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β-Ga2O3 thin films were obtained by the sol-gel method on sapphire and quartz substrates, 
as well as on Cu-O buffer layers. It was shown that the sol-gel method allowed to obtain 
β-Ga2O3 thin films with good optical and structural properties by using X-ray diffraction, 
scanning electron microscopy and optical spectroscopy. The energy of the optical band 
gap of Ga2O3 films calculated by the Tauc plot varied from 4.39 to 4.59 eV. 
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1. INTRODUCTION 

Ultra-wide bandgap (UWBG) semiconductors have such 
distinctive advantages as thermodynamic stability and 
high breakdown voltage. Due to these properties, such ma-
terials can be used in power electronics and in various op-
toelectronic devices, including ultraviolet “solar-blind” 
photodetectors, gas-sensitive devices, thin-film transistors 
and Schottky barrier diodes [1–4]. 

At present, diamond (with band gap of 5.5 eV), alumi-
num gallium nitride AlGaN (3.4–6.2 eV) and β-phase gal-
lium oxide β-Ga2O3 (4.8–4.9 eV) are the most perspective 
UWBG semiconductor materials [5]. Among them, Ga2O3 
is the most promising material for use in power electronics 
of a new generation, assuming operation at high voltages 
and temperatures. 

It is known that gallium oxide can crystallize in 5 (or 6 
according to some studies) different crystalline phases [6], 
but the β-phase of Ga2O3 is of the greatest interest not only 
due to its wide band gap of 4.8–4.9 eV, but also its high 
thermodynamic stability [6,7]. 

By now, thin films of β-Ga2O3 have been obtained by 
various epitaxial methods, including molecular beam epi-
taxy [8–11], metalorganic [12–15] and hydride vapor-
phase epitaxy [16–18], and non-epitaxial methods — 
chemical deposition from the low-pressure vapor phase 
[19–21] and sol-gel method [22–25]. 

The sol-gel method can significantly reduce the cost 
of manufacturing thin films compared to epitaxial meth-
ods [26]. However, the use of sol-gel technology to ob-
tain β-Ga2O3 is insufficiently studied and requires addi-
tional research to improve the structural state of the 
resulting thin films. 

In this study, β-Ga2O3 thin films were obtained by the 
sol-gel method in various technological parameters such 
as the substrate material, the presence and thickness of 
copper oxide buffer layers, as well as the mode of high-
temperature processing. The comparison of optical and 
structural properties of films obtained under various con-
ditions was carried out, and the dependence of their prop-
erties on the conditions of obtaining was revealed. 
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2. METHODS 

To obtain the Ga2O3 thin films by sol-gel method the gal-
lium nitrate hydrate Ga(NO3)3∙8H2O was dissolved in 
ethyl alcohol (C2H6O) with the molar concentration of 
0.5 M. The catalyst of the reaction was monoethanolamine 
(MEA, C2H7NO). MEA was added to the solution in a ra-
tio of 1:1 to Ga after complete dissolution of gallium ni-
trate in ethanol. The resulting solution was stirred for 90 
minutes at a temperature of 60 °C. 

Plates of fused quartz and sapphire with a diameter of 
20 mm and a thickness of 1 mm were used as a substrate. 
To improve the adhesion of the films, the substrates were 
previously cleaned in an ultrasonic bath in acetone, ethyl 
alcohol and deionized water sequentially for 10 minutes.  

Buffer layers of copper oxide were obtained on quartz 
and sapphire substrates by deposition of copper layer by 
magnetron sputtering in vacuum using the Q150R plus 
(Quorum) and further annealing at 200 °C for 1.5 hours. 
XRD study showed that the film obtained in that way con-
tained CuO and Cu2O phases. 

Gallium oxide layers were made by the spin coating 
method. The solution was coated at a speed of 3000 rpm 
for 30 seconds. Then samples were dried in the air at a 
temperature of 100 °C for 10 minutes and were pre-an-
nealed at a temperature of 500 °C in the air for 15 minutes. 
The drying temperature (100 °C) was chosen in such a 
way as to evaporate the sol solvent without boiling. The 
temperature of the intermediate annealing (500 °C) was 
chosen to obtain primary crystallization from the gallium 
hydroxyl and other phases of the Ga-O system into the 
α- and β-phases of gallium oxide [27]. The procedure of 
layers coating, drying and annealing was repeated 6 times 
to increase the total thickness of the film.  

After all the stages of layers coating and drying, the 
final annealing was carried out at a temperature of 900 °C 
in the air for 4 hours to recrystallize the intermediate 
phases to the β-Ga2O3. Thus, six films samples series were 
obtained by the sol-gel method with various technological 
parameters, their description is given in Table 1. After the 
structural investigation of obtained films, the samples 
were annealed once again for 2 hours at a temperature of 
1100 °C, and the studies were repeated. 

To study the phase composition and crystal structure 
of the obtained films, the X-ray diffraction analysis 
(XRD) was used on DRON-8 (Bourevestnik) installation 
in the wide-slit configuration with a fine focus BSV-29 
tube with a copper anode and NaI (Tl) scintillation de-
tector. The XRD patterns of samples were recorded dur-
ing scanning in the angular range 2θ = 10°–70° at a step 
of Δ(2θ) = 0.05° and a rotation speed of 30 rpm.  

Structure and thickness of the obtained films were 
studied by scanning electron microscopy (SEM) using 

Mira-3 (Tescan). To determine the film thickness by SEM 
the samples were prepared in the cross-sectional geometry 
by mechanically chipping in a direction normal to the sur-
face plane.  

The optical properties of the samples were deter-
mined by Avantes fiber-optic spectroscopy system con-
sisting of Avaspec-2048 spectrometer and Ava-
Light D(H)-S deuterium-halogen light source allowing 
measurement of the absorption and transmission spectra 
of samples in the range of 200–1100 nm. By using 
AvaSpec spectrometer and AvaSoft software, the sam-
ples absorption was measured according to the Booger-
Lambert-Beer law. 

3. RESULTS AND DISCUSSION 

Fig. 1 shows the SEM images of samples A and D with 
gallium oxide films obtained on sapphire substrates with-
out and with a copper oxide buffer layer, respectively. All 
samples showed a pronounced heterogeneity of the sur-
face. Fig. 1a shows the film in the sample A consists of 
separate fragments of several micrometers in size, and the 
average thickness of film was 1.6 micrometers. A similar 
film structure was observed for samples obtained on a 
quartz substrate. However, the use of a Cu-O buffer layer 
allows to obtain a continuous film on the substrate surface 
(Fig. 1b; sample D). The average thickness of such film 
was 6 micrometers, but protruding fragments of 3–5 mi-
crometers in size were observed on its surface. The thick-
ness of the films differed for samples on copper oxide 
layer and without it. Several factors can probably contrib-
ute to an increase in film thickness: different adhesion of 
sol to substrates during spin-coating of layers, different 
density of the obtained films and different degree of crys-
tallization, which is the result, for example, of different 
heat capacity of the substrates, which may affect the an-
nealing process. 

Fig. 2 shows the absorption spectra of A–D samples in 
the range of 215–800 nm. These spectra contain the absorp-
tion edge of the gallium oxide films for samples A and B 
which are clearly observed about 270 nm. The absorption 

Table 1. Parameters of obtained β-Ga2O3 thin films. 

Sample 
name 

Buffer layer/Substrate Buffer layer thickness, 
nm 

A –/Al2O3 – 

B –/SiO2 – 

C Cu-O/SiO2 120 

D Cu-O/Al2O3 120 

E Cu-O/SiO2 240 

F Cu-O/Al2O3 240 
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coefficient of a film obtained on a sapphire substrate signif-
icantly exceeds the absorption coefficient of a film obtained 
on a quartz substrate. Since their thickness is approximately 
the same (1.6–2 µm), it is probably due to the different crys-
tal quality of the obtained films [28]. 

A comparison of the absorption spectra in Fig. 2 shows 
that the use of a copper oxide buffer layer has significantly 
increased the absorption of gallium oxide in the UV re-
gion, but at the same time samples sharp absorption edge 
became smoother. An increase in the buffer layer thick-
ness from 120 nm to 240 nm allowed the additional in-
crease and smoothing in the absorption spectra. Also, with 
an increase in the thickness of the copper oxide buffer 
layer the energy shift of the absorption edge occurred to-
wards a lower energy (longer wavelength). 

An interesting fact is that additional annealing allowed 
a decrease in the intensity of absorption spectra of films 
on sapphire substrate compared to samples before it. After 
additional annealing the absorption edge of the sample 
with a thin copper oxide buffer layer (120 nm) remained 
virtually unchanged. But for sample with a thick copper 
oxide buffer layer (240 nm) the inclination angle of ab-
sorption edge increased, which made the absorption edge 

more similar to the absorption edge of gallium oxide film 
without copper oxide. 

Surprisingly, the absorption spectra for samples on the 
fused quartz substrates show different dependences at an 
increase in the thickness of the copper oxide buffer layer 
and after additional annealing. An additional annealing, 
however, led to a slight increase in absorption for samples 
without copper oxide layer and with a thick copper oxide 
layer (240 nm) in the UV range. Sample with a thin copper 
oxide layer (120 nm) significantly increased the absorp-
tion in the UV range after additional annealing. 

Fig. 3 shows the dependence of the absorption coef-
ficient for the substrates and substrates with copper oxide 
layer. As can be seen, the used substrates had a low ab-
sorption over the entire spectral range under study. The 
addition of copper oxide layer increased absorption in 
the UV range and in the optical region closer to UV. It 
can be also seen that the absorption is higher for quartz 
substrate with the copper oxide layer than for sapphire 
with copper oxide. 

A comparison of the absorption spectra in Figs. 2 and 3 
shows that absorption coefficient for Ga2O3/Cu-O/SiO2 
structures is lower than that for Cu-O/SiO2 structure. After 

 (a) (b) 

Fig. 1. SEM images of cross section of (a) Ga2O3/Al2O3 (sample A) and (b) Ga2O3 /Cu-O/Al2O3 (sample D) films. 

Fig. 2. Absorption spectra of gallium oxide films obtained on the sapphire (a) and fused quartz (b) substrates: the black curve corre-
sponds to the spectra for the gallium oxide layer without the copper oxide buffer layer, the red curve corresponds to a heterostructure 
with a copper oxide buffer layer of 120 nm thickness, the blue curve corresponds to a heterostructure with a copper oxide buffer layer 
of 240 nm thickness. Dashed curves indicate the absorption spectra of films with additional annealing at a temperature of 1100 °C. 
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coating of gallium oxide onto the copper oxide layer, these 
layers were annealed together at high temperature. It is 
probably that during this annealing, in addition to the crys-
tallization of gallium oxide, the recrystallization of copper 
oxide also occurred, which led to an improvement in its 
optical properties. Actually, looking forward, the im-
provement of the crystalline properties of copper oxide 
layers as a result of annealing was also observed on the  
X-ray diffractogram. 

Analysis of the absorption spectra in the Tauc plot [29] 
allowed to see that the absorption edge shifts with an in-
crease in the thickness of the copper oxide buffer layer. 

For gallium oxide film on the sapphire substrate the value 
of absorption edge before annealing and after annealing 
was the same (approximately 4.59 eV) [30–32]. In the 
presence of thin copper oxide layer (120 nm) the anneal-
ing led to a decrease in the wavelength and, accordingly, 
an increase in the energy of the absorption edge from 
3.94 eV to 4.09 eV. In the presence of thick copper oxide 
layer (240 nm) the annealing also led to an increase in the 
energy of the absorption edge from 3.21 eV to 4.31 eV 
showing better crystallization of gallium oxide film. 

For samples on the quartz substrate, the annealing led 
to a decrease of the absorption edge for gallium oxide from 
4.42 eV to 4.25 eV. The addition of thin copper oxide 
layer (120 nm) led to decrease in the absorption edge en-
ergy to 3.14–3.18 eV for samples before and after anneal-
ing. An increase in the copper oxide layer thickness up to 
240 nm led to an increase in the absorption edge to 3.25–
3.55 eV. 

Fig. 5 shows XRD patterns of the samples A–D. All 
patterns had many reflections peaks corresponding to the 
monoclinic crystal lattice of the β-phase of gallium oxide. 
The low intensity of reflections (Figs. 5a,b) indicated in-
complete crystallization of the films. Probably, the result-
ing films have a polycrystalline structure with a small 
crystallite size, as was observed during the SEM studies 
(Fig. 1). To confirm this, an additional annealing at tem-
perature 1100 °C for 2 hours was carried out. This slightly 
improved the crystalline quality of the films, which con-
tributed to an increase in reflections intensity on diffracto-
grams (Figs. 5c,d) and led to the appearance of more re-
flections from Cu-O compounds. 

Fig. 3. The absorption coefficient of substrates and the substrates 
with copper oxide buffer layer. These dependences were ob-
tained before the coating of gallium oxide layer to these sub-
strates. The insert shows that the absorption of sapphire and 
quartz substrates are similar in visible spectra and substrates 
begin to absorb in the wavelength range of UV-C. 

Fig. 4. Tauс plot of absorption coefficient spectra of gallium oxide films obtained on the sapphire (a) and fused quartz (b) substrates: 
the black curve corresponds to the spectra for the gallium oxide layer without the copper oxide buffer layer, the red curve corresponds 
to a heterostructure with a copper oxide buffer layer of 120 nm thickness, the blue curve corresponds to a heterostructure with a copper 
oxide buffer layer of 240 nm thickness. Dashed curves indicate the absorption spectra of films with additional annealing at a tempera-
ture of 1100 °C. Straight dotted lines are approximation curves constructed by the Tauс method, showing the absorption edges for the 
studied films. 
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Comparing the peaks intensity of diffractograms, it can 
be seen that for a gallium oxide film obtained on a sap-
phire substrate without copper oxide buffer layer, the in-
crease in intensity after annealing was 43% bigger relative 
to the noise intensity level. The addition of a copper oxide 
layer made it possible to increase the peaks intensity and 
to get fewer reflections from different planes, which may 
indicate an increase in the number of grains or crystallites 
in the films. The intensity of reflections for a sample with 
240 nm Cu-O layer thickness increased by about 52% af-
ter annealing. 

In addition to the fact that the number of reflections on 
diffractograms has increased after annealing, it can be seen 
that their intensity has increased and the amount of amor-
phous component on diffractograms has decreased (Fig. 5). 
This effect is especially noticeable on samples without 
copper oxide buffer layer and with a thin copper oxide 
layer. But this effect is not observed on a sample with a 
thick layer of copper oxide on sapphire substrate. Compar-
ison of the XRD patterns showed that the films obtained 
on the buffer layer of copper oxide had better crystal qual-
ity (Figs. 5a,b), which was also observed in SEM studies. 
Probably, the better crystal quality contributed to the 

lower absorption of films in the visible range 300–800 nm, 
which was observed earlier (Fig. 2). An increase in the 
thickness of the copper oxide buffer layer from 120 nm to 
240 nm led to an increase in the intensity of gallium oxide 
reflections in diffraction patterns, and, probably, to an im-
provement in the crystal quality of the samples. 

4. CONCLUSION 

Thin films of β-Ga2O3 were obtained by the sol-gel 
method on quartz and sapphire substrates, and Cu-O 
buffer layers. The influence of the substrate material, the 
presence and thickness of copper oxide buffer layers and 
the annealing temperature on their crystal quality was 
studied. Optical transitions, probably associated with in-
terband absorption, were detected in the range of 270–
330 nm (from 3.70 to 4.59 eV). It was also found that the 
films had a polycrystalline structure and high surface het-
erogeneity, and their thickness was from 1.6 to 6 µm. The 
use of a sapphire substrate, buffer layers of copper oxide 
of large thickness (240 nm) and additional annealing at 
1100 °C made it possible to improve the crystal quality of 
the resulting thin films of β-Ga2O3. 

Fig. 5. XRD patterns of obtained films Ga2O3 on Al2O3 and SiO2 substrates. Subfigures (a) and (b) corresponds to the XRD patterns 
obtained after the first annealing, (c) and (d) corresponds to a heterostructure after the additional annealing. The black curve corre-
sponds to the samples without using a copper oxide buffer layer. The red curve and blue curve mark samples with a buffer layer with 
thickness of 120 nm and 240 nm, respectively. 
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Структурные свойства и морфология тонких пленок β-Ga2O3,  
полученных на различных подложках золь-гель методом 
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Аннотация. В данной работе методом золь-гель были получены тонкие плёнки β-Ga2O3 на подложках из сапфира и кварца, а 
также на буферных слоях Cu-O. С помощью методов рентгеновской дифракции, сканирующей электронной микроскопии и 
оптической спектроскопии показано, что золь-гель методом могут быть получены плёнки β-Ga2O3 с хорошими оптическими 
свойствами и кристаллическим качеством. Определенная по методу Тауца энергия оптической запрещенной зоны пленок 
варьировалась от 4,39 до 4,59 эВ. 

Ключевые слова: β-Ga2O3; широкозонный полупроводник; рентгеновская дифрактометрия; тонкие плёнки; золь-гель 
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