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Abstract. In this paper, we report on the successful fabrication of β-Ga2O3 thin films by spray-pyrolysis 
technique. We provide the data on the dependence of the quality of the β-Ga2O3 films on the regimes and 
parameters of fabrication. Scanning electron microscopy, atomic force microscopy and optical spectroscopy 
are used to analyze film properties. X-ray diffraction phase analysis of the films after heat treatment at 900°C 
confirms the formation of β-Ga2O3 crystallites. 

 
1. INTRODUCTION 

Gallium oxide (Ga2O3), an emerging transparent sem-
iconducting oxide, has attracted much attention in re-
cent years because of its ultra-wide bandgap (~4.8 eV), 
high breakdown electric field (> 8 MV/cm), and rela-
tively high electron mobility (~150 cm2/V∙s) [1–4]. 
Ga2O3 has several polymorphic forms according to 
available reports, namely crystalline phases with 
rhombohedral (α-Ga2O3), monoclinic (β-Ga2O3), de-
fective spinel (γ-Ga2O3), cubic (δ-Ga2O3) and ortho-
rhombic (ε-Ga2O3) structures [1,2]. Another transient 
polymorph (κ-Ga2O3) has also been recently re-
ported [5]. β-Ga2O3 is the most thermodynamically 
stable phase among them. Nowadays, Ga2O3 finds 
promising applications in power electronic devices, 
optoelectronic devices, sensing systems, memory de-
vices, deep ultraviolet transparent conductive oxide 
electrodes, photocatalysts, etc. [1,2,6–8]. 

There is an urgent demand to develop high-quality 
Ga2O3 films. Gallium oxide films can be prepared by 
metal organic chemical vapor deposition (MOCVD) [9], 
pulsed laser deposition (PLD) [10], radio frequency 

magnetron sputtering (RFMS) [11,12], halide vapor 
phase epitaxy (HVPE) [13], and sol-gel methods [14,15]. 
Among the listed techniques, the sol-gel method has 
advantages for the fabrication of Ga2O3 thin films be-
cause of simple equipment, convenient operation, no 
vacuum environment, and low costs [14,16]. It has 
been reported that sol-gel methods can operate with 
spin coating [14], dip coating [17], and spray coating 
(spray-pyrolysis) [18]. In our work, the spray coating 
method was used to fabricate Ga2O3 films. This 
method is easier and more efficient for obtaining uni-
form thin films. 

2. EXPERIMENTAL SETUP AND 
METHODOLOGY 

Ga2O3 films were prepared on silica glass (SiO2) sub-
strates by the spray-coating method. To obtain solution 
for preparing gallium oxide film, gallium nitrate 
[Ga(NO3)3∙8H2O] (99.9%) was dissolved in ethylene 
glycol [C2H6O2] (99.5%) with addition of mono-
ethanolamine [C2H7NO] (99.5%) as stabilizer. Solu-
tion was stirred at 60 °C for 60 minutes. The molarity 
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of gallium nitrate and ethylene glycol was 0.25 mol/l 
while the molar ratio of gallium nitrate and mono-
ethanolamine was 3:1. Silica glass substrates were 
ultrasonically cleaned with isopropyl alcohol for 10 
minutes. 

The experimental setup for the preparation of 
Ga2O3 thin films by spray pyrolysis is schematically 
shown in Fig. 1. Here the solution (1) is pumped from 
the vessel (2) through silicone pipes (3) by the high-
pressure pump (4) to the spraying nozzle with an outlet 
diameter of 0.1 mm (5). The spray from the nozzle is 
deposited on the substrate (6) located on the heated ta-
ble (7) that is connected to the temperature control sys-
tem (8). The distance from the nozzle to the substrate 
was about 30 cm. 

The stages of spraying procedure are explained in 
Fig. 2. Two substrates were placed on the heated 
stage and the colloidal solution was sprayed. Each 
layer was deposited on the substrate at 120 °C for 2 
seconds. Then it was dried at 120 °C for 120 seconds 
to get rid of excess water and carbon dioxide. After 
layer deposition, one of the samples was placed in the 
preheated muffle furnace and treated at 500 °C for 5 
minutes. The process was repeated until 30 layers 
have been deposited. The last step was the annealing 
of the sample at 900 °C for 120 minutes for obtaining 
β-phase Ga2O3 films. All the deposition and anneal-
ing processes were carried out in air. 

The morphology of the obtained films was char-
acterized by atomic force microscopy (AFM) tech-
nique using Dimension 3100 microscope in dynamic 
contact mode. Scanning electron microscopy (SEM) 
images of the films were obtained with TESCAN 
Mira 3 microscope with FEG Schottky electron emis-
sion source. The X-ray diffraction (XRD) data were 
obtained using the Rigaku Ultima IV X-ray diffrac-
tometer. The diffraction database International Cen-
ter for Diffraction Data (ICDD) PDF-2 (2008) was 
used to interpret diffraction reflexes. The optical 
properties were studied in the 200–1000 nm range by 
optical spectrometer (AvaSpec-ThinFilm). 

3. RESULTS AND DISCUSSION 

The main goal of the experiments was to investigate the 
effect of preliminary annealing at 500 °C on the quality 
and optical properties of the fabricated gallium oxide 
films. The work also aimed to minimize the number of 
cracks, inclusions, and to reduce the average roughness 
of the β-Ga2O3 films. To obtain the detailed information 
about the surface morphology, the samples were exam-
ined before and after the final 900 °C heat treatment. 
Samples that were not initially pre-annealed at 500 °C 
(Fig. 3a) have a significant number of cracks and rup-
tures in the resulting film. Samples pre-annealed at 
500 °C show a uniform structure with no cracks or ad-
ditional defects (Fig. 3b). 

After final annealing of samples at 900 °C for 120 
minutes the following picture is observed: at film tran-
sition from amorphous state to β-Ga2O3 change in mor-
phology of fabricated surface occurs, in particular, the 
large number of cracks and delaminations are observed 
in samples that have not passed the preliminary anneal-
ing (Fig. 4a). The samples that had the preliminary an-
nealing at 500 °C show a uniform structure without vis-
ible cracks and delaminations of the resulting layer (Fig. 
4b). Films that were not annealed at 900 °C showed no 
diffraction peaks and therefore were in an amorphous 
or X-ray amorphous state. 

To study the surface roughness of the films and the 
effect of additional annealing at 500 °C on their mor-
phology, an AFM analysis was carried out. The scan-
ning area was 10×10 µm. The data on the mean square 
and mean arithmetic roughness of the obtained gallium 
oxide thin films are presented in Table 1. 

Fig. 1. Schematics of spray-pyrolysis gallium oxide 
application unit. 

Fig. 2. Gallium oxide film preparation by spraying 
method; a) without pre-annealing at 500 °C, b) with 
pre-annealing at 500 °C. 
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Comparing the AFM data for samples that were 
not subjected to final annealing at 900 °C, there is a 
significant increase in the roughness of the fabricated 
thin film, which is demonstrated by the results of 
SEM and AFM. Their morphology is associated with 
a significant number of cracks and delamination of 
the thin film, related to poor adhesion at the stage of 
deposition, as well as to remains of organics in the 
interlayer space of the resulting film. However, it 
should be noted that the samples that had the final 
900 °C heat treatment show slight variation in the 
roughness data, but according to SEM data the 

structure of the samples that did not have the 500 °C 
pre-anneal is significantly worse compared to the pre-
annealed samples. Many defects are observed on the 
surface of samples without pre-annealing at 500 °C. 
The films without the 500 °C pre-annealing show a 
strong roughness lateral gradient comparing the sam-
ples before and after the 900 °C heat treatment. The 
decrease in roughness from 15 nm to 2.11 nm indi-
cates the final removal of organics from the interlayer 
space and the formation of β-Ga2O3 film. On the other 
hand, the roughness lateral gradient is less than 0.5 
nm for films pre-annealed at 500 °C, indicating the 

Table 1. Summary table of AFM study results of sample roughness. 

Type of sample treatment Mean square roughness, nm Mean arithmetic roughness, nm 
no treatment 15 7.01 
500 °C pre-annealing 1.86 0.975 
900 °C annealing 2.11 1.26 
500 °C pre-annealing and 900 °C annealing 1.40 0.981 

Fig. 3. SEM images of amorphous gallium oxide film obtained by spray-pyrolysis: a) without pre-annealing at  
500 °C, b) with pre-annealing at 500 °С. 
 

Fig. 4. SEM images beta gallium oxide film obtained by spray-pyrolysis with 900 °C annealing: a) without pre-
annealing at 500 °C, b) with pre-annealing at 500 °C. 
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absence of organics in the interlayer space. After the 
900 °C annealing, film rearrangement is observed: 
growth of β-Ga2O3 crystallites without formation of 
additional defects. 

XRD phase analysis data showed that in the sam-
ples without final 900 °C annealing there are no crys-
talline phases, this suggests the amorphousness of the 
initially obtained film. However, diffraction peaks cor-
responding to β-Ga2O3 (Fig. 5) appeared in the samples 
after the 900 °C heat treatment, indicating that the film 
was rearranged and transformed to the crystalline state. 

According to the optical spectroscopy data (Fig. 6), 
additional 500 °C heat treatment led to an increase in 
optical transparency in the wavelength range of 300–
1000 nm and an increase in optical absorption in the 
range of 200–250 nm. In the 300–1000 nm wavelength 
range less scattering is observed at both the air/film 
and film/substrate interfaces for samples fabricated 
with the 500 °C pre-annealing. This effect is due to the 
presence of cracks and surfaces with rough morphol-
ogy in the samples that were not pre-annealed at 
500 °C. The same effect is observed for 200–250 nm 
range. Due to the occurrence of cracks in the resulting 
films without pre-annealing at 500 °C, the absorption 
intensity in the UV range decreases. 

4. CONCLUSION 

Results on the fabrication of β-Ga2O3 films on silica 
glass substrate by spray-pyrolysis technique have been 
reported in this work. It has been demonstrated that the 
quality of the obtained gallium oxide films can be im-
proved by the pre-annealing treatment at 500 °C. Sur-
face morphology data have been obtained by AFM 
giving the roughness ~1 nm for the pre-annealed films. 
Qualitative characteristics of gallium oxide films have 
been studied by SEM analysis. According to SEM 
data, the films obtained with pre-annealing at 500 °C 
have better quality, notably they do not have cracks in 
the film structure. The study of optical transmission 
spectra showed higher transmittance for samples with 

Fig. 5. X-ray diffraction (XRD) pattern of obtained thin films of Ga2O3 by spray-pyrolysis method, after annealing 
at 900 °C, indexed in comparison to ICDD data (PDF 00-041-1103). 
 

Fig. 6. Optical transmission spectra for samples after 
final annealing at 900 °C: a) without pre-annealing at 
500 °C, b) with pre-annealing at 500 °С. 
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pre-annealing at 500 °C in the wavelength range of 
300–1000 nm. XRD phase analysis of the fabricated 
films has demonstrated no diffraction peaks for the 
films after the pre-annealing stage, i.e., indicating their 
amorphousness. After 900 °C final annealing, all sam-
ples have demonstrated peaks that are caused by 
β-Ga2O3 crystalline phase.  

We conclude that pre-annealing (at 500 °C) has a 
significant effect on the quality of spray-pyrolysis fab-
ricated gallium oxide films that transform to crystal-
line β-phase state as a result of the final treatment at 
high temperature (900 °C). 
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