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ABSTRACT
Vertically oriented nanowires (NWs) of single-crystalline wurtzite GaN have been fabricated on a -LiAlO2 
(100) substrate coated with a Au layer, via a chemical vapor deposition process at 1000 °C using gallium and 
ammonia as source materials. The GaN NWs grow along the nonpolar [10 ] direction with steeply tapering 
tips, and have triangular cross-sections with widths of 50 100 nm and lengths of up to several microns. The 
GaN NWs are formed by a vapor liquid solid growth mechanism and the tapering tips are attributed to the 
temperature decrease in the final stage of the synthesis process. The aligned GaN NWs show blue-yellow 
emission originating from defect levels, residual impurities or surface states of the GaN NWs, and have 
potential applications in nanotechnology.
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Introduction 

One-dimensional single-crystalline semiconductor 
nanostructures are emerging as versatile nanoscale 
building blocks for future nanotechnologies [1
3]. GaN, a robust wide bandgap semiconductor, 
is an attractive candidate for use in high power 
optoelectronic devices due to its high melting point, 
high carrier mobility, and high electronic breakdown 
field [4]. Single-crystalline GaN nanowires (NWs) 
have shown promise in photonic and biological 
nanodevices,  such as low power field-effect 
transistors (FET) [5], ultraviolet nanolasers [6, 7], and 
light-emitting diodes [8]. Moreover, well-aligned 

NWs have attracted great interest because they can 
be incorporated into devices and the individual NWs 
can be readily probed [9]. Hence, well-aligned GaN 
NWs have been the focus of extensive research [10
14]. Various methods have been developed for the 

synthesis of aligned GaN NWs, such as template-
assisted synthesis [10], metal-organic chemical 
vapor deposition [11 13], and hydride vapor phase 
epitaxy [14]. However, all these synthetic schemes 
are either complicated or have high cost. According 
to Kuykendall et al. [12], specific substrate-based 
catalytic growth is feasible for NW arrays where there 
is symmetry and lattice constant match between the 
substrate and the GaN NWs. As the lattice mismatch 
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between -LiAlO2 and GaN is relatively small (~1.4%) 
for the epitaxial relationship (100)LiAlO2

/ / (100)GaN, we 
chose single-crystal -LiAlO2 (100) as the substrate 
for the growth of GaN NWs. We utilized chemical 
vapor deposition (CVD) to synthesize large-scale 
vertically oriented single-crystal GaN NWs with 
extremely tapering tips on a -LiAlO2 (100) substrate 
coated with a layer of Au as catalyst. As the current 
and threshold voltage of NW-based FET devices are 
greatly influenced by the morphology of the NW 
apexes, the presence of sharp apexes in these NWs 
enlarges the electron tunneling probability, which is 
known to favor the fi eld emission properties [15 20]. 
As it has been reported that well-aligned ZnO NWs 
with tiny tips can be used in a nanoscale negative 
ion generator [21], GaN NWs with such extremely 
tapering tips might also be introduced into this kind 
of negative ion generator. 

Photoluminescence (PL) spectroscopy of the 
aligned GaN NWs shows blue yellow emission 
originating from defect levels, residual impurities 
or surface states. These aligned GaN NWs with 
their tapering tips have potential applications in 
nanotechnology.

 

1. Experimental

Vertically aligned GaN NWs were synthesized 
on a -LiAlO2 (100) substrate by a CVD process. 
A layer of Au catalyst (5 nm thick) was thermally 
evaporated onto a single-crystal -LiAlO2 (100) 
substrate. Metallic Ga and ammonia were used as 
Ga and N precursors, respectively. As shown in Fig. 
1, metal Ga was positioned in a quartz tube furnace, 
with the single-crystal -LiAlO2 (100) substrate 
located about 5 mm above. The tube furnace 
was evacuated and flushed with NH3, and then 
ramped at 40 °C / min to the growth temperature 
(1000 °C) in a flowing NH3 atmosphere (25 28 
sccm, standard cubic centimeters per minute). The 
furnace was kept at the growth temperature for 15 
min before being cooled down. For comparison, 
a similar experimental procedure was performed 
to grow GaN NWs on a Si (100) substrate. The 
morphology, composition, and structure of the 
as-synthesized products were characterized by 

Figure 1 Apparatus for the synthesis of GaN NWs on a -LiAlO2 (100) 
substrate

scanning electron microscopy (SEM, Sirion 200), 
transmission electron microscopy (TEM), and high-
resolution TEM (JEOL-2010) equipped with an 
energy dispersive X-ray spectroscope (EDS) and 
X-ray diffractometry (XRD, X’Pert Pro MPD). Room 
temperature PL spectra were obtained by using a 
He-Cd laser under excitation of 325 nm.

2. Results and discussion

SEM micrographs (Figs. 2 (a) and 2 (b)) of the 
products grown on the Au-coated -LiAlO2 (100) 
substrate reveal a large quantity of vertically aligned 
NWs with symmetry-matched isosceles cross-
sections. The widths measured along the base of the 
triangles are 50 200 nm, and the lengths of the NWs 
are several microns. From the inset of Fig. 2 (a), it 
can be seen that each NW consists of two parts, the 
bottom body part having a large diameter, and the 
top part having a tapering tip with a spherical gold 
particle on the end, indicating that the GaN NWs 
grow via a vapor liquid solid (VLS) mechanism. 
However, the GaN NWs grown on the Si (100) 
substrate under similar conditions are irregular and 
randomly distributed (Fig. 2 (c)). 

 X-ray diffraction (XRD) patterns of the GaN NWs 
grown on -LiAlO2 and Si substrates are shown in Fig. 
2 (d). All the peaks can be indexed to the hexagonal 
wurtzite structure of GaN with lattice constants of 
a=0.319 nm and c=0.519 nm. No diffraction peaks 
from impurities are found in the samples, implying 
that the products are hexagonal wurtzite GaN with 
high purity. Compared with the peaks of GaN NWs 
grown on the Si substrate, the (100) refl ection peak of 
GaN NWs grown on the -LiAlO2 substrate shows a 
marked increase in intensity, indicating that the GaN 
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NWs on the latter substrate grow preferentially along 
the [10 ] direction. 

Further structural  characterization of the 
NWs was performed by using TEM and high-
resolution TEM (HRTEM). Figure 3 (a) shows an 
HRTEM image taken from the body part of the 
GaN NW (see the upper-left inset) with a width 
about 200 nm and the corresponding selected 
area electron diffraction (SAED) pattern (lower-

（a）

Figure 3  (a) HRTEM image of the body part of the GaN NW grown on the -LiAlO2 substrate, with a TEM image shown in the upper-left inset 
and the corresponding SAED pattern in the the lower-left inset; (b) HRTEM image of a typical tapering tip part of GaN NWs, with the TEM image 
in the upper-left inset showing a Au catalyst droplet on its apex and the lower-left inset the corresponding SAED pattern taken from the tip part; 
(c), (d), (e) typical EDS spectra of the NWs taken from the circled areas marked as follows: (c) body part marked in (a), (d) tip part close to the Au 
catalyst marked in (b), and (e) Au catalyst droplet at the apex marked in (b) 

left inset), revealing its single-crystalline nature. 
From the alignment of the HRTEM image and the 
diffraction pattern, the GaN NW clearly grows 
along the [10 ] direction, by stacking of nonpolar 
[10 ] planes of GaN, consistent with the XRD 
results. The interplanar spacings (d) of the GaN 
NW measured from the HRTEM image are about 
0.275 and 0.515 nm for the [10 ] and (0001) planes, 
respectively. EDS measurements on the body part 
marked with a circle (Fig. 3 (c)) further confirm 
that the composition of the body part contains Ga 
and N with an approximate atomic ratio of 1:1. 
Therefore, the body part of the GaN NWs grown 
on the -LiAlO2 substrates is clearly composed of 
aligned single-crystalline GaN NWs.

A tapering needle-like tip with catalyst particle 
on top is also observed by TEM, as shown in Fig. 3 
(b). This needle-like tip with a diameter about 60 nm 
has a similar structure to the NW body part, with 
the same [10 ] growth direction and d-spacing of 

（b）

（c） （d）

（c） （d） （e）

（a） （b）

Figure 2  (a), (b) Top view SEM images of GaN NWs grown on 
a -LiAlO2 (100) substrate, with magnified views in the insets; (c) 
top view SEM image of disordered GaN NWs grown on a Si (100) 
substrate; (d) XRD patterns of the GaN NWs grown on -LiAlO2 and 
Si substrates, showing the hexagonal wurtzite structure of GaN and a 
preferential [1010] growth direction for the sample on -LiAlO2
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0.281 nm for the (10 ) plane. The single-crystalline 
characteristics of the wurtzite type hexagonal GaN 
can also be distinguished in the inset SAED pattern. 
However, the ratio of Ga and N about 7:1 (Fig. 3 (d)) 
is much higher than that in the body part (about 1:1). 
Figure 3 (e) shows an EDS spectrum recorded on the 
circled area of the darker contrast region in Fig. 3 (b), 
confi rming the presence of the Au droplet on the NW 
tip in the upper-left inset.

The lattice and symmetry matching of GaN NWs 
with isosceles triangle cross-section morphology 
grown on -LiAlO2 has previously been reported 
[11, 12]. As shown in Figs. 4 (a) and 4 (b), the 
lattice constants a=0.517 nm and c=0.628 nm of 
-LiAlO2 closely match the lattice constant c (0.519 

nm) and twice the lattice constant a (0.319 nm) of 
GaN, respectively [12]. Both the oxygen sublattice of 
-LiAlO2 (100) plane and the wurtzite GaN (10 ) 

plane have a matching two-fold symmetry. In fact, 
the well-matched isosceles triangle frames in Figs. 
4(a) and 4(b) correctly predict the orientation of the 
GaN crystal plane at the interface, and show that 
the triangular cross-section is a manifestation of the 
two-fold symmetry along the [10 ] crystallographic 
direction [12]. This symmetry match also determines 
the high degree of alignment of individual GaN NWs 
[9].

A model has been established to describe 
the growth process of the GaN NWs, as shown 
schematically in Fig. 4(c). As confi rmed previously, 

a  A u  c a t a l y z e d  V L S  m e c h a n i s m  i s 
responsible for the GaN NWs growth. 
At high temperature, the Au film breaks 
up into liquid Au nanodroplets on the 
surface of the -LiAlO2 substrate,  as 
demonstrated by the SEM image (inset 
(1) in Fig. 4(c)) (Process ). The vaporized 
Ga atoms or molecules are subsequently 
absorbed by Au nanodroplets [9, 22]. 
The continuous absorption of Ga results 
in supersaturation and nucleation on 
the interface of the Au Ga liquid alloys 
(Process ). Subsequently, the nucleated 
Ga reacts with NH3 with the assistance of 
Au as catalyst, leading to the continuous 
growth of GaN NWs, as described in 
Process . After growth of the GaN NWs 
for 15 min at 1000 °C, the furnace was 
cooled down in the presence of flowing 
ammonia  (Process  ) .  In  th is  case , 
tapering needle-like tips (see the SEM 
image in inset (2) in Fig. 4 (c)) are formed 
in Process  with a plentiful supply of 
ammonia. Based on the large difference 
in Ga / N ratio between the body part (1:1) 
and tip part (7:1), we suggest that the 
decrease in temperature plays a key role 
in the formation of the tapering needle-
like tips. As the temperature decreases 
rapidly from 1000 °C to 600 °C in several 
minutes, the rate of decomposition of 

Figure 4  Schematic model illustrating the GaN NW growth: (a), (b) epitaxial 
relationship for GaN NWs with triangular cross-section grown on the -LiAlO2 (100) 
plane; (c) the growth mechanism for GaN NWs with tapering needle-like tips. The 
inset SEM image (1) shows Au nanodroplets obtained by annealing the Au-coated 
LiAlO2 substrate at 1000 °C in the absence of the Ga precursor, and the top view 
SEM image (2) of the GaN NWs clearly displays the triangular cross-sections

（a） （b）

（c）
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NH3 is significantly reduced while the number of 
Ga atoms dissolved in the catalyst decreases only 
slightly, resulting in much higher Ga / N ratio (7:1) 
in the tip parts. Simultaneously, the decreasing 
temperature inhibits the migration of most of the 
precipitated Ga atoms and restricts their growth to 
the tip apexes. As the temperature drops further, 
Ga evaporation is restricted, which reduces the 
Ga absorption by Au droplets and any further 
separation. Thus, the tapering needle-like tips form 
with a high Ga / N ratio.

A typical room temperature PL spectrum for 
the aligned GaN NWs on the -LiAlO2 substrate, 
illustrated in Fig. 5, shows two broad emission 
peaks at about 390 nm and 532 nm. The weaker blue 
emission peak at 390 nm can be attributed to the 
transition from a shallow donor state to a shallow 
acceptor state involving defect levels or residual 
impurities [22, 23]. The peak at 532 nm corresponds 
to the well-known “yellow” emission band associated 
with the existence of defect or surface states [24, 25]. 
It should be noted that the near band emission of 
GaN cannot be observed, which may result from 
overlap with the broad blue emission peak at 390 
nm. The PL spectrum was measured from the top 
of the NWs where the tapering needle-like tips with 
a Ga /N ratio of 7:1 are exposed to the laser, which 
probably leads to an increased number of defects or 
surface states. 

Figure 5 Room temperature photoluminescence spectrum of the 
GaN NWs grown on the -LiAlO2 substrate

3. Conclusions

As a result of the symmetry match and small lattice 
constant mismatch between(100)LiAlO2

/ / (100)GaN, 
vertically oriented single-crystalline wurtzite GaN 
NWs, with symmetry-matched isosceles cross-
sections and extremely tapering needle-like tips, 
have been synthesized on a Au-coated -LiAlO2 (100) 
substrate in a CVD process via the reaction of Ga and 
ammonia at 1000 °C. The GaN NWs with widths of 
50 100 nm and lengths of several microns grow along 
the non-polar [10 ] direction. The growth of GaN 
NWs follows the VLS mechanism and the formation 
of tapering tips can be attributed to the temperature 
decrease during the final growth period of the 
CVD process. The blue-yellow photoluminescence 
emission from GaN NWs can be ascribed to the 
formation of defects or surface states. The high 
degree of alignment of the GaN NWs together with 
their peculiar morphology may open up applications 
of these materials in future nanodevices. 
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