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ABSTRACT 

We report on the synthesis of gallium oxide nanowires by pulsed laser deposition using a gold catalyst. In the va- 
por-liquid-solid process, gold thickness was the crucial parameter for deciding the morphology of nanowires. In the 
case of 1 nm thick gold, homogeneous nanowire growth was confirmed at temperatures of 700˚C to 850˚C. Transmis- 
sion electron microscopy and selected area electron diffraction measurements showed that the nanowires were poly- 
crystalline. In the cathode luminescence spectra, UV, blue, green and red emission peaks were observed, as reported in 
previous studies. As growth temperature was increased, the relative intensities of blue, green, and red emissions de- 
creased. Thermal annealing treatments were effective in decreasing the blue, green and red emission peaks, suggesting 
that these emission peaks were associated with oxygen vacancies. 
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1. Introduction 

One-dimensional nanostructures, such as nanowires, nano- 
tubes, nanorods, and nanobelts, are attracting much at- 
tention due to not only their novel physical properties but 
also their potential applications as building blocks in 
nanodevices. Recently, several binary metal oxide nano- 
wires such as MgO [1], ZnO [2], In2O3 [3] and SnO2 [4] 
have been successfully synthesized and their electronic 
and optical properties have been reported. In this study, 
we attempted to fabricate nanowires of monoclinic gal- 
lium oxide (β-Ga2O3). β-Ga2O3 is well known as a trans- 
parent semiconductor compound with a wide bandgap of 
4.8 eV and is a promising candidate for novel applica- 
tions in optoelectronic devices such as field effect tran- 
sistors (FET) [5], gas sensors [6], and electrodes trans- 
parent in the UV region [7]. Ga2O3 nanostructures have 
been successfully grown by various techniques such as 
physical evaporation [8], arc discharge [9], thermal che- 
mical vapor deposition [10], and metal organic chemical 
vapor deposition [11]. However, there are very few re- 
ports on the synthesis of Ga2O3 nanostructures by pulsed 
laser deposition (PLD). The feasibility of the PLD tech- 
nique would enable us to integrate a wide variety of 
functionalities such as carrier doping [12] or magnetism 
[13] into nanowires. In this study, we prepared Ga2O3 
nanowires by PLD and investigated their morphology, 
microstructure, and luminescence properties. 

2. Experimental 

Ga2O3 nanowires were grown by the vapor-liquid-solid 
(VLS) process using PLD. As a catalyst for nanowire 
growth, a 0.5 mm × 0.5 mm ultrathin gold layer (1 - 3 nm 
thickness) was deposited on an Al2O3 (0001) substrate by 
rf-magnetron sputtering using a metal mask. Following 
the deposition of the gold layer, PLD was carried out 
with an ArF excimer laser (wavelength 193 nm) at a 
pulse repetition of 10 Hz and laser energy of 60 mJ. A 
sintered β-Ga2O3 (99.99%) pellet was used as a target. 
Ambient oxygen pressure was maintained at 0.1 Pa and 
the substrate temperature was maintained at 700˚C - 
850˚C during nanowire growth. The distance between the 
target and the substrate was 2.0 cm.  

The morphology of the nanowires was characterized 
by field emission electron microscopy (FE-SEM) at an 
accelerating voltage of 10 kV. Atomic force microscopy 
(AFM) was employed to investigate the optimum size of 
gold particles for the catalysis of nanowire growth. 
Transmission electron microscopy (TEM) at 200 keV 
was used to evaluate the diameter and crystallinity of the 
nanowires. For sample preparation, the nanowire covered 
substrate was sonicated in ethanol and the resulting sus- 
pension was dropped onto a carbon-coated microgrid. 
Cathode luminescence (CL) measurements were per- 
formed at an electron beam energy of 5 keV. *Corresponding author. 
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3. Results and Discussion 

Figure 1 shows FE-SEM images of Ga2O3 nanowires 
grown on a 3 nm thick gold catalyst layer at 750˚C. As 
shown in Figure 1(b), a small number of nanowires grew 
on the rough surface (phase 1) where the 3 nm thick gold 
was sputtered. Their diameters were estimated to be 10 - 
20 nm. In contrast, nanowires with smaller aspect ratios 
(length-to-width ratio) (phase 2) also grew, as shown in 
Figure 1(d). The typical diameters for phase 2 were ap- 
proximately 40 nm. Outside the Au-deposited area, na- 
nowires with the lower concentration were found to grow 
as shown in Figure 1(e). At the boundary between phase 
1 and phase 2, relatively long and thin nanowires (phase 
3) grew, as shown in Figure 1(c). AFM images of the 
gold catalyst annealed at the nanowire growth tempera- 
ture (750˚C) indicate the variety in nanowire morphology. 
As shown in Figure 2(a), in the area far from the edge of 
the gold layer, the size of the gold particles was consid- 
erably large (average size of 79 nm) and undesirable for 
a VLS process, resulting in the extremely low density of 
nanowires, as can be seen in Figure 1(b). On the other 
hand, at the edge of gold layer, the gold thickness was 
extremely small, as shown in Figures 2(c) and (d). This 
was mainly due to a slight penetration of gold particles 
under the metal mask during the sputtering process. 
Therefore, gold particles with a smaller size would be 
dispersed near this area due to enhanced diffusion after 
heating the substrate in the PLD process, resulting in the 
growth of thinner nanowires. 
 

 

Figure 1. (a) FE-SEM images of Ga2O3 nanowires grown on 
a 3 nm thick gold catalyst layer. Images (b)-(e) are magni- 
fied images of the areas indicated in image (a). 

 

Figure 2. AFM images of gold particles annealed at 750˚C 
under oxygen pressure of 0.1 Pa before nanowire growth. 
The thickness of deposited gold was 3 nm for (a)-(d) and 1 
nm for (e). Images (a)-(d) were measured at approximately 
150 μm, 190 μm, 210 μm, and 235 μm away from the center 
of gold layer on the substrate in turn, respectively. Image 
(e) shows an area near the center of the gold film. The av-
erage size of gold particles is as follows: (a) 79 nm; (b) 48 
nm; (c) 24 nm; (d) 19 nm; and (e) 18 nm. 
 

Figure 3 shows FE-SEM images of Ga2O3 nanowires 
grown on a 1 nm thick gold catalyst at 700˚C, 750˚C, 
800˚C, and 850˚C. As shown in the insets of Figure 3, 
growth of nanowires with uniform length and width was 
confirmed in the wide area where gold was sputtered. As 
seen in the images, the density of nanowires increased 
with increasing growth temperature. Judging from the 
similar morphologies in Figures 2(d) and (e), it is sup-
posed that nanowires of phase 3 grew in the vicinity of 
the area shown in Figure 2(d). Thus, the thickness of the 
gold catalyst was a crucial parameter responsible for the 
observed Ga2O3 nanowire morphologies. 

In order to investigate the crystal structures of the 
Ga2O3 nanowires, transmission electron microscopy 
(TEM) analysis was performed. The TEM images, selec- 
tive area electron diffraction (SAED), and distribution of 
diameters are shown in Figure 4. As shown in Figure 
4(c), the diameters of nanowires were distributed in the 
range of 6 - 27 nm. The lattice spacing perpendicular to 
the nanowires growth direction was directly estimated 
from TEM images. Lattice spacing varied from 0.56 to 
0.59 nm with an average value of 0.578 nm, which was 
close to the spacing of (001) lattice planes (0.565 nm) of 
monoclinic β-Ga2O3 as reported in the X-ray diffraction 
pattern JCPDS 41-1103 [14]. The SAED pattern showed 
fringes and bright spots (see the inset of Figure 4(a), 
indicating that the nanowires consist of a single crystal- 
line structure at the core and a surrounding polycrystal- 
line structure.  
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Figure 3. FE-SEM images of Ga2O3 nanowires grown on 1 
nm thick gold catalyst at growth temperatures of (a) 700˚C; 
(b) 750˚C; (c) 800˚C; and (d) 850˚C. The inset shows FE- 
SEM images scanned in wide range. 
 

 

Figure 4. (a) TEM image of Ga2O3 nanowires. Inset is 
SAED image; (b) Enlarged TEM image of a single Ga2O3 
nanowire; (c) Diameter distribution as obtained from TEM 
images. 
 

Figure 5 shows the CL spectra of Ga2O3 nanowires 
as-grown at 700˚C - 850˚C. In the spectrum of nanowires 
grown at 850˚C there were four emission bands with 
peaks at 359, 411, 512 and weak—696 nm, which were 
characterized as UV, blue, green, and red emissions, re- 
spectively [15]. Since UV emission peaks are generally 
attributed to an intrinsic recombination of an electron (or 
hole) and a self-trapped hole (or electron) [16], the inten- 
sity of the other CL peaks were normalized to the UV 
emission peak. The CL spectra for all samples were well 
fitted by four Gaussian curves, corresponding to UV, 
blue, green, and red emissions, respectively. As shown in 
Figure 6, the relative intensities of blue, green, and red 
bands were found to decrease with an increasing growth 
temperature. The blue emission was attributed to a re- 
combination of holes at acceptor sites and electrons tun- 
nel-transferred from donor clusters, as suggested by Bi- 
net et al. [17]. Green emission is possibly associated with 
self-trapped or bound excitons [18]; however, its mecha-  

nism has not been clarified yet. Red luminescence was 
first reported in N-doped Ga2O3 nanowires by Song et. al. 
[19]. They explained that the red emission originated 
from the recombination of electrons trapped by donors 
(oxygen vacancies) and holes trapped by acceptor sites. 
In Ga2O3, donor and acceptor sites would be formed by 
oxygen vacancies (VO) and paired gallium and oxygen 
vacancies (VO, VGa), respectively [17]. In this study, it 
was expected that a number of O vacancies and (VO, VGa) 
pairs were included in the nanowires because they were 
synthesized in a nonequilibrium process under a low 
oxygen pressure of 0.1 Pa. In order to investigate the 
contribution to CL by oxygen vacancies, Ga2O3 nan- 
owires were annealed at 600˚C for 1 h in air. Since the 
nanowires were annealed at a lower temperature than 
their growth temperature, there were no significant dif- 
ferences in their morphology after annealing. The CL 
spectra of Ga2O3 nanowires grown at 850˚C, before and 
after annealing are shown in Figure 5. As shown in Fig- 
ure 6, the relative intensities of blue, green, and red 
emissions decreased in all samples after annealing in air. 
This result suggests that the blue, green, and red bands 
were associated with the energy levels of oxygen vacan- 
cies. As evaluated from TEM images, the nanowires 
showed a larger lattice constant (0.578 nm) than the val- 
ue reported in X-ray diffraction (0.565 nm), which may 
be evidence that oxygen vacancies are contained in the 
nanowires. The decrease in blue, green, and red emission 
peaks after thermal annealing was probably due to the 
compensation of oxygen vacancies. Thus, thermal an- 
nealing was effective in obtaining enhanced UV emission 
for optical applications. 

 

 

Figure 5. CL spectra measured for Ga2O3 nanowires, as 
deposited at various temperatures in the range 700˚C to 
850˚C, and nanowires annealed at 600˚C after deposition at 
850˚C. The dotted line shows the fitting curve for four 
Gaussian curves (UV, blue, green, and red). 
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Figure 6. Growth temperature dependence of CL relative 
intensities for blue, green, and red emissions. Blank and 
filled symbols indicate as deposited and annealed Ga2O3 
nanowires, respectively. 

4. Conclusion 

Ga2O3 nanowires were fabricated by pulsed laser deposi- 
tion on a gold catalyst. In the VLS process, gold thick- 
ness was a crucial parameter in deciding nanowire mor- 
phology. On 1 nm thick gold, homogeneous nanowire 
growth was confirmed in the range growth temperatures 
of 700˚C - 850˚C. TEM and SAED measurements showed 
that the nanowires consisted of polycrystalline phases. 
UV, blue, green, and red CL peaks were observed, as 
reported in previous studies. As the growth temperature 
increased, the relative intensities of blue, green, and red 
emissions were found to decrease. Annealing treatment 
was also effective for decreasing the deficiency-related 
blue, green, and red emissions.  
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