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Abstract

Bulk-quantity GaN nanowires of wurtzite hexagonal structure were synthesized by using hot-filament chemical

vapor deposition. GaN nanowires showed two distinctive temperature-dependent growth directions. At a substrate

temperature of 900–950 �C, the growth direction of GaN nanowires was perpendicular to the f10�111g plane, while at
800–900 �C, the growth direction was perpendicular to {0 0 0 2}plane. The two directions are different from the h10�110i
direction, which is common for GaN nanowires grown to date. The difference in growth direction may be due to

different growth mechanisms. In this study, the nanowires grew via a vapor–solid mechanism instead of the VLS growth

mechanism. � 2002 Elsevier Science B.V. All rights reserved.

GaN-based III–V nitrides are attractive mate-
rials for the fabrication of optoelectronic compo-
nents in the short wavelengths from blue to
ultraviolet. In recent years, it has become possible
to grow single crystal films of GaN on various
substrates by metal–organic chemical vapor depo-
sition (MOCVD) [1] and molecular beam epitaxy
(MBE) technique [2]. Although nanostructured
GaN materials such as zero-dimensional (0D)
quantum dots [3,4] and two-dimensional (2D)
quantum well structures [5,6] have been studied for
several years, investigations of one-dimensional
(1D) GaN nanowires are limited due to difficulties
associated with their synthesis. GaN nanowires

were first achieved through a carbon nanotube-
confined reaction [7]. Since then, several other
methods have been reported to synthesize GaN
nanowires [8–10]. All these methods required na-
nometer-sized metal catalysts such as Fe [8] or In
[10] or nano-confined substrates such as carbon
nanotube [7] or anodic alumina membrane [9] to
control the diameter of the nanowires. All GaN
nanowires reported to date has growth direction
along h10�110i of hexagonal wurtzite structure.
Recently, we reported that, without any of these
nanometer-sized confinement effects, high-quality
single crystalline GaN nanowires can be synthe-
sized by using a hot filament chemical vapor de-
position (CVD) method [11]. In the present Letter,
we show that the substrate temperature can be
used to control the growth orientation of GaN
nanowires. It is well known that the lattice orien-
tation in a wire can provide a tuning parameter,
unavailable in quantum dots, to adjust materials
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properties to suit particular applications as well as
to provide an opportunity to test fundamental
quantum mechanical concepts [12]. To the best of
our knowledge, this Letter gives the first report
of achieving tunable crystallographic orientation
of GaN nanowires.
The hot filament CVD set-up was described

before [11]. Three straight tungsten wires of 0.75
mm diameter were used as the hot filaments in the
CVD chamber. The solid source mounted above
the hot filaments was a mixture of Ga2O3 and C
powders (molecular ratio 1:1) and was made un-
der a hydraulic press (3:2� 108 Pa) at room
temperature for 48 h. The substrate placed below
the filament was a graphite plate, which had been
ultrasonically cleaned in acetone, ethanol and
deionized water for 10 min each before loading
into the chamber. Through adjusting the distance
between the substrate and the filament, we can
control the substrate temperature during reaction
(measured by a thermocouple in contact with the
backside of the substrate). Ultra-high-purity NH3

(flow rate: 100 sccm) was introduced into the
CVD chamber at a total pressure of 200 Torr. The
reaction time was about 1 h. The wool-like
product on the graphite substrate was examined
by a scanning electron microscope (SEM, Philips
XL 30 FEG). Some samples were directly moun-
ted on Cu folding grids and studied with a Philips
CM20 TEM at 200 kV. The HRTEM study
was carried out on a Philips CM200 FEG TEM at
200 kV.
After reaction, we found that the wool-like

products on the substrate appeared in two distin-
guished colors. As schematically shown in Fig. 1a,
the central round part of the substrate (about 900–
950 �C) was dark gray, while the surrounding edge
part (about 800–900 �C) was light yellow. The
boundary between these two regions was quite
sharp. Typical SEM images of the products in the
central part (referred to as sample A thereafter)
and the edge part (referred to as sample B there-
after) are shown in Figs. 1b,c, respectively. Clearly,
both samples A and B contained bulk quantity of
nanowires, but their morphologies appeared quite
different. Nanowires in sample A were very
straight and smooth with diameters less than 15
nm, while nanowires in sample B were rough and

exhibited a periodic zigzag structure with an av-
erage diameter of 30 nm. The nanowires in both
samples had lengths greater than several microm-
eters. The energy dispersive X-ray spectroscopy
(EDX) analyses indicated that both types of
nanowires mainly consisted of Ga, N and O. The
molecular ratio of Ga/N calculated from EDX
data was close to 1:1, and the O content was very
low.

Fig. 1. Schematic diagram showing the distribution of GaN

nanowires on the graphite substrate: sample A was in the cen-

tral part and sample B in the edge part. (b, c) SEM images

showing the typical morphologies of samples A and B, re-

spectively.
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To determine the crystal structure of the prod-
ucts, electron diffraction patterns were taken from
a statistical number of the nanowires. Both sam-
ples of nanowires (in A and B areas) produced the
same electron diffraction pattern as shown in
Fig. 2a. The clear diffraction rings can be indexed
very well according to the hexagonal wurtzite
structure with lattice constants of a ¼ 0:319 nm
and c ¼ 0:518 nm, which agree well with the re-
ported values of GaN bulk crystals [13]. Using the
small size and the high brightness of the electron
beam available from the FEG TEM, the electron
energy loss spectroscopy (EELS) of individual
nanowires has been studied. A typical result is

shown in Fig. 2b, which reveals clearly that the
single nanowire contained only Ga, N and O. The
percentage of oxygen is very small which suppos-
edly comes from the oxide outer layer wrapping
the crystalline GaN nanowire cores.
Although the crystalline structure and the

chemical composition for both samples of nano-
wires are the same, their growth directions are
totally different. Detailed TEM observations indi-
cated that sample A exclusively possessed f10�111g
growth direction, while sample B exclusively
{0 0 0 2} growth direction. Figs. 3a and 4a show
typical bright-field TEM images of samples A and
B, respectively. One can see their morphology
differs much more clearly compared to their SEM
images. GaN nanowires of sample A are usually
more straight and possess smaller diameters than
those of sample B. Selected area electron diffrac-
tion patterns taken from single nanowires of
sample A and B were shown in Figs. 3b and 4b,
respectively. They confirm the single crystalline
nature of the nanowires. The patterns can be in-
dexed to the reflection of wurtzite GaN h�22113i
(Fig. 3b) and GaN h�22110i (Fig. 4b). By compar-
ing the diffraction patterns to the corresponding
bright-field TEM image, we found that the growth
axis of sample A and B are perpendicular to the
f10�111g and {0 0 0 2} plane of the wurtzite GaN
structure, respectively, i.e., the nanowires are ori-
ented along the h1; �11; 0; 3a2

2c2i (a and c are the lattice
parameters of hexagonal wurtzite GaN structure)
or h0002i directions, respectively. High-resolution
TEM images for both nanowires are shown in
Figs. 3c and 4c, respectively. GaN nanowires of
sample A (Fig. 3c) have very uniform crystalline
cores around 7 nm in diameter and quite thin
oxide outer layer. The fringes with the spacing of
0.243 nm are parallel to the edge of the nanowire.
This is consistent with the h1; �11; 0; 3a2

2c2i growth di-
rection. As for the HRTEM image of sample B
(Fig. 4c), we can see that GaN nanowires have an
irregular diameter ranging from 7 to 12 nm, which
show a zigzag morphology on much finer scales.
The {0 0 0 2} plane with spacing of 0.259 nm can
be seen clearly perpendicular to its growth direc-
tion.
All GaN nanowires reported previously has

growth direction along h10�110i of hexagonal

a

b

Fig. 2. (a) The electron diffraction pattern taken from sample

A. (b) Electron energy loss spectrum (EELS) of a single GaN

nanowire.
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wurtzite structure, which is different from the two
growth directions we discussed above. It is inter-
esting to make some comparison between these
three directions. It is well known that wurtzite
GaN structure has three close packed planes as

f10�110g, {0 0 0 2} and f10�111g, which are exactly
the planes perpendicular to these three growth
directions. The corresponding planar distances for

Fig. 4. (a) Typical bight-field TEM image of sample B; (b) the

h�22110i single crystal electron diffraction pattern of sample B;
(c) high-resolution TEM image of sample B.

Fig. 3. (a) Typical bright-field TEM image of sample A; (b) the

h�22113i single crystal electron diffraction pattern of sample A;
(c) high-resolution TEM image of sample A.
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these three planes are 0.276, 0.259 and 0.243 nm,
respectively. Considering the atomic arrangement
within each plane, we find that the f10�110g plane
has both Ga and N atoms in one plane, while both
{0 0 0 2} and f10�111g planes consist of either pure
Ga or N atoms. In the latter two cases, GaN can
be constructed with alternate layers of gallium and
nitrogen. Since GaN nanowires grown in h10�110i
direction were usually synthesized by the metal-
catalyzed vapor–liquid–solid (VLS) method, the
liquid–solid interface between the supersaturated
metal droplet and the crystallized GaN nanowires
should be somewhat closer to the thermal equi-
librium condition, thus favoring the closest packed
plane, i.e. f10�110g, to be crystallized. However, in
the present case, no metal-containing tips have
been observed for either type of GaN nanowires,
which suggests a vapor–solid growth mechanism
rather than the conventional VLS growth mecha-
nism. Under the vapor–solid reaction condition,
GaN nanowires tend to form on the second or
third closest packed planes, i.e. {0 0 0 2} or f10�111g
planes, since the reaction is far away from ther-
modynamic equilibrium conditions.
The temperature effect on the growth orienta-

tion of GaN nanowires may be understood as
follows. As revealed by TEM, sample A is typi-
cally wrapped by f10�112g and f11�220g planes,
which are almost perpendicular to the growth
plane of f10�111g, leading to a relatively uniform
diameter of the as-grown nanowires. On the other
hand, the wrapping planes of sample B are com-
monly f10�111g, which forms an angle of 62� with
the growth direction of h0002i, resulting in the
zigzag morphology as shown in Fig. 4a. Both the
growth plane and the wrapping plane of sample B
are close-packed, while only the growth plane of
sample A is close-packed. The phenomenon sug-
gests that lower substrate temperature tends to
favor the growth of GaN nanowires with lower
surface energies, which is consistent with the ob-
servation that sample B with lower surface energy
was formed at lower substrate temperature.
In summary, bulk-quantity GaN nanowires

with wurtzite hexagonal structure have been syn-
thesized by using a hot-filament CVD method.

GaN nanowires has two distinctive temperature-
dependent growth directions. At a substrate tem-
perature of 900–950 �C, the GaN nanowires has a
uniform growth direction perpendicular to the
f10�111g plane. At a substrate temperature of 800–
900 �C, the GaN nanowires adopts a growth di-
rection perpendicular to {0 0 0 2} plane. These two
directions are different from the h10�110i direction,
which has been frequently reported for GaN
nanowires growth to date. The difference in
growth direction may be due to different growth
mechanisms. In the present study, the nanowires
are grown via a vapor–solid mechanism instead of
the conventional metal-catalyzed VLS growth
mechanism.

Acknowledgements

This work has been supported by the Research
Grants Council of Hong Kong SAR (projects no.
CityU 1063/01P and CityU 3/01C).

References

[1] T. Sasaki, S. Zembutsu, J. Appl. Phys. 61 (1987) 2533.

[2] M.J. Paisley, Z. Sitar, J.B. Posthill, R.F. Davis, J. Vac. Sci.

Technol. 7 (1989) 701.

[3] Y. Xie, Y. Qian, W. Wang, S. Zhang, Y. Zhang, Science

272 (1996) 1926.

[4] P. Ramvall, S. Tanaka, S. Nomura, P. Riblet, Y. Aoyagi,

Appl. Phys. Lett. 73 (1998) 1104.

[5] R.F. Xiao, H.B. Liao, N. Cue, X.W. Sun, H.S. Kwok, J.

Appl. Phys. 80 (1996) 4226.

[6] C.A. Ran, A. Osinski, R.F. Karlicek, I. Berishev, Appl.

Phys. Lett. 75 (1999) 1494.

[7] W.Q. Han, S.S. Fan, Q.Q. Li, Y.D. Hu, Science 277 (1997)

1287.

[8] X.F. Duan, C.M. Lieber, J. Am. Chem. Soc. 122 (2000)

188.

[9] G.S. Cheng, L.D. Zhang, Y. Zhu, G.T. Fei, L. Li, C.M.

Mo, Y.Q. Mao, Appl. Phys. Lett. 75 (1999) 2455.

[10] C.C. Chen, C.C. Yeh, Adv. Mater. 12 (2000) 738.

[11] H.Y. Peng, Z.W. Pan, L. Xu, X.H. Fan, N. Wang, C.S.

Lee, S.T. Lee, Chem. Phys. Lett. 327 (2000) 263.

[12] J.D. Holmes, K.P. Johnston, R.C. Doty, B.A. Korgel,

Science 287 (2000) 1471.

[13] O. Lagerstedt, B. Monemar, Phys. Rev. B 19 (1979)

3064.

H.Y. Peng et al. / Chemical Physics Letters 359 (2002) 241–245 245


	Control of growth orientation of GaN nanowires
	Acknowledgements
	References


