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a b s t r a c t

We studied the formation of GaN nanorods on AlN-covered Si(1 1 1) by the hydride vapor phase epitaxy
method. The most well-formed GaN nanorods were obtained at an HCl:NH3 gas flow ratio of 1:40 and
a growth temperature of 650 ◦C. A high density of straight nanorods with diameters of about 350 nm
formed uniformly over the entire substrate. The synthesis and structural properties of the nanorods
were investigated by X-ray diffraction (XRD), scanning electron microscopy, and energy-dispersive X-
ray spectroscopy (EDS). The obtained XRD patterns indicate that the GaN nanorods are preferentially
oriented, with c-axes perpendicular to the substrate. EDS measurements of the nanorods indicate that
1.10.bk
1.05.Ys
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they are composed of Ga and N with a ratio of 1.00:0.99.
© 2009 Elsevier B.V. All rights reserved.
VPE
anostructure

. Introduction

GaN, which has a wide and large direct band gap, is one of
he most suitable materials for use in light-emitting diodes and
igh-temperature and high-power electronic devices [1]. With
he recent surge in interest in nanotechnology, many studies
ave sought to synthesize one-dimensional nanostructures such
s nanobelts, nanorings, nanowires, and nanorods [2–5]. Inves-
igations into one-dimensional structure at the nanometer scale
ave the potential to enhance our understanding of the funda-
ental concepts that underlie the observed electronic, optical,

nd mechanical properties of materials. One-dimensional nanos-
ructures have been synthesized by various techniques, including
ydride vapor phase epitaxy (HVPE) [6], metal organic chemical
apor deposition (MOCVD) [7], molecular beam epitaxy (MBE) [8],
n arc discharge method [9], catalytic growth based on the VLS
vapor–liquid–solid) mechanism [10], the sublimation of GaN pow-
er under ammonia atmosphere [11], and the reaction between

a2O3 films and ammonia [12]. Among these, lots of studies have
een progressed by MOCVD and MBE. However the studies of
anostructures by HVPE have been just performed by few groups
13–15]. It is valuable to enhance the HVPE technique because of

∗ Corresponding author. Tel.: +82 51 410 4448; fax: +82 51 404 3986.
E-mail address: snyi@hhu.ac.kr (S.N. Yi).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.02.078
its promising advantages of higher growth rate and lower cost than
MOCVD or MBE.

There are many variables in the formation of nanorods, includ-
ing the choice of buffer layer and substrate, growth temperature,
HCl:NH3 flow ratio, and the amount and flow rate of carrier gas.
Among these factors, the diameter and morphology of nanorods
are strongly dependent on growth temperature, HCl:NH3 flow ratio,
and carrier gas. Thus, in the present experiment, we investigated
the effects of growth temperature and HCl:NH3 flow ratio on the
formation of GaN nanorods. To study the growth mechanism of
the nanorods, we analyzed their synthesis and structural proper-
ties by X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), and energy-dispersive X-ray spectroscopy
(EDS).

2. Experiment

GaN nanorods were grown on Si(1 1 1) substrates with an AlN buffer layer using
an atmospheric horizontal hydride vapor phase epitaxy (HVPE) system. Metallic
gallium (Ga), ammonia (NH3), and hydrogen chloride (HCl) were used as source
materials, and N2 gas was used as a carrier gas.

Si(1 1 1) substrates were etched using a buffered oxide etch (BOE; NH4F:HF = 6:1)

solution to remove the natural silicon oxide layer on the surface. They were then
cleaned in an ultrasonic bath with a solution of acetone and methanol. AlN buffer
layers were deposited on the substrates by RF sputtering for 25 min (∼50 nm).
The pressure in the sputtering chamber was 5 × 10−3 Torr, and the plasma power
was 200 W. The argon (Ar) gas flow ratio was 50 sccm. We divided the furnace
into source, reactor, and growth regions based on their contrasting temperatures.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:snyi@hhu.ac.kr
dx.doi.org/10.1016/j.jallcom.2009.02.078
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Fig. 1. FE-SEM images and XRD patterns of GaN nanostructures grown at tempera-
tures of (a) 600 ◦C, (b) 650 ◦C, and (c) 700 ◦C.

Table 1
Gas flow rates employed in the different experiments.

(a) (b) (b*) (c) (d)

HCl 29 sccm 29 sccm 29 sccm 29 sccm 29 sccm

Fig. 2. FE-SEM images of GaN nanorods grown at HCl:NH3 flow ratios of (
NH3 725 sccm 870 sccm 1015 sccm 1160 sccm 1305 sccm
Ratio 1:25 1:30 1:35 1:40 1:45

Sample b* is that shown in Fig. 1(b).

GaCl vapor species were formed by reacting HCl with liquid gallium in the source
region at 850 ◦C. GaN species were made by reacting GaCl with NH3 in the reac-
tion region at 1050 ◦C; the samples were grown for 2 h. The HCl:NH3 flow ratio was
controlled to between 1:25 and 1:45, and growth temperature was maintained at
600–700 ◦C.

3. Results and discussion

Fig. 1 shows the samples grown at 600, 650, and 700 ◦C with an
HCl:NH3 flow ratio of 1:35. FE-SEM images of GaN nanostructures
show a tip shape at 600 ◦C and a grain shape at 700 ◦C, as shown in
Fig. 1(a) and (c), respectively. The sample shown in Fig. 1(b), which
grew at 650 ◦C, has a rod-like shape. All samples show (0 0 0 2)
and (0 0 0 4) peaks of wurtzite GaN in XRD patterns. For both
tip-shaped and rod-shaped samples, we also observe additional
peaks of (1 0 1̄ 1), (1 0 1̄ 2), and (1 0 1̄ 3), considered to correspond
to inclined facets. FE-SEM images confirm that all samples grown
at 600 and 700 ◦C are tip- or grain-shaped, as shown in Fig. 1(a)
and (c), regardless of the gas flow ratio. Herein, we focus on the
synthesis of the rod-shaped GaN nanostructures.

Fig. 2 shows FE-SEM images of GaN nanorods grown at 650 ◦C
with HCl:NH3 flow ratios of 1:25, 1:30, 1:40, and 1:45. Details of the
gas flow ratio are summarized in Table 1. All of the prepared sam-
ples are rod-shaped crystals with hexagonal structure. The samples
grown at a low NH3 flux ratio have the structure of hexagonal
inverted pyramids with (1 0 1̄ 1) facets. The development of rod-

shaped crystallinity occurred by adsorption of GaN into the inverted
pyramid hollow after hexagonal wall formation in regular sequence
with increasing NH3 amount. The smallest diameter of the nanorods
is about 350 nm, as obtained with a 1:40 flow ratio.

a) 1:25, (b) 1:30, (c) 1:40, and (d) 1:45 on an AlN/Si(1 1 1) substrate.
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5, (b) 1:30, (c) 1:35, (d) 1:40, and (e) a representation of (0 0 0 1) and (1 0 1̄ 1) planes.

u
a
H

t
t
a
r
a
m
N
[
i
G
o
s
a
g
w
e
g
〈
d
t
f
t
r

a
d
a

F

Fig. 3. Schematic development of GaN nanorods for HCl:NH3 flow ratio of (a) 1:2

Fig. 3 shows the schematic development of GaN nanorods in reg-
lar sequence of gas flow. The hollow hexagonal structure is infilled
nd gradually attains a complete nanorod shape with increasing
Cl:NH3 flow ratio.

We now consider the driving force for the evolution of the ini-
ial nanorod shape with hexagonal inverted pyramid structure to
he complete nanorod. Previous studies report that the growth rate
nd direction of GaN nanostructures are affected by the gas flow
atio, differences in surface energy between each planes, and the
nisotropic and polar nature of GaN itself [16–20]. The theoretical
odels for the GaN surface roughening transition state that under
-rich conditions, areas of the surface are covered with excess N

21]. In our experiments, the ratio of NH3 flux played a crucial role
n determining the shape of GaN nanorods. During the growth of
aN nanorods, the dissociated ammonia increase with the increase
f NH3 under high temperature, and then N be transported to the
urface of substrate by carrier gas. When the dissociated ammonia
rrives at these areas, we suggest that N atoms will be cause to the
rowth occurring through the more reactive polar (0 0 0 1) planes,
hich is due to the enclosure of the planes with the lowest surface

nergy [17,18,22]. Consequently the hexagonal inverted pyramid
rowth with {1 0 1̄ 1} facet planes occurs at an early stage and then
0 0 0 1〉 direction develops by increasing N flow ratio. Therefore, the
ependence of kinetics on the growth conditions and minimiza-
ion of surface energy during crystallization is possibly responsible
or the formation of GaN nanorods with a high aspect ratio. Fur-
her investigation is needed to determine the exact nature of the

elevant reaction.

Fig. 4 shows the mean diameters of the obtained GaN nanorods
s a function of HCl:NH3 flow ratio. The mean diameter initially
eclined with increasing gas flow ratio, but increased after reaching
minimum diameter of 350 nm at a gas flow ratio of 1:40.

ig. 4. Mean diameters of GaN nanorods grown at different HCl:NH3 flow ratios.
Fig. 5. EDS spectrum for the obtained GaN nanorods grown with an HCl:NH3 gas
flow ratio of 1:40.

The components of Ga and N in the sample shown in Fig. 2(c)
were further analyzed using EDS. Fig. 5 reveals the presence of Ga
and N with an approximate atomic ratio of 1.00:0.99 [23,24].

Fig. 6 shows the XRD patterns obtained for the sample shown in
Fig. 2(c). The dominant diffraction peaks are 34.6◦ and 72.9◦, cor-
responding to the GaN(0 0 0 2) and GaN(0 0 0 4) facets, respectively.
Generally, well-grown GaN films show strong �–2� scan peaks that
are attributed to GaN (0 0 0 2) and GaN (0 0 0 4), and these indicate
that the films are single crystal because GaN grows only in the c-
axis orientation [25]. Thus our result also indicates that the formed
GaN nanorods are grown with a highly preferred orientation in the
c-axes direction [26]. We note that the GaN nanorods have been
purely grown on silicon substrate by HVPE method, while the other

result of GaN nanorods grown using another mechanism reveals
additional diffracted peaks [8].

Fig. 6. XRD pattern for GaN nanorods grown with an HCl:NH3 gas flow ratio of 1:40.
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. Conclusions

In summary, we formed GaN nanostructures under different
emperatures and HCl:NH3 flow ratios by the HVPE method. The

orphologies of the samples show tip shapes, rod-like shapes,
nd grain shapes at growth temperatures of 600, 650, and 700 ◦C,
espectively, with an HCl:NH3 gas flow ratio of 1:35. The most
ell-formed nanorod crystals grew under an HCl:NH3 flow ratio

f 1:40 at 650 ◦C. The structural properties of the nanorods were
haracterized by FE-SEM, XRD, and EDS. A high density of straight
anorods with a diameter of about 350 nm formed uniformly over
he entire substrate. The XRD results indicate that the formed GaN
anorods are preferentially oriented, with the c-axes perpendicular
o the substrate, and are predominantly single crystalline hexagonal
urtzite GaN.
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