
flowing pure H2 at 1050°C for 5 min resulting in some
hexagonal pits and many small dislocations, as shown in
Fig. 4(b). Secondly, ZnO nanorods grow from these
growth sites and then formed the hexagonal patterns or
scattered nanorods. In this stage, the ZnO nanorods grow
via edge effect and a dislocation-driven mechanism [25].
On one side, H2-etched hexagonal pattern provided some
selective growth sites for ZnO nanorods, especially the
edge of hexagonal pattern. These edges were prone for
ZnO nanorod growth because of low energy and shape
variation. So it is mainly edge effect controlling the ZnO
nanorods growth assembled the hexagonal pattern (shown
in Fig. 4(c)). On the other hand, small dislocations were
another growth sites for ZnO nanorods growth which are
distributed perpendicular to the GaN epilayer surface but
no with regular distribution, as shown in Figs. 1(d) and
1(e). It is similar to the result which has been reported by
Morin and Jin [25]. It is apparent that every ZnO nanorod
grown originates from a dislocation etch pit. We speculate
this is where the dislocation etch pits were “filled in”
during the initial stages of nanorod growth. With reaction
time increasing, ZnO nanorods gradually grow to become
long and thick on the initial sites. Due to close lattice
matching between ZnO and GaN, heterogeneous nuclea-
tion has lower activation energy barrier than homogeneous
nucleation. It is also known that different faces of ZnO
crystal exhibit disproportionate growth rates. The (0001)
face of ZnO grows much faster compared to other faces
[26,27]. Therefore, upon nucleation, ZnO grows along the
[0001] direction faster than other directions resulting in the
nanorod morphology and ZnO nanorod are distributed
perpendicular to the surface of GaN epilayer. The

Fig. 2 (a) XRD pattern of ZnO nanorod arrays on the H2-
decomposed GaN epilayer; (b) HRTEM image of a single ZnO
nanorod confirming growth along the [0001] direction, inset is a
low-resolution bright-field TEM image of the corresponding single
ZnO nanorod where the area of analysis is indicated by the black
circle
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Fig. 3 Patterned ZnO nanorod arrays on H2-decomposed GaN epilayer growing at different solution concentrations, growth times and
reaction temperatures. (A1, A2) 0.002 and 0.01 mol/L, 105°C for 2 h; (B1, B2) 4 and 7 h, 0.05 mol/L for 105°C; (C1, C2) 125 and 160°C,
0.05 mol/L for 4 h; (D1, D2) SEM images of ZnO nanorod growing on GaN epilayer without decomposition
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schematic of fabrication of patterned ZnO nanorod arrays
pattern on H2-decomposed GaN epilayer was shown in
Fig. 4(a).
By altering experimental conditions, the results reveal

that the concentration of ZNH/HMT and growth time play
important roles in controlling the density of the ZnO
nanorods. A relation to the density of the initial seeding
was found that at the edge of hexagonal pattern the
nanorods grow much more vertically aligned than those
growing at small dislocation etch pits. By the adjustment of
the growth time the nanorods incorporate one or more
thick rods, it is interrelated to dense growth sites formation
at the edge of hexagonal pattern. So the larger the relative
amount of zinc nitrate and the longer growth time, the
denser is the initial seeding and final nanorods. While by
the adjustment of the growth temperature, there are some
broken nanorods assembled the hexagonal pattern and
some nanotubes are also present. It is probable that a high
reaction temperature is a disadvantage for the nanorods
growth. Especially, when reaction temperature increases to
160°C, there are no nanorods formed, only leave a H2-

decomposed GaN hexagonal pattern. It is possible that
reaction temperature is too high to nucleate on the GaN
epilayer.
As a potential photonic material, it is important to

evaluate the optical properties of ZnO nanorods. Photo-
luminescence (PL) measurement was performed on the
ZnO nanorod/GaN epilayer, since it was an effective
method for investigating the presence of defects. The PL
spectrum measured at room temperature from the as-grown
ZnO nanorod arrays is shown in Fig. 5(a). It shows a strong
UV emission centered at 383 nm and a weak and broad
green emission centered at 518 nm. The UV emission is
usually considered as the characteristic emission of ZnO,
and the UVemission peak usually originates from the near
band-edge emission from the recombination of free
excitons [28]. Generally speaking, the green emission
centered at 518 nm is attributed to the singly ionized
oxygen vacancy in ZnO and the emission results from the
radiative recombination of a photon-generated hole with an
electron occupying the oxygen vacancy [29,30]. However,
Zeng et al. deliberated that the violet and blue emissions

Table 1 Experimental conditions of ZnO nanorod growing at different solution concentration, growth time and reaction temperature

samples concentration/(mol∙L–1) growth time/h temperature/°C

A1

A2

B1

B2

C1

C2

0.002
0.01
0.05
0.05
0.05
0.05

2
2
4
7
4
4

105
105
105
105
125
160

Fig. 4 (a) Schematic of fabrication of patterned ZnO nanorod arrays pattern on H2-decomposed GaN epilayer; (b) SEM image of a
hexagonal pattern has been obtained by H2 decomposed; (c) SEM image of ZnO nanorod arrays grown at the edge of the hexagonal
pattern
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are attributed to the transitions from Zni and extended Zni
states to the valance band, respectively [31]. In our work,
the intensity ratio of the UV emission and the visible
emission of the ZnO products with the reaction time of 2 h
is 4.93, indicating that the visible emission is not negligible
compared with the relatively intense UV emission.
According to the Zeng’s report, we think the UV emission
complies with their excitation modes. For the violet
emission, if the electrons are excited up to a sub-band of
the conduction band, they can first relax to Zni state
through a nonradiative transition, and then transit to the
valance band. So the excitation mode, with Eg£Eex, is
effective for violet emissions. Blue emissions can be
attributed to the transition from extended Zni states, which
are slightly below the simple Zni state, to the valance band.
And the PL spectra of other samples were measured, too.

From Fig. 5(b), the samples of A1, B1, C1 and D1 were
displayed. In these samples, the sample D1 is ZnO nanorod
growing on GaN epilayer without decomposition. Its PL
spectrum shows that the intensity of UV emission is lower
than that of the green emission. So it implies that the
crystal of ZnO nanorod is poor. And the PL spectra of other
samples show the crystal of ZnO nanorod becomes poor
when decreasing concentration or rising temperature. In
these spectra of the samples, the PL spectrum of B1 sample
is similar with that of the patterned ZnO nanorod arrays
suggesting the crystal of ZnO nanorods in between two
samples is akin. To the PL spectrum of A1, there is a small
peak centered at 419 nm. According to the mechanism of
Zeng’s report, two excitation modes, with Eg£Eex and
EZni£Eex<Eg, are effective for violet emissions. So the
blue emissions of these samples can be attributed to the
transition from extended Zni states, which are slightly
below the simple Zni state, to the valance band. For the D1

sample possessing out-of-order ZnO nanorods, because of
the fewer amount ZnO nanorods, so the intensities of the

UV emission and blue emissions could be relatively
weaker. For the special optical properties of the patterned
ZnO nanorod arrays because of highly oriented, dimension
adjustable, they are highly desirable for the realization of
advanced photonic optical devices.

4 Conclusions

In summary, we have developed an effective approach to
the selective-growth of vertically aligned ZnO nanorod
arrays assembled hexagonal patterns on the H2-
decomposed GaN epilayer via a hydrothermal route.
Taking advantage of the edge of hexagonal pattern pits,
the nanorods of ZnO can be easily grown from the edges
assembled a hexagonal pattern. At the same time, the
nanorods were also grown from the dislocation etch pits
which had been obtained by H2-decomposed on the GaN
epilayer. These dislocations etch pits or the edges of
hexagonal patterns offered selective growth sites for ZnO
nanorods. The density and dimension of the ZnO nanorods
can be tuned by solution concentration, growth time and
reaction temperature. The ordered ZnO nanorods with
perfect alignment are epitaxially grown along [0001]
direction. The properties of these ZnO nanorods promise
their potential applications in advanced photonic optical
devices.
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