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Nowadays, gallium oxide (Ga2O3) as a wide bandgap semiconductor material is acquiring 
more and more attention in various practical areas. As a result, there has been a lot of 
efforts to fabricate and study bulk Ga2O3 material, Ga2O3 thin films, and Ga2O3 nanowires. 
For Ga2O3 films, there exists a variety of preparation methods such as metal-organic chem-
ical vapor deposition, hydride vapor phase epitaxy, pulsed laser deposition, molecular 
beam epitaxy, frequency magnetron sputtering, atomic layer deposition, wet chemistry, 
and sol-gel. This concise review focuses on the preparation of Ga2O3 thin films by sol-gel 
methods. Sol-gel methods include dip-coating, spin-coating, spray pyrolysis, and drop 
casting technique. The details on the fabrication of β-Ga2O3 thin films by sol-gel method 
are summarized and prospected. Polymorphism, structure and properties of sol-gel pre-
pared Ga2O3 films are discussed. 
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1. INTRODUCTION 

Wide bandgap ( gE  > 2.2 eV) semiconductor materials 
such as SiC (3.25 eV), GaN (3.4 eV), ZnO (3.37 eV) are 
widely used in lighting, optical storage, high-frequency 
and high-power electronic devices due to their superior 
optical and electrical properties [1–4]. Ultra-wide bandgap 
( gE  > 4 eV) semiconductor materials such as Ga2O3 (4.2–
5.0 eV), diamond (5.5 eV), and AlN (6.2 eV) with larger 
bandgap widths have superior physical properties, such as 
high breakdown electric field strength, excellent dielectric 
constant, stable high-temperature performance, and low 
energy loss [5–7]. 

Ga2O3 belongs to the transparent semiconducting ox-
ides (TSOs) and has a long research history. In 1875 
Lecoq de Boisbaudran discovered the element gallium and 
its compounds [8]. In 1952 Roy et al. first reported the 
phase equilibrium of the Al2O3-Ga2O3-H2O system and 
identified the different forms of Ga2O3 and their stabil-
ity [9]. The early research was mainly about the basic 
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properties of Ga2O3, and the later research explored prac-
tical use of this material in power devices, but also from 
the perspectives of optoelectronics and sensorics. Ga2O3 
has remarkable properties in electrical, optical, chemical, 
and other aspects and is suitable for mass production of 
electronic and optoelectronic devices. Its band gap and 
Baliga's figure of merit (FOM) are much larger than those 
of GaN and SiC; Ga2O3 demonstrates high breakdown 
voltage ( brV ); it has unique advantages in optoelectronic 
devices, solar-blind ultraviolet photodetectors, and high-
power, low-loss devices [10–14]. 

Ga2O3 can be obtained as a bulk crystal. The most com-
mon techniques utilize the growth from melt by Czochralski 
(CZ) method [15] and Edge defined film-fed growth (EFG) 
or Stepanov’ technique [16]. Ga2O3 crystalline films can be 
fabricated with various techniques, such as metal-organic 
chemical vapor deposition (MOCVD) [17], hydride vapor 
phase epitaxy (HVPE) and pulsed laser deposition 
(PLD) [18], molecular beam epitaxy (MBE) [19,20], radio 
frequency magnetron sputtering (RFMS) [21,22], atomic 
layer deposition (ALD) [23,24], and sol-gel method [25–
27]. The sol-gel method is less expensive, more convenient, 
and easier to control composition and uniformity than other 
methods. In this article, we focus on the preparation of 
Ga2O3 thin films by sol-gel method and briefly discuss the 
properties of sol-gel fabricated Ga2O3films. 

2. BASIC PROPERTIES OF GA2O3 

2.1. Polymorphism of Ga2O3 

Ga2O3 is currently confirmed to have six different poly-
morphs, α, β, γ, δ, ε, κ, as shown in Table 1 [9,14,28–30]. 
The crystal structure and coordination number of Ga ions 
in different phases of Ga2O3 are different, and its lattice 
parameters, crystal structure and properties will also 
change accordingly. Formation of a particular phase 
greatly depends on the substrate (in the case of films) and 
growth temperature. Among listed polyforms, κ- phase is 
a transient one and β- phase is the most stable [30], δ- 
phase is a mixture of β- and ε-phases [31], ε-phase may be 
more like κ-phase due to the formation of misoriented 
grains on a sapphire substrate [32]. 

α-Ga2O3 is in a hexagonal crystal system and has the 
corundum crystal structure. It can be prepared on sapphire 
substrates at rather low deposition temperatures and 
demonstrates band gap values up to ∼5.1 eV [36–38]. The 
α-phase is widely used in power devices and optoelec-
tronic applications due to its largest band gap [39], and 
the ε-phase and γ-phase have also been reported as solar-
blind UV detectors. There are also sporadic reports on δ-
phase and κ-phase, but the research focus is not in the 
field of optoelectronics [40]. Most of the literature re-
ports are about β-Ga2O3 properties and applications. Var-
ious crystal forms of Ga2O3 will transform into β-Ga2O3 
at high temperatures, and the transformation route has 
been clearly described as early as in 1952 [9]. In addition 
to β-Ga2O3, α-phase and ε-Ga2O3 are relatively stable, 
while γ- and δ-Ga2O3 can easily transform into other 
crystal forms. Figure 1 shows the conversion relationship 
between Ga2O3 polymorphs. The research works dis-
cussed in this paper are mainly based on β-Ga2O3, so in 
the next two subsections, the properties of β-Ga2O3 are 
considered in more details. 

2.2. Crystal Structure of β-Ga2O3 

β-Ga2O3 belongs to the monoclinic crystal system (C2/m), 
and the unit cell is composed of two kinds of gallium ions 

Table 1. Ga2O3 polymorphs. 

Polymorph Structure Space group Lattice parameters Ref. 

α Rhombohedral 3R c  a = b = 4.98 Å, c = 13.43 Å, α = β = 90°, γ = 120° [33] 
β Monoclinic 2 /C m  a = 12.23 Å, b = 3.04 Å, c = 5.80 Å, α = γ = 90°, β = 103.8° [34] 
γ Cubic (spinel) 3Fd m  a = b = c = 8.24 Å, α = β = γ = 90° [31] 
δ Cubic (bixbyite) 3Ia  a = b = c = 9.52 Å, α = β = γ =90° [35] 
ε Hexagonal 63P mc  a = b = 2.90 Å, c = 9.26 Å, α = β = 90°, γ=120˚ [30] 
κ Orthorhombic (transient) 12Pna  a = 5.05 Å, b = 8.70 Å, c = 9.28 Å,α = β = γ =90° [32] 

Fig. 1. Conversion relationship between Ga2O3 polymorphs. Re-
printed with permission from Ref. [9], © 2022 American Chem-
ical Society. 
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and three kinds of oxygen atoms. Figure 2 shows the crys-
tal structure of β-Ga2O3 [41]. The lattice constants a, b, c, 
and angle β are 12.23 Å, 3.04 Å, 5.80 Å, and 103.7°, re-
spectively. The unit cell is composed of four Ga2O3 build-
ing blocks. Each unit cell contains two different Ga ions 
(GaⅠ and GaⅡ), and three O ions (OⅠ, OⅡ, and OⅢ). The 
crystal structure can be described by the connections be-
tween GaO6 octahedra and GaO4 tetrahedra. Due to this 
crystal lattice configuration, strong physical anisotropy is 
observed experimentally and predicted theoretically. The 
thermal conductivity of β-Ga2O3 along the [010] direction 
is twice as large as that in the [100] direction [42,43], 
while studies have shown that the difference in electron 
effective mass ( em ) between these two directions is not 
significant [41,44,45]. Due to the connection relationship 
between GaO6 octahedron and GaO4 tetrahedron in the 
unit cell, the carrier mobility along the b-axis direction is 
higher than in other crystallographic directions. 

2.3. Properties of β-Ga2O3 

Due to its wide band gap, β-Ga2O3 is highly transparent in 
the visible and ultraviolet parts of the electromagnetic 
spectrum, and the intrinsically pure β-Ga2O3 is colorless 
and transparent. However, due to impurities and defects 
that may be introduced during the crystal growth process, 
β-Ga2O3 crystals may exhibit specific colors. Galazka et 
al. [46,47] found a strong correlation between the electri-
cal conductivity and optical properties of β-Ga2O3: insu-
lating β-Ga2O3 crystals are colorless or light blue. Due to 
the increase of electron concentration, the n-type conduc-
tive crystal absorbs red light; near-infrared bands also 

contribute stronger, so crystals become slightly blue, 
while the light gray color of β-Ga2O3 crystals is caused by 
unintentional doping with C atoms. Figure 3 shows the op-
tical transmission spectra of β-Ga2O3 single crystals with 
different electron concentrations, in which the samples 
with low electron concentrations show a steep intrinsic ab-
sorption at 255–260 nm, and when the wavelength is 
greater than 260 nm, the samples show a high optical 
transmittance (≥80%). As the electron concentration in-
creases, the transmittance of β-Ga2O3 in the visible and 
near-infrared regions decreases significantly. 

The absorption spectrum of β-Ga2O3 typically has ra-
ther sharp absorption cut-off edge at 255–260 nm and two 
absorption shoulders at around 270 nm and 300 nm [46]. 
The absorption cutoff edge at 255–260 nm is attributed to 
the intrinsic transition of electrons from the valence band 
to the conduction band [48]. Ueda et al. [49] found that the 
absorption of photons by β-Ga2O3 is related to the polari-
zation direction of the incident light. When the polariza-
tion direction is parallel to the b and c-axes, the corre-
sponding intrinsic absorption limits are 253 and 270 nm 
respectively [49]. In the energy band structure, they corre-
spond to transitions from the high symmetry point 2−Γ  of 
the valence band to 1−Γ  of the conduction band, and tran-
sitions from 1−Γ  of the valence band to 1+Γ  of the conduc-
tion band. However, this model cannot explain the exper-
imentally observed discrepancy between the absorption 
and excitation spectra. Villora et al. [50] believe that the 
absorption at 270 nm is due to the transition of electrons 
from the valence band to the conduction band disturbed by 
Ga3+ vacancies, while the absorption at 260 nm is caused 
by the transition of electrons from the valence band to the 
conduction band. 

β-Ga2O3 has three different luminescence bands, 
which are ultraviolet (3.2–3.6 eV), blue (2.8–3.0 eV), and 
green (2.4 eV) luminescence bands [51,52]. The lumines-
cence is due to the radiative annihilation of carriers at self-
trapped excitons or carrier annihilation assisted by lattice 

Fig. 2. Crystal structure of β-Ga2O3. Reprinted with permission 
from Ref. [41], © 2015 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

Fig. 3. Optical transmission spectra of β-Ga2O3 single crystals 
with different electron concentrations: 1 – insulating (doped with 
Mg); 2 – 4×1016 cm–3; 3 – 3.5×1017 cm–3; 4 – 5.2×1017 cm–3; 5 – 
2.2×1018 cm–3; 6 – 1×1019 cm–3 (Sn). Reprinted from Ref. [14]. 
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defects [53]. The UV luminescence band is not related to 
the preparation method of β-Ga2O3 and the type of impu-
rities. As shown in Figure 4, it is visible in the lumines-
cence spectrum of β-Ga2O3 single crystal excited by 
254 nm xenon light source [48]. Considering the value of 
the band gap of β-Ga2O3, the generation of the UV lumi-
nescence band does not originate from a direct jump be-
tween the conduction band and the valence band, but prob-
ably from a complex between the free electrons and the 
bound polarized holes in the material [52]. The blue lumi-
nescence intensity is related to the resistivity of the sample 
material, implying that it is most likely related to the oxy-
gen vacancies that lead to the n-type conducting charac-
teristics of the sample [54]. Harwig and Kellendonk [51] 
supposed that the blue light originates from the recombi-
nation of electrons provided by donor impurities (possibly 
oxygen vacancies or gallium interstitial atoms) and holes 
provided by acceptor impurities (gallium vacancies or gal-
lium-oxygen vacancy pairs) in the material. The green lu-
minescence band is related to the specific doping elements 
in β-Ga2O3; e.g., Villora et al. believed that the green lu-
minescence is related to the bound excitons [50]. 

Table 2 shows the comparison of basic characteristic pa-
rameters between β-Ga2O3 and current mainstream semi-

conductor materials [55,56]. The Baliga’s FOM is used to 
comprehensively evaluate the application value index of 
semiconductor materials in power devices. In addition to 
being related to the breakdown electric field strength, it is 
also affected by electron mobility and dielectric constant. 
The Baliga’s FOM of β-Ga2O3 reaches 3444 due to its larger 
band gap, which is much larger than that of SiC (340) and 
GaN (870), which are representative materials of the third-
generation semiconductors.When β-Ga2O3 is used in power 
devices, the maximum breakdown electric field strength 

brE  can reach 8 MV/cm. The Baliga’s FOM is a basic pa-
rameter that indicates that the material is suitable for power 
devices, which is proportional to the cube of brE  and line-
arly proportional to electron mobility μ. Therefore, high 

brE  is an excellent characteristic of Ga2O3. According to the 
function relationship between the on-resistance and the 
maximum breakdown voltage, the conduction loss of β-
Ga2O3 is much lower than that of SiC and GaN under the 
same electric field strength as Figure 5 [57] shows. When 
the carrier (electron) concentration is 1015–1016 cm−3, the 
electron mobility μ of β-Ga2O3 measured in the experiment 
is 300 cm2∙V–1s–1 [58]. Compared with the high-tempera-
ture (greater than 2000 °C) sublimation method used in the 
preparation of SiC substrates, and the high-pressure 

Table 2. Comparison of parameters between β-Ga2O3 and main semiconductor materials. 

Material Bandgap, 
gE  (eV) 

Electron mobility,  
μ (cm2∙V–1s–1) 

Breakdown field, 

brE  (MV/cm) 
Relative dielectric 
constant, ε 

Baliga’s FOM Thermal conductivity,  
λ (W∙m–1∙K–1) 

Si 1.1 1400 0.3 11.8 1 150 
GaAs 1.4 8000 0.4 12.9 15 55 
4H-SiC 3.3 1000 2.5 9.7 340 270 
GaN 3.4 1200 3.3 9.0 870 210 
Diamond 5.5 2000 10 5.5 24664 1000 
β-Ga2O3 4.9 300 8 10 3444 13 along [100] (Ref. [43])  

21 along [010] (Ref. [42])  

Fig. 5. Comparison of breakdown field and on-resistance of 
high-power device materials. Reprinted with permission from 
Ref. [57], © 2012 AIP Publishing LLC. 

Fig. 4. Luminescence spectra of β-Ga2O3 single crystal excited 
by xenon light at 254 nm. Adapted from Ref. [48]. 
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nitrogen method, ammonothermal technology method, and 
hydride vapor phase epitaxy method used in the preparation 
of GaN substrates, β-Ga2O3 single crystals can be directly 
produced with inexpensive and stable methods for mass 
growth [57]. Therefore, β-Ga2O3 is very likely to become a 
star material for the next generation of power semiconduc-
tor devices.  

β-Ga2O3 is a poor conductor of heat compared to other 
semiconductors as Table 2 shows. The following equation was 
used to fit temperature dependent thermal conductivity κ  data 
in two temperature ranges (80–200 K and 200–495 K): 

( ) .mT AT −κ =  (1) 

The exponent m is about 3.5 in the low temperature range 
(80–200K) and about 1.2 in the high temperature range 
(200–495K) [61]. At low temperatures, there is a large gap 
between the actual conductivity and the typical 3/2T −  de-
pendence, suggesting that heat conduction is limited by 
free electron and phonon scattering [42,59]. 

As was already mentioned β-Ga2O3 belongs to the 
monoclinic crystal system. This means that β-Ga2O3 has 
thirteen independent elastic stiffness constants ijC : 
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As a result, β-Ga2O3 has strong longitudinal modulus an-
isotropy ( 11 22C C , 33C ) and strong shear modulus ani-
sotropy. These anomalous elastic properties are only pre-
sent in the specific space group C2/m, while monoclinic 
materials with other space groups do not possess these 
properties [60]. The strong longitudinal modulus anisot-
ropy indicates that β-Ga2O3 has a weaker chemical bond 
in the [100] direction, which implies that β-Ga2O3 is 
more compressible along the x-axis than along the y- and 
z-axes [61]. In general, most of the elastic stiffness con-
stants of β-Ga2O3 increase as the pressure becomes larger 
when the hydrostatic pressure is less than 15 GPa. How-
ever, at pressures between 15 and 20 GPa, most of the 
elastic stiffness constants behave abnormally, indicating 
that the monoclinic phase starts to transform into the 
rhombohedral phase (α-Ga2O3) [61]. 

3. Ga2O3 FILM PREPARATION 

3.1. Sol-gel method history 

Kistler reported the preparation of aerogels back in 
1931 [62], and although the term “sol-gel” did not exist at 

the time, these aerogels are considered the first sol-gel prod-
ucts. In 1969 high-purity barium titanate powder was pre-
pared from barium and titanium alkoxides by Mazdiyasni et 
al. [63]. And in the same year Roy made small silica glass 
flakes by heating gelatinized water glass [63]. The Interna-
tional Sol-Gel Symposium, held regularly since 1981, and 
the Journal of Sol-Gel Technology, founded in 1993, are the 
main sources of scientific information in the field. Initial re-
search focused on silica and silicate glasses, but later ex-
tended to other oxide and non-oxide ceramics and compo-
sites. The studies conducted have shown that sol-gel 
methods can produce the materials at relatively low temper-
atures in the form of sheets, fibers, bulk samples, and coat-
ing films or layers. With sol-gel method, it is also possible 
to advance new composition materials with high purity and 
homogeneity. Sol-gel method allows to control the particle 
size and size distribution to the nanoscale level [64]. In 1998 
Yada et al. [65] used the sol-gel method for the preparation 
of Ga2O3 for the first time.  

3.2. Sol-gel method principle 

The sol-gel method is a chemical method. When preparing 
a coating, a metal alkoxide or an inorganic salt is used as a 
precursor, which is dissolved in a solvent (water or organic 
solvent) to form a uniform solution. The solute and the sol-
vent will undergo hydrolysis or alcoholysis reaction, and the 
reaction product will be aggregated into particles with a size 
of several nanometers to form a sol. The sol is then coated 
on various substrates in a certain way, and the sol film is 
gelled and dried to obtain a xerogel film. Finally, according 
to the different raw materials and requirements, annealing 
is performed at the appropriate temperature to obtain the de-
sired coating [66]. The steps for preparation process of the 
sol-gel method are shown schematically in Figure 6. 

According to different precursor raw materials, the 
method utilizes either inorganic salt hydrolysis or alcohol 
salt hydrolysis. At present, the method of alkoxide hydrol-
ysis is mostly used. After dissolving the metal alkoxide in 
an organic solvent, a hydrolysis reaction and a polycon-
densation reaction occur to form the required sol. The pre-
pared sol is smeared and then dried and sintered at a cer-
tain temperature to form a film with certain properties. 
During the heating process, the gel first removes the water 
and alcohol on the surface at a lower temperature, and then 
the OR (where R denotes the alkyl hydroxyl group.) group 
is oxidized at a moderate temperature, and the OH group 
is removed above 300 °C to form a film. The whole pro-
cess can be expressed as following reactions [67]. 

1) Hydrolysis reaction. Metal alkoxides react chemically 
with water to produce hydroxyl groups: 

( ) ( ) ( )2M OR H O M OH OR ROH.n x n xx x−+ → +  (3) 



Preparation of Ga2O3 Thin Films by Sol-Gel Method—a Concise Review 15 

2) Polycondensation reaction. The hydroxyl group pro-
duced in the first step undergoes water loss, see 
Eq. (4), or alcohol loss, see Eq. (5): 

2M OH HO M M O M  H O,− − + − −→ − − − −+  (4) 

M OR HO M M O M  ROH.− − + − −→ − − − −+  (5) 

3) Heating process. After the reactions of the first two 
steps, keeping it at a certain temperature will prompt it 
to continue to react to form a polymer. Further hydrol-
ysis reactions will follow and will increase the degree 
of polymerization, eventually forming a gel: 

 M OR M OR M O M  ROR.− − + − → − − − −+  (6) 

During the whole solution preparation process, the 
sol concentration, aging time, and heat treatment temper-
ature all have certain influences on the quality of the final 
film. In the process of film preparation, there will also be 
reactions caused by solvent evaporation, which will 
change the properties of the film. During the heat treat-
ment of film drying, the rapid evaporation of water and 
organic solvents in the sol will cause volume shrinkage 
and can easily lead to cracking of the film. Therefore, 
during the experiment, it is necessary to pay close atten-
tion to these influencing factors to ensure the quality of 
the prepared film [68]. 

3.3. Common coating techniques 

Annealing is one of the most important processes in sol-
gel manufacturing because heating and cooling removes 
defects in materials to improve their structural properties. 
β-Ga2O3 is an ultra-wide bandgap material with semicon-
ducting properties. Oxygen defects can be removed by 
high temperature annealing process. Compared with other 
methods, the sol-gel method does not require vacuum con-
ditions, and this method provides low costs in large-scale 
applications. Compared with other existing fabrication 
methods, the gallium oxide films prepared by the sol-gel 
method have advantages in economy and other aspects [27]. 

3.3.1. Dip-coating 

Figure 7 shows a schematic diagram of the dip-coating 
method. The substrate is dipped directly into the sol and 
then the solution is lowered (or the substrate is lifted) so 
that the sol adheres to the substrate. After drying the sam-
ple in a specific temperature environment, a thin film is 
formed. During the experiments, the sol concentration, 
sol viscosity, immersion time, pulling or moving speed 
all affect the quality of the film, which needs to be 

 Precursor 
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transparent 
solution 

Stabilizer 

high 
temperature 
heat treatment 

Gallium oxide 
thin film 

Coating or 
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low 
temperature 
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Figure 6. Schematic diagram of the process principle of Ga2O3 film prepared by sol-gel method. 

Figure 7. Schematic diagram of the principle of dip coating. Adapted from Ref. [69]. 
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continuously explored and improved. However, through-
out the pulling process of this coating method, droplets 
will be formed downward due to the surface tension of 
the liquid, and then a certain thickness step will be ob-
served. In this technique, both sides of the substrate are 
coated with sol, which also affects the transmittance of 
the obtained samples. 

Minami et al. [70] demonstrated Ga2O3:Mn thin films 
made by dip coating and developed high-luminance elec-
troluminescent devices. They dissolved Ga(C5H7O2)3 
and MnCl2 in CH3OH and stirred in N2 gas atmosphere; 
30 minutes later, H2O and HCl were added to the solu-
tion, and the desired solution was prepared by stirring 
under N2 gas and 50 °C atmosphere for 5 hours. Then the 
BaTiO3 ceramic sheets were immersed in the solution, 
taken out and dried in the air for about 5 minutes. After 
that the sample was placed in 600–1000 °C atmosphere 
for 10 minutes to obtain a thin film. The procedure was 
repeated 25 times, and finally the film of about 2μm 
thickness was obtained. The Ga2O3:Mn film was an-
nealed in an Ar atmosphere at 850–1070 °C for 1 hour 
and demonstrated an amorphous nature. They found that 
the Thin-film electroluminescent (TFEL) devices made 
with this method exhibited luminances of 1271 and 
401 cd/m2 when driven by 1 kHz and 60 Hz sinusoidal 
electric waves, respectively. Therefore, the production of 
lower-cost oxide phosphor TFEL displays and flat-panel 
TFEL lamps by sol-gel dip-coating route has broad pro-
spects. 

Mohammadi et al. [71] used dip-coating method to 
synthesize mesoporous TiO2-Ga2O3 films on quartz and 
alumina substrate with different Ti:Ga atomic ratios. In the 
experiments, gallium (III) nitrate hydrate and titanium iso-
propoxide were used as precursors, and hydroxypropyl 
cellulose (HPC) was used as a polymeric fugitive agent 
(PFA) to increase the specific surface area (SSA). It was 
found that introducing Ga2O3 into the TiO2 film can re-
duce the average grain size of the material. After anneal-
ing at 600 °C, TG11 (Ti:Ga = 1:1) has the smallest grain 
size of all films, which is 19 nm. They also found that the 
TG11 sample has the smallest grain size and the largest 
roughness after annealing at 600 °C. After annealing at 
800 °C, the average grain size of all samples is about 
32 nm with the decreased sample roughness. 

Sinha et al. [72] dissolved gallium metal in hydrochlo-
ric acid, and then dehydrated the solution to obtain a white 
precipitate, which was added to absolute ethanol at a ratio 
of 0.075 mole L–1. The solution was continuously stirred 
and a few drops of acetic acid were added until the solu-
tion became clear. They used the dip-coating method to 
cover the sol on the cleaned amorphous quartz substrate, 
and finally annealed the film at 700 °C for 1 hour to obtain 
a uniform Ga2O3 film [72]. 

3.3.2. Spin-coating 

Spin coating method is to fix the substrate on the homog-
enizer, and then put the prepared sol on the substrate. The 
centrifugal force generated by the high-speed rotation of 
the homogenizer table spreads the sol from the center out-
ward and evenly coats the substrate, which can form a thin 
film initially, as shown in Figure 8. Then, the vacuum 
pump is turned off, and the substrate can be removed for 
heat treatment to form the desired film. The concentration 
of sol and the choice of substrate material will affect the 
quality and thickness of the film. Parameters such as the 
rotation speed, time, and drop volume of the homogenizer 
also need to be tested repeatedly to prepare high-quality 
films. 

Zhu et al. [26] successfully synthesized β-Ga2O3 thin 
film on (0001) sapphire substrate by spin coating tech-
nique. They dissolved Ga(NO3)3∙xH2O in ethanol, stirred 
at room temperature and added monoethanolamine (MEA; 
C2H7NO) to obtain the desired solution with molar con-
centration of 0.4 mol/L, and the molar ratio of MEA and 
Ga(NO3)3∙xH2O was 1.0. Then they spin-coated the solu-
tion on the cleaned (0001) sapphire substrate, and pre-
heated the sample in an O2 atmosphere at 100–500 °C for 
10 minutes. This step was repeated five times to reach the 
desired thickness of the film. Finally, the sample was post-
annealed at 1000 °C to form the β-Ga2O3 film. They found 
that when the preheating temperature was 100 °C and 
200 °C, there were cracks on the surface of the synthesized 
β-Ga2O3 film. However, when the preheating temperature 
was 300–500 °C, the fabricated film had no cracks and 
was very flat. When the preheating temperature was in-
creased from 100 °C to 400 °C, the surface of the film be-
came smoother and denser, which was due to the effect of 
the treatment temperature on the surface free energy [73]. 

Kokubun et al [74] synthesized β-Ga2O3 films on sap-
phire substrate by spin coating technique. They investi-
gated the effect of annealing temperature on the spectral 
response of the photodetector. As shown in Figure 9, 
when the annealing temperature was 600 and 800 °C, the 
photocurrent peak appeared for 250 nm radiation 

Fig. 8. Schematic diagram of spin coating technique. 
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wavelength, and no photocurrent for wavelengths larger 
than 280 nm was observed. When the annealing temper-
ature exceeds 900 °C, the photocurrent peak shifts to 
shorter wavelengths. The maximum value of the respon-
sivity ~8×10–5 A/W occurred during the annealing of the 
film at 1000 °C. It was argued that when the annealing 
temperature increases above 900 °C, the lattice constant 
of the film material decreases and the band gap increases. 
The authors believe this is due to the diffusion of aluminum 
from the sapphire substrate to the Ga sites in the β-Ga2O3 
lattice [74]. This phenomenon has also been described else-
where in the literature [75–77]. 

It is useful to note that the sol-gel method is easy to use 
for the doping of Ga2O3 thin films. Y. Li et al. [78] pre-
pared Ga2O3 films doped with Ce, Sb, W and Zn by spin 
coating. Then these dopped layers were used to make gas 
sensors with semiconductor thin films. 

3.3.3. Spray-pyrolysis 

Compared with the first two techniques mentioned above, 
the spraying method is more suitable for large-scale indus-
trial production of Ga2O3 films. Spray pyrolysis equip-
ment consists of a precursor solution tank, an atomizer, a 
substrate heater and a temperature controller [79]. A typi-
cal experimental setup for spray pyrolysis is shown sche-
matically in Figure 10. 

Atomizers are usually available in different spray py-
rolysis techniques: blast (liquid exposed to a stream of air) 
[79,80], ultrasonic spray pyrolysis [81] and electrostatic 
spray deposition (EDS) [82]. 

The properties of produced by this technique films are 
affected by many factors such as the ratio of anions to cat-
ions, the spraying rate, the temperature of the substrate, 
the ambient atmosphere, the carrier gas, the droplet size, 
and the cooling rate. The distance between the nozzle and 
the substrate, the temperature of the substrate, the concen-

tration of the precursor solution, and the amount of pre-
cursor solution sprayed all affect the film thickness [79]. 
Film thickness is also controlled by sol concentration, 
flow rate, viscosity, pressure, spray gun speed and spray-
ing time [83]. The coating process seems simple, but it has 
high requirements for equipment, high cost, and relatively 
low reusability of spray liquid, so it is only suitable for 
industrial spraying of specific materials. 

We have prepared Ga2O3 thin films on silica glass 
(SiO2) substrates by spray-pyrolysis method which was 
described in our article [84]. To obtain the sol we dis-
solved gallium nitrate [Ga(NO3)3∙8H2O] (99.9%) in eth-
ylene glycol [C2H6O2] (99.5%), added monoethanolamine 
[C2H7NO] (99.5%) as a stabilizer. The sol heated by the 
high-temperature furnace was sprayed directly onto the 
substrate preheated to the same high temperature. Used 
spraying equipment was suitable to form a film at flat sur-
faces. The operation process is schematically presented in 
Figure 11. As Figure 12 shows, the prepared β-Ga2O3 thin 
films had some cracks, which may be caused by the dif-
ference in thermal expansion coefficient between the thin 
film and the substrate. After the sample was annealed at 
900 °C, the transmittance of the film increased, and the es-
timated band gap of the semiconductor material was de-
termined as 4.87 eV (Fig. 13). 

3.3.4. Drop casting 

As shown in Figure 14, drop casting is a simple film-
forming technique in which a prepared mixture is cast 
directly on a substrate and then the solvent is evaporated. 
This technique is similar to spin coating, but does not re-
quire substrate rotation. In this technique it is difficult to 

Fig. 9. Spectral response of β-Ga2O3 photodetectors fabricated at 
different annealing temperatures. Reproduced with permission 
from Ref. [74], © 2007 AIP Publishing. 

Fig. 10. Schematic diagram of the experimental device for spray 
pyrolysis. Adapted from Ref. [79]. 
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Fig. 12. SEM image and EDX measured composition of the sol-gel prepared β-Ga2O3 film. Adapted from Ref. [84]. 

Fig. 13. Properties of sol-gel fabricated β-Ga2O3 films; (a) transmittance of the film (b) estimated bandgap of the film material after 
annealing at 900 °C. Adapted from Ref. [84]. 

Fig. 11. Schematic diagram of spray-pyrolysis technique. Adapted from Ref. [84]. 
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control the uniformity of the layer thickness. The thick-
ness and properties of the film will be affected by the 
volume and concentration of the dispersion, the wetting 
of the substrate, the evaporation rate of the solvent and 
the overall drying process. In a number of studies, thin 
films of various materials have been obtained using this 
technique [85,86]. 

Pilliadugula et al. [87] investigated the sensing proper-
ties of β-Ga2O3 by drop-casting method. They prepared 
GaOOH powder from mixed solutions with different pH 
values by hydrothermal synthesis process, and then calcined 
it at 1000 °C for 5 hours to obtain white β-Ga2O3 powder. 
Then few drops of N-Methyl Pyrrolidone (NMP) were 
added to the β-Ga2O3 powder to obtain a paste of the desired 
consistency. The paste was drop-cast on the substrate, and 
finally the sensing semiconductor film was made by evapo-
rating the solvent. Balasubramani et al. [88] also used a sim-
ilar method to drop-cast a mixture of 5 wt.% β-Ga2O3/rGO 
(reduced graphene oxide) and 5 at.% α-terpineol on the alu-
mina substrate to fabricate a gas sensor. 

3.4. Different polymorphs of Ga2O3 obtained by sol-
gel method 

Many studies have shown that, in addition to β-Ga2O3, sol-
gel method can be also used to prepare α-Ga2O3 [89–91] 
and γ-Ga2O3 [92–94] layers with reasonable quality. 
Areán et al. [92] prepared mesoporous γ-Ga2O3 by calcin-
ing gallium gel obtained by adding ammonia to ethanol 
solution of gallium nitrate. Delgado et al. [93] added am-
monia water to the ethanol solution of gallium nitrate to 
prepare the γ-Ga2O3 polymorph and calcined it at 1073 K 
to obtain β-Ga2O3. Ristić et al. [89] added tetrame-
thylammonium hydroxide ( 3 4N(CH ) OH+ −, TMAH) solu-
tion to GaCl3 solution to obtain α-GaOOH particles. These 
α-GaOOH particles transformed into single-phase α-
Ga2O3 at 500 °C. When heated at 900 °C, the material of 
the particles exhibited phase transformation into β-Ga2O3. 
Wang et al. [91] dissolved gallium nitrate (20 g) in 

deionized water and stirred to form a solution. Further am-
monia solution (5 wt.%) was added until the pH of the 
mixture reached 8.0. The resulting precipitate was filtered 
and dried to obtain GaOOH powder. As shown in Figure 
15, they studied the conversion of GaOOH to α-Ga2O3 and 
β-Ga2O3. 

Several studies [95–97] have shown that sol-gel synthe-
sis conditions can influence structure of gallium oxide thin 
films and particles. Zhao et al. [95] used nonionic surfactant 
PEO (polyethylene oxide, Tergitol 15-S-7) and cationic sur-
factant CTAB (N-cetyl-N,N,N-trimethylammonium bro-
mide, C19H42NBr) to prepare Ga2O3 particles with a porous 
structure. Surfactant-free synthesis can be used to obtain 
nonporous Ga2O3 particles. Chai et al. [96] prepared three 
polymorphs of gallium oxide (α, β, and α/β-Ga2O3) by ad-
justing the dosage of polyethylene glycol (PEG) 6000 by 
hydrothermal method. Sosnin et al. [97] proposed to explore 
chemical reaction between gallium nitrate and ammonia in 
aqueous solution to obtain oval acid-resistant microparticles 
of β-Ga2O3 after annealing the reaction deposit in air. The 
authors of this work found that the β-Ga2O3 particle size de-
pends on the molar ratio of reacting substances in a non-
monotonic manner, as shown in Figure 16. 

4. APPLICATIONS IN BRIEF 

Gallium oxide nanomaterials possess unique physical and 
chemical properties. They find practical applications in 
many fields, such as photocatalysis [98], ultraviolet detec-
tion [99], ultraviolet filters [100], flat panel displays [70], 
gas sensors [101] and optoelectronic devices [102]. They 
are also considered as some promising material candidates 
in the field of biomedicine. For example, Ga2O3 nanopar-
ticles can carry drugs and penetrate cell membranes as a 

Fig. 14. Schematic diagram of the principle of drop casting 
technique. 

Thin film
Substrate

Fig. 15. Schematic diagram of the conversion of GaOOH to  
α-Ga2O3 and then to β-Ga2O3. Reprinted with permission from 
Ref. [91], © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA, 
Weinheim. 
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multifunctional drug carrier, and because of its excellent 
luminescent effect, the distribution of drugs in cells can be 
observed [103]. 

So far, there have been no extensive studies on the 
preparation of Ga2O3 thin films by the sol-gel method. At 
present status of sol-gel research, thin-film growth pro-
cesses cannot be precisely controlled. However much 
lower costs of the sol-gel processing in comparison to vac-
uum-based synthesis methods dictate further development 
of research in the field. Ga2O3 films fabricated by the sol-
gel method still contain defects, and the quality of the 
films needs to be improved. Ga2O3 based nanomaterials 
synthesized using solution-based methods have a high sur-
face-to-volume ratio, which is important in photocatalysis 
[104–106] and sensor [71,107,108] applications. Being 
able to synthesize on a large scale is crucial for photoelec-
tric conversion and photocatalysis [109]. Process simplifi-
cation and minimization of defects in sol-gel fabricated 
Ga2O3 will facilitate its mass production. 

5. CONCLUSION 

In this brief review, we have highlighted the research sta-
tus of gallium oxide prepared by sol-gel method. We have 
shown that Ga2O3 thin film structure is affected by the 
method of synthesis, the materials employed, the tech-
nique, and the process. Since gallium oxide materials can 
be used in applications such as deep ultraviolet detectors, 
PH sensors, gas sensors, photodegradation, and photoca-
talysis, the process of sol-gel method is worth investigat-
ing. We hope this review will serve as a reference for re-
searchers using sol-gel methods. 
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Приготовление тонких пленок Ga2O3 золь-гель методом —  
краткий обзор 
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Аннотация. В настоящее время оксид галлия (Ga2O3) как широкозонный полупроводниковый материал привлекает все боль-
шее внимание в различных практических областях. В связи с этим было предпринято много усилий по изготовлению и ис-
следованию его объемного кристалла, тонких пленок и нанопроволок. Для пленок Ga2O3 существует множество методов под-
готовки, таких как осаждение металлорганических соединений из газообразной фазы, хлорид-гидридная газофазная 
эпитаксия, импульсное лазерное напыление, молекулярно-пучковая эпитаксия, радиочастотное магнетронное напыление, 
атомно-слоевое осаждение, мокрая химия и золь-гель. Этот краткий обзор посвящен приготовлению тонких пленок Ga2O3 
золь-гель методами. Золь-гель методы включают нанесение покрытия погружением, центрифугирование, спрей-пиролиз и 
метод капельного литья. В работе обобщены и проанализированы детали изготовления тонких пленок β-Ga2O3 золь-гель ме-
тодом. Обсуждаются полиморфизм, структура и свойства полученных методом золь-гель пленок Ga2O3. 

Ключевые слова: золь-гель; Ga2O3; тонкая пленка 
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