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A B S T R A C T   

In this work, the β-Ga2O3 nanostructures were obtained by thermal annealing in air of β-Ga2S3 single crystals at 
relatively high temperatures of 970 K, 1070 K and 1170 K for 6 h. The structural, morphological, chemical and 
optical properties of β-Ga2O3–β-Ga2S3 layered composites grown at different temperatures were investigated by 
means of X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 
(EDX) as well as photoluminescence spectroscopy (PL) and Raman spectroscopy. The results show that the 
properties of obtained β-Ga2O3–β-Ga2S3 composites were strongly influenced by the thermal annealing tem
perature. The XRD and Raman analyses confirmed the high crystalline quality of the formed β-Ga2O3 nano
structures. The absorption edge of the oxide is due to direct optical transitions. The optical bandwidth was 
estimated to be approximately 4.34-4.41 eV, depending on the annealing temperature. Annealing of the β-Ga2S3 
monocrystals at a higher temperature of 1170 K showed the complete conversion of the surface to β-Ga2O3. These 
results demonstrate the possibility to grow high quality β-Ga2O3–β-Ga2S3 layered composites and β-Ga2O3 
nanostructures in large quantities for various applications such as gas sensing, non-toxic biomedical imaging, 
nonlinear optical, as well as power device applications. Micro and nanocrystallites present on the surface of the 
Ga2O3 layer contribute to a diffusion of the incident light which leads to an increase of the absorption rate 
allowing thus to reduce the thickness of the Ga2O3 layer, in which the generation of unbalanced charge carriers 
takes place. By decreasing the Ga2O3 layer thickness in such layered composites, the efficiency of photovoltaic 
cells based on such junctions can be increased.   

1. Introduction 

Monoclinic gallium oxide (β-Ga2O3) is an important semiconductor 
compound with high chemical and thermal stability as well as a wide 
bandgap of 4.5 – 4.9 eV, which is the widest energy gap among the 
transparent conducting oxides [1–4]. Therefore, β-Ga2O3 is an attractive 
material for optoelectronic applications, especially for a solar-blind 

high-temperature deep-ultraviolet photodetector [5–8]. Since it pos
sesses a band gap wider than In2O3, and it is optically transparent in the 
UV-NIR spectral range β-Ga2O3 is a good electrically conductive and 
transparent optical electrode for optoelectronic and photovoltaic de
vices [9,10]. For example, Kong et al. fabricated a graphene-β-Ga2O3 
heterojunction for highly sensitive deep UV (254 nm) photodetector 
application with a high external quantum efficiency, very good stability 
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and reproducibility [11]. Zhong et al. fabricated UV photodetectors 
based on high quality β-Ga2O3 single crystals, synthesized via chemical 
vapour deposition (CVD) method showing excellent optoelectronic 
performance with high sensitivity, fast response speed, excellent sta
bility and reversibility [2]. Chen et al. fabricated a strain modulated 
solar-blinded photodetector based on ZnO-Ga2O3 core–shell hetero
junction microwire which demonstrated high sensitivity to deep UV 
light centred at 261 nm [12]. Among other applications of Ga2O3 
nanostructures one can mention high-temperature humidity and gas 
sensors [13–15], solar blind UV radiation detectors [11,16,17], photo
catalytic splitting of water and electrochemical hydrogen generators 
[18]. Versatile applications of Ga2O3 are possible due to its high struc
tural stability at elevated temperatures, and a large potential for real gas 
sensing applications in harsh environments [8,14,19,20]. 

Currently, there are several technological approaches to obtain 
Ga2O3 nanocrystals with different morphologies such as nanowires, 
nanoribbons, nanospheres, nanorods and others [3,17,21–25]. β-Ga2O3 
nanostructures can be synthesized by thermal oxidation of metallic Ga in 
the N2/O2 atmosphere of the GaN and GaAs composites as well as gal
lium chalcogenides (GaSe, GaS, Ga2S3) [18,23,26]. In the previous work 
[27], a Ga2O3 layer in the form of needles was grown by surface 
oxidation of a Zn-doped GaAs plate. The GaAs:Zn plates were annealed 
at T ¼ 1320 K for 40 min in atmosphere of O2-Ar. The mechanism of 
formation of Ga2O3 needles on the surface of GaSe and GaS plates by 
thermal annealing in atmosphere in the temperature range from 998 to 
1200 K was studied in previous works [23,28]. In the case of thermal 
annealing in the flux of a O2-NH3 solution, the GaSe surface was covered 
with porous micro-structures similar to flowers [29]. Such structures 
exhibit photocatalytic activity superior to TiO2 oxide, which are widely 
used in chemical technologies [28]. A thorough knowledge of the basic 
structural, optical and vibrational properties of β-Ga2O3–β-Ga2S3 is 
needed since information on composites structure is still lacking. 
β-Ga2O3–β-Ga2S3 composites are important for fundamental research as 
well as for various applications including sensors for harsh environ
ments, non-toxic biomedical imaging, energy down-conversion in 
nanostructured solar cells, nonlinear optical applications, optoelectronic 
devices, e.g., high-power laser radiation sensors [8,14,15,19,30]. In the 
case of β-Ga2O3–β-Ga2S3 composite, due to the p-type conductivity of 
Ga2S3 [31] and n-type conductivity of the Ga2O3 [32], formed p-n het
erojunctions at the interface of β-Ga2O3–β-Ga2S3 are very attractive for 
gas sensing applications and UV photodetectors [33], in terms of 
enhanced gas sensing properties and increased efficiency of photo
generated electrons and holes separation [34]. So far, however, the 
sensing properties of the β-Ga2O3–β-Ga2S3 composite have not been 
investigated. Therefore, this composite is highly attractive for sensing 
applications, especially in harsh environments where other materials 
can’t survive. 

In this work, the crystalline structures of β-Ga2O3–β-Ga2S3 compos
ites were successfully synthesized using a simple method of thermal 
oxidation in ambient air. The thermal annealing of β-Ga2S3 single 
crystals was performed at different temperatures and β-Ga2O3–β-Ga2S3 
composites were grown. The surface morphology, structural, chemical 
and optical properties are reported and discussed in details. 

2. Experimental part 

The β-Ga2O3–β-Ga2S3 layered composites and Ga2O3 nanocrystals 
were obtained by the post-growth conversion of Ga2S3 single crystals 
shaped as plates, which were grown by chemical vapour deposition 
(CVD) using I2 vapour as a carrier gas. Elemental components Ga (5 N) 
and S (5 N), taken in stoichiometric amounts by precision weighing 
(10� 4 g), were used to obtain single crystals of Ga2S3. The experimental 
apparatus and the temperature profile of the two-section furnace used 
for growth of Ga2S3 crystals are presented in Fig. 1. By using the 
Bridgman–Stockbarger method a polycrystalline ingot with a mass of ~ 
20 g was grown (see Fig. 2(a)). The Bridgman–Stockbarger method 

(VBS) is widely used for bulk crystal growth due to its comparative 
simplicity [35]. In this case, a regime of convection in the fluid phase is 
likely to be the major factor which controls radial and axial segregation 
in the growing crystal and is mainly affected by thermal conditions [35]. 
Quantities of Ga and S were placed in the quartz containers with internal 
diameter of ~ 20 mm, length of ~ 20 cm and wall thickness of 3 mm. 
Initially, the quartz container was treated for 40 min with hydrofluoric 
acid and then washed with bi-distilled water followed by drying at 200 
� 250 �C in a furnace. The synthesis of the compound was conducted in 
the two-section furnace with different temperatures. Ga was located in 
the temperature region at ~ 1400 K, while S was placed in the tem
perature region of ~ 750 K. S vapour at this temperature did not exceed 
2 atm [36]. Sulphur was separated from the area where Ga was placed 
with a recess in the wall of the container. The furnace was tilted at ~ 15�

from the horizontal. During the synthesis process, the container was 
rotated around the axis at ~ 2 rpm (240π rad/h). As a result of Ga2S3 
formation the amount of S from the cold zone of the furnace is reduced 
over time. After the reaction of S from lower temperature region with 
Ga, the temperature along the container was established to ~ 1400 K. At 
this temperature, the melt was mixed and homogenized by vibrating the 
container with a frequency of ~ 50 Hz for 4 h, after which the furnace 
temperature was decreased to ~ 700 K with a fixed rate of ~ 100 �C/h, 
followed by switching off the furnace and allowing the Ga2S3 ingot to 
cool down naturally to room temperature inside of the furnace for 12 h. 

For the synthesis of Ga2S3 single crystals ~ 10 g of the obtained ingot 
material and 2 mg/cm3 of I2 were placed into a quartz vial with a 
diameter of ~ 20 mm and a length of 18–20 cm. Prior to the thermal 
treatment, the quartz vial was evacuated to 5⋅10� 5 torr, followed by 
sealing of the container and introduction into the two-section horizontal 
furnace. One region with a temperature of 1020 K represents the source 
zone, while the second region with 990 K represents the crystallization 
zone. The synthesis process takes approximately 120 h. In Fig. 2(b), an 
optical image of Ga2S3 single crystals is depicted. 

For obtaining of Ga2O3-Ga2S3 layered structures plate-shaped Ga2S3 
single crystals with thickness of about 3–8 mm were choose. The elec
trical conductivity of plate-shaped Ga2S3 single crystals at room tem
perature was (2.5 � 3.0)⋅10� 12 Ω� 1 cm� 1. Selected monocrystals were 
subjected to thermal annealing at 970 K–1170 K for 3–6 h in ambient air 
which resulted after thermal annealing in the formation of a white layer 
on the surface of the samples. The electrical conductivity of the surface 
layer was investigated in four sample sets with thickness values of 3.2, 
3.9, 4.5 and 6.8 mm and amounted to (4 � 5)⋅10� 9 Ω� 1 cm� 1. One of the 
sample surfaces was sanded to half the thickness so that a characteristic 
colour of the primary material (Ga2S3) was obtained. The electrical 
conductivity on the surface of this layer for the studied samples was (1.5 
� 2.0)⋅10� 8 Ω� 1 cm� 1. In order to verify that the exposed layer indeed 
consisted of the primary crystal (Ga2S3), the photoluminescence (PL) 
spectrum of the untreated Ga2S3 single crystal was compared to the 

Fig. 1. Experimental apparatus and temperature profile of two-section furnace 
used for growth of polycrystalline ingot by Bridgman–Stockbarger method. 
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spectrum of the polished Ga2O3-Ga2S3 sample. Both PL spectra from the 
primary crystals and from the surface of the polished sample represents a 
band in the red region of the spectrum with a maximum at ~ 680 nm, 
which confirmed the chemical compounds were identical. In Fig. 2(b) 
and (c) typical samples of the initial Ga2S3 single crystals as well as 
nanostructures after thermal annealing in the ambient air at 1170 K for 
6 h are depicted, respectively. The surface morphology of the synthe
sized samples was studied using the scanning electron microscope 
(SEM), the Zeiss Ultra Plus type, equipped with an EDX analysis system 
from Oxford Instruments [37]. The structural properties were investi
gated by X-ray diffraction technique (XRD) using a Rigaku Ultima IV 
diffractometer (CuKα radiation, λ ¼ 1.5406 Å, 40 kV to 40 mA) in 
Bragg-Brentano geometry (θ-2θ) with a fixed X-ray tube. The combined 
diffusion spectra were recorded using a WITec alpha300 Raman spec
trometer. All micro-Raman spectra were taken with the help of WITec 
RA300 microscope (the excitation light, 532 nm), to identify the phase 
of materials as described in previous papers [25,38]. 

Absorption edge of the oxide layers, formed on the surface of Ga2S3 
crystals, was investigated by measuring the diffuse reflection coefficient 
(Rd) using a spectral spectrophotometer M � 40, equipped with an 
accessory for recording the diffuse reflection spectrum in the 200–900 
nm spectral range. Absorbance of the oxide layer was determined using 
Kubelka – Munk (K-M) function, F(Rd) [39,40]: 

FðRdÞ
ð1 � RdÞ

2

2Rd
¼

α
S

(1)  

where α is absorbance coefficient and S is the scattering factor. Photo
luminescence spectra of the Ga2S3 and Ga2O3/Ga2S3 crystals were 
measured using a setup based on a high optical power monochromator 
MDR-2, equipped with the profiled diffraction grids of 1200 mm� 1 and 
600 mm� 1 and based on photomultiplier with (Na2K)Sb þ Cs photo
cathode with selective amplifier. The excitation wavelength was 255 
nm, selected from the excitation beam band of the emission spectra for 
Xe lamp (1000 W) using a ZMR-3 monochromator with a quartz prism. 
The PL spectra of Ga2S3 single crystals measured at 80 K was excited 
using a N2 laser (λ ¼ 337 nm and average power of 20 mW). 

3. Results and discussion 

3.1. Structural properties of layered Ga2O3-Ga2S3 composites 

As can be observed from Fig. 2(b) and (c) the surface colour of Ga2S3 
crystals is changed to white after thermal annealing at 1075 K for 4 h 
and crystals spread well the incident light. Ga2S3 single crystals with 
hexagonal crystalline lattice (α-Ga2S3), stable at a relatively low tem
perature (T < 930 K), as well as monoclinic crystalline lattice (β-Ga2S3), 
stable up to the melting point, can be synthesized using the CVD method. 
For synthesis of Ga2O3-Ga2S3 composite structures the Ga2S3 crystals 
with monoclinic crystalline lattice were chosen. The XRD patterns of 
Ga2S3 crystals synthesized using the CVD method in I2 vapour 

atmosphere before and after thermal annealing are presented in Fig. 3 
(curve a and b, respectively). All diffraction peaks were identified using 
PDF 01-071-2672 and included in Table 1, column BT. All the detected 
peaks in case of Ga2S3 crystals, used for synthesis of Ga2O3 on the Ga2S3 
substrate, can be assigned to monoclinic β-Ga2S3 with following lattice 
parameters: a ¼ 11.107 Å, b ¼ 6.395 Å, c ¼ 7.021 Å, α ¼ 90.00� and β ¼
121.17�. The characteristic doublet of diffraction peaks for β-Ga2S3 at 2θ 
between 27� and 30� (27�<2θ < 30�) can be observed in Fig. 3(b) [41]. 
This doublet appears in XRD patterns measured for submicrometer 
β-Ga2S3 crystals grown in the form of cones, prisms, etc. [42]. 

In the case of XRD pattern measured for thermally annealed Ga2S3 
crystallite in air at 1075 K for 4 h (see Fig. 3, curve 2) the detected peaks 
were assigned to monoclinic β-Ga2S3 (PDF #01-071-2672) and mono
clinic β-Ga2O3 (PDF #01-087-1901) with lattice parameters: a ¼ 12.2 Å, 
b ¼ 3.0 Å, c ¼ 5.8 Å, α ¼ 90,00�, β ¼ 104� and γ ¼ 90�. The information 
about diffraction peaks is included in Table 1, column AT. Because the 
position of some reflections of β-Ga2S3 and β-Ga2O3 are quite identical, it 
is difficult to clearly distinguish between the different crystalline phases. 
However, the clear evidence of β-Ga2O3 formation after thermal 
annealing can be observed at 2θ values from 30� to 40� (see Fig. 3(b)). 

The concentration of Ga2O3 in Ga2O3-Ga2S3 composite structure can 
be increased by thermal annealing of smaller Ga2S3 crystals or by 
increasing the duration of thermal annealing at 1070 K. In the case of 
thermal annealing of Ga2S3 crystals with a diameter smaller than 4 mm 
for 6 h only the β-Ga2O3 phase can be obtained, without detection of 
Ga2S3. The XRD reflections with double components from region of 2θ 
equal to 31�, 38�, 42�, 54�, 58� and 76� are characteristic for β-Ga2O3 
nanowires [7]. The small values of full width at half maximum (FWHM) 
of reflections from XRD pattern in the case of Ga2O3-Ga2S3 composites 
indicate a small diameter of crystals. 

The crystallites diameters d of Ga2S3 and β-Ga2O3 from composites 
were estimated using the Debye-Scherrer equation [43]: 

d¼
kλ

FWHM cos θhkl
(2)  

where k is the Scherrer constant equal to 0.94, λ is the X-ray wavelength 
and θhkl is the Bragg diffraction angle. The crystallites diameter of 520 Å 
for β-Ga2S3 was estimated using the reflection at 28.86�, while for 
β-Ga2O3 the value of 616 Å was estimated using the reflection at 35.29�. 
Therefore, it can be assumed that during the conversion of the β-Ga2S3 
crystal surface to β-Ga2O3 the formed oxide layer is nanostructured. The 
presence of other phases of Ga2S3 and Ga2O3 oxides has not been 
observed. 

3.2. Morphological analysis of Ga2O3 layer on Ga2S3 substrate 

In Fig. 4, SEM micrographs of un-treated and thermally annealed 
Ga2S3 crystals are depicted. From Fig. 4(a) and Figure S2(a) it can be 
observed that sliced Ga2S3 ingot, grown using Bridgman method, is 
composed of randomly oriented crystallites with a mean diameter of 

Fig. 2. Optical images of Ga2S3 crystals: (a) grown by Bridgman–Stockbarger method using Ga and S taken in stoichiometric amounts; (b) monocrystals grown by 
CVD with I2; (c) materials obtained after thermal annealing of Ga2S3 in ambient air at a temperature of 1170 K for 6 h. 
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about 5 μm. Using the CVD method with I2 vapour as carrier gas, opti
cally transparent single crystals with smooth surfaces were obtained. In 
Fig. 4(b), SEM micrographs of the Ga2S3 single crystal surface, grown 
using the CVD method, is depicted showing the single crystals growing 
directions. Therefore, it can be concluded that β-Ga2S3 single crystals 
possess a layered structure. 

The SEM images of β-Ga2S3 single crystals thermally annealed at 970 
K, 1070 K and 1170 K for 6 h are presented in Fig. 4(b-d) and Figure S2 
(b-d), respectively. As can be observed, the surface of single crystals is 
nanostructured after thermal treatment. On the surface of the sample 
treated at 970 K (Fig. 4(b)) mainly two types of nanograins can be 
observed, namely the island-type with a contour of an indefinite form 
with a higher density and circular-shaped nanograins with a lower 
density. Both types of nanograins have a diameter of 10–100 nm. The 
Ga2O3 single crystal is known to show five polymorphs: α-Ga2O3 with a 
corundum structure, monoclinic β-Ga2O3, cubic γ-Ga2O3 with a 
defective-spinel structure, δ-Ga2O3 and ε-Ga2O3 [44], having different 

surface properties [45,46]. For these reasons, at least two phases of the 
gallium oxide are formed on the surface of the Ga2S3 single crystals. 
From the analysis of XRD diagrams the presence of the monoclinic 
β-Ga2O3 phase is well established. The β phase belongs to C2/m space 
group and is known to be the most stable structure among others, which 
is formed at high growth temperatures as in our case, while the other 
phases are meta-stable [3]. Once it is formed, it is highly stable at all 
temperatures below the melting point (~1800 �C) of β-Ga2O3 [15,30]. 

Thermally annealed Ga2S3 crystals at higher temperature of 1070 K 
showed no essential changes in the morphology of the samples 
compared to treatment at 970 K (see Fig. 4(c) and S2(c)). At this tem
perature the area of islands on the surface of Ga2S3 crystals is increasing 
up to tens of μm2. In Fig. 4(d) and Figure S2(d) the SEM image of the 
Ga2S3 crystal thermally annealed at 1170 K is presented. The surface of 
the crystal is perpendicular to the b-axis. As can be observed, the area of 
the formed β-Ga2O3 crystals is increased by the formation of networks of 
islands on the surface of Ga2S3. Ga2O3 crystallites with a parallelogram 
shape and fragments with weakly outlined edges were obtained on a 
GaAs substrate using the CVD method in an atmosphere of N2/O2 [47]. 

3.3. Selected area energy dispersive X-ray spectroscopy (EDX) 

The chemical composition of the Ga2O3-Ga2S3 composites obtained 
by thermal annealing at 970 K, 1070 K and 1170 K for 6 h was inves
tigated using EDX equipped at SEM. The EDX spectra of the samples are 
presented in Supporting Information, Figure S1. Insets show SEM images 
of the respective sample and region where the spectrum was measured. 
The content of Ga, O and S elements in Ga2O3-Ga2S3 composites is 
presented in Table 2 and in insets of Figure S1, showing the decrease in 
content of S with the increasing treatment temperature from 970 K to 
1070 K. Generally, the content of S in all treated samples is relatively 
small, i.e. about 0.19, 0.05 and 0.00 at% for samples treated at 970 K, 
1070 K and 1170 K, respectively. Therefore, it can be concluded that by 
annealing at a temperature higher than 1170 K the content of S can be 
totally excluded from the surface of the crystal, i.e. only a layer of Ga2O3 
nanocrystals is formed with the Ga:O atomic ratio of ~ 2/3, which is in a 
good agreement with the nominal stoichiometric composition of Ga2O3. 

3.4. Raman spectroscopy of Ga2O3-Ga2S3 composites 

Micro-Raman spectroscopy is a very sensitive technique for the 
investigation of surface properties of composite materials [25,48–50]. 
Fig. 5 shows the room temperature Raman spectra of the Ga2S3 crystals 
treated in air at 970 K (see Fig. 5(a)) and 1070 K (see Fig. 5(b)) for 6 h. 
All detected peaks of the Ga2O3-Ga2S3 composites are assigned in 
Table 3. As can be observed, no peaks corresponding to β-Ga2S3 phase 
are observed on the surface of the thermally annealed β-Ga2S3 crystals at 
1070 K and 1170 K. Therefore, the surface of β-Ga2S3 crystals is totally 

Fig. 3. (a) XRD patterns of the Ga2S3 crystals before thermal annealing (curve a in black) and after thermal annealing in air at 1070 K for 4 h (curve b in red). (b) 
Zoomed view of the peaks in the interval from 30 to 40�. 

Table 1 
Interpretation of reflections from XRD patterns measured for Ga2S3 crystals: 
before thermal annealing in air (BT) and after treatment (AT), at 1070 K for 4 h.  

No. Experimental 
values 

Cards 

BT AT Phase PDF card # 2θ (o) I, a. u. h k l 

1 16.86 16.78 Ga2S3 01-071-2672 16.70 61.4 1 1 0 
2 18.84 18.76 Ga2S3 01-071-2672 18.66 40.5 2 0 0 
3 25.70 25.63 Ga2S3 01-071-2672 25.58 17.9 � 2 0 2 
4 28.00 27.90 Ga2S3 01-071-2672 27.82 100.0 0 2 0 
5 29.86 29.77 Ga2S3 01-071-2672 29.72 75.9 0 0 2 
6  30.17 Ga2O3 01-087-1901 30.12 45.6 4 0 0 
7  30.59 Ga2O3 01-087-1901 30.51 56.0 � 4 0 1 
8 31.86 31.74 Ga2S3 01-071-2672 31.76 33.2 0 2 1 
9  33.56 Ga2O3 01-087-1901 33.49 25.3 � 1 1 1 
10  35.29 Ga2O3 01-087-1901 35.22 100 1 1 1 
11  37.56 Ga2O3 01-087-1901 37.48 34.8 4 0 1 
12 38.58 38.48 Ga2S3 01-071-2672 38.44 6.9 1 1 2 
13 41.08 40.99 Ga2S3 01-071-2672 40.95 29.4 2 2 1 
14 41.44 41.44 Ga2S3 01-071-2672 41.37 12.7 � 3 1 3 
15  45.87 Ga2O3 01-087-1901 45.84 21.5 � 3 1 2 
16 49.36 49.30 Ga2S3 01-071-2672 49.29 53.8 � 3 3 1 
17 54.04 53.99 Ga2S3 01-071-2672 53.99 24.9 0 2 3 
18 57.58 57,60 Ga2S3 01-071-2672 57.61 4.4 0 4 0   

Ga2O3 01-087-1901 57.66 25.7 � 3 1 3 
19 58.82 58.78 Ga2S3 01-071-2672 58.78 15.6 � 3 3 3 
20 59.90 59.84 Ga2S3 01-071-2672 59.85 7.6 5 1 1 
21  62.77 Ga2O3 01-087-1901 62.74 11.4 7 1 0 
22  64.76 Ga2O3 01-087-1901 64.71 33.4 � 7 1 2 
23 81.10 81.02 Ga2S3 01-071-2672 81.07 3.0 3 5 0   

Ga2O3 01-087-1901 81.01 0.1 10 0 0 
24 86.40 86.36 Ga2S3 01-071-2672 86.45 5.0 6 4 0   

Ga2O3 01-087-1901 86.35 1.3 0 0 5  
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converted to β-Ga2O3 with C3
2hðC2 =mÞ symmetry group [25,51,52]. The 

10 atoms based primitive unit cell of β-Ga2O3 produces 30 phonon 
modes, including 27 optical modes [15,30]. These optical phonon 
modes of β-Ga2O3 at the Γ point in the Brillouin zone are classified as 
follows [51–53]: 

Γopt ¼ 10Ag þ 5Bg þ 8Bu þ 4Au (3)  

from which 15 modes are Raman active (10Ag þ 5Bg) and those with odd 
parity, namely (4Au þ 8Bu), 12 modes are infrared active [51,54]. For 
comparison purposes the wavenumber (cm� 1) of Raman active modes 
for α-Ga2S3 are also included, as well as symmetry and wavenumber of 
Raman active modes for β-Ga2O3 [51]. 

Thus, we can conclude that the surface of β- Ga2S3 crystals annealed 

at 1070 K and 1170 K in air is completely covered with a homogeneous 
layer of β- Ga2O3. The thickness of this layer is enough to spread the laser 
radiation with the wavelength 532 nm, used as excitation source. Also, 
from Fig. 5 it can be seen that an increase in the annealing temperature 
from 1070 K to 1170 K leads to an increase in the intensity of the peaks 
at 346.2 cm� 1 and 629.4 cm� 1, a similar phenomenon being observed in 
the case of β-Ga2O3 nanowires, nanobelts, nanoblades grown by various 
technological processes [55–58]. 

The tentative reaction of β-Ga2S3 conversion into β-Ga2O3 in the 
presence of oxygen molecules from ambient air can be described as 
follows [59]: 

2Ga2S3þ 9O2ðgÞ→2Ga2O3 þ 6SO2ðgÞ (4) 

Therefore, the formation of nanostructured layers of β-Ga2O3 on the 
surface of β-Ga2S3 single crystals can be the result of S evaporation as 
SO2 gas. For example, Li et al. observed that oxidation of single crys
talline ZnS nanobelts results in conversion to ZnO nanotwin belts with 
the formation of nanovoids in the central part along the length direction 
[59]. 

Lattice dynamical properties of the β-Ga2O3 are well investigated by 
first principles in Ref. [60], where all peaks in a wavenumber interval 
from 160 to 420 cm� 1 are considered as non-degenerated symmetrical 
Ag vibrational modes. The dominant mode at 199.6 cm� 1 is interpreted 
as the mode of vibration and translation of the assemblies of atoms 

Fig. 4. SEM images of (a) pristine Ga2S3 crystals and Ga2S3 crystals after thermal annealing for 6 h at following temperatures: (b) 970 K; (c) 1070 K; and (d) 1170 K.  

Table 2 
Content of O, S and Ga in the Ga2O3-Ga2S3 composites.   

Content, at% 

Element 970 K 1070 K 1170 K 
O 59.81 66.18 59.51 
S 0.19 0.06 0.00 
Ga 40.00 33.76 40.49 
Total 100.00 100.00 100.00  

Fig. 5. Room temperature micro-Raman spectra of the β-Ga2S3 monocrystals thermally annealed in air for 6 h at: (a) 1070 K; and (b) 1170 K.  
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arranged in the tetrahedron and octahedron configuration, while 
vibrational modes situated in a wavenumber interval of 600–700 cm� 1 

are associated with the extension and contacting of GaO4 tetrahedrons 
[54,61]. 

3.5. Optical properties of Ga2O3 layer on Ga2S3 substrate 

Diffuse reflection spectra (Rd) of the Ga2S3 single crystals thermally 
annealed in air at 970 K, 1070 K and 1170 K were measured for wave
lengths in the range of 230–450 nm. The spectral dependence of 
absorbance (α/S) was determined using K-M function (see equation (1)). 
The results are plotted in Fig. 6. As can be observed, the absorbance 
dependence on wavelength in the region of the absorption band edge has 
two main regions, namely a region of 360 - 300 nm with a slow change of 
absorbance and a region with a fast change at λ < 290 nm (հν ¼ 4.28 eV). 
The second region represents the absorption edge, typical for the 
β-Ga2O3, grown by chemical methods [39]. Du Xuejian et al. observed 
the red-shift of the absorption edge for β-Ga2O3 nanostructures by 
doping it with Sn [62]. As can be observed from the inset in Fig. 6, the 
absorption edge can be well described with two linear sections of 
½FðRdÞðhνÞ�2 ¼ Aðhν � DÞ function, which is typical for direct bandgap 
transitions. 

At the photon energy (hν) higher than 4.8 eV the experimental data 
of curve (2) fit very well a line with the edge at 4.8 eV. Zhengwei et al. 
demonstrated that the dimensions, type and bandgap of β-Ga2O3 nano
structures depend on the growth temperature [63]. Experimental results 
from Fig. 6 indicate that the direct band gap of the β-Ga2O3 nanocrystals 
tends to shrink with increasing annealing temperature of Ga2S3 single 
crystals near to the melting point. The optical bandgap was obtained 
from the intercept of (αhν)2 vs. photon energy (hν) (see inset in Fig. 6). 
The optical bandgap values for samples treated at 970 K, 1070 K and 
1170 K are 4.50 eV, 4.41 eV and 4.34 eV, respectively. These values are 
similar with those reported in other works for nanostructures of β-Ga2O3 
[39,62]. 

The decrease of optical bandgap values with increasing annealing 
temperature of Ga2S3 single crystals can be caused by the variation of 
oxygen vacancy concentration in the samples. It was demonstrated that 
the bandgap value depends on the dimensions of Ga2O3 crystallites and 
on the substrate type [56,64,65]. 

The room temperature PL spectra of Ga2S3 single crystals annealed at 
970 K (curve 1), 1070 K (curve 2), 1170 K (curve 3) are presented in 
Fig. 7. The PL spectrum covers the wavelength range from 355 nm to 
610 nm. As can be observed, the contour of the PL spectrum depends on 

Table 3 
Wavenumbers assigned to peaks detected in Raman spectra of β-Ga2S3 crystals measured at the excitation wavelength of 532 nm (0.1 W) and of the thermally annealed 
β-Ga2S3 monocrystals for 6 h at 1070 K and 1170 K.   

β-Ga2S3 (untreated) β-Ga2S3 (thermally annealed) β-Ga2O3 [51]  

1070K 1170K Mode Frequency 

No. ~ν, cm� 1  I, a. u.  ~ν, cm� 1  I, a. u.  ~ν, cm� 1  I, a. u.  [51] ν cm� 1 

1 67.5 19.0 94.1 247.3 94.76 135.3   
2 84.0 9,9 114.2 273.2 115.2 235.0 Bg 113.6 
3 116.6 15.2 145.7 323.4 145.7 452.3 Bg 144.7 
4 141.7 11.3 171.6 540.7 171.6 705.4 Ag 169.2 
5 147.9 26.8 199.6 1358.4 199.6 2014.0 Ag 200.4 
6 228.4 100.0 322.3 466.5 321.3 441.3 Ag 318.6 
7 302.4 18.0 345.9 585.6 346.2 831.8 Ag 346.4 
8 327.4 22.0 415.8 836.2 414.8 812.1 Ag 415.7 
9 386.4 30.8 475.5 325.6 475.5 431.3 Bg 473.5 
10   627.7 378.5 629.4 421.5 Bg 628.7 
11   655.6 683.8 654.6 625.7 Ag 652.5 
12   766.0 631.5 766.0 949.0 Ag 763.9  

Fig. 6. Absorption spectra of layered structure of β-Ga2O3/Ga2S3 crystals 
annealed in air at: 970 K (curve 1); 1070 K (curve 2); and 1170 K (curve 3). In 
the inset the plot of (αհν)2 vs. photon energy (hν) is presented. 

Fig. 7. Room temperature PL spectra of the layered structure of β-Ga2O3/Ga2S3 
crystals obtained from Ga2S3 monocrystals annealed in air for 6 h at: 970 K (1); 
1070 K (2); 1170 K (3) at the excitation wavelength of λ ¼ 250 nm, and PL 
spectrum of Ga2S3 monocrystal (4) at the excitation wavelength of λ ¼ 337.4 
nm (~60 mW). 
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the annealing temperature of the Ga2S3 single crystals. At annealing 
temperature of 970 K the PL spectra are composed of at least three sub- 
bands, one well contoured that shows a broad peak at 428 nm (2.90 eV) 
and two steps at 380 nm (3.26 eV) and at 503 nm (2.46 eV). With an 
increase of annealing temperature by ~ 100 �C (1070 K) the PL spec
trum is transformed into a curve with a maximum at 452 nm (2.74 eV). 
Further increase of the annealing temperature to 1170 K leads to a shift 
of the peak maximum to larger wavelengths of the PL spectrum. At this 
annealing temperature the maximum peak position is at 476 nm (2.60 
eV). 

As can be seen in the SEM images, the annealing temperature of the 
Ga2S3 single crystals determines the surface morphology of the oxide 
layer. Also, the edge of the fundamental absorption band depends on the 
oxidation temperature. Thus, we can admit that the PL spectra also 
depend on the type of micro and nanostructures (wires, bands, ropes, 
pyramid trunks) and the distribution on their surface. Ho et al. studied 
the PL spectra of Ga2O3 nanoribbons at room temperature [26]. The PL 
spectrum of these nanostructures covers the range 390 � 550 nm and 
contains two main peaks at 418 nm and 439 nm. Also, it was demon
strated that emissions in PL spectra do not depend on the polymorph of 
Ga2O3, and for α, β and γ - Ga2O3 the main peak is centred in the 485 �
500 nm region [66]. The maximum PL band of Ga2O3 nanobelts in 
Ref. [67] is found at the wavelength of 460 nm. Thus, it can conclude 
that the Ga2O3 oxide layer on the Ga2S3 substrate is composed of 
different types of nano-formations. Thus, at the annealing temperature 
of 973 K nanowires are predominating morphology while at 1173 K the 
oxide layer consists of nanobelts. In Fig. 7 (curve 4) the room temper
ature PL spectra of Ga2S3 single crystals are presented for comparison 
(curve 4). The PL spectrum of curve 4 is localized in the red region of 
wavelengths higher than 600 nm. The absence of PL emission of 
annealed samples in the red region of the spectrum indicates that the 
homogeneous structure of the Ga2O3 oxide layer is formed during the 
thermal annealing of Ga2S3 crystals in atmosphere. The PL spectra of the 
β-Ga2O3/β-Ga2S3 heterostructure with a nanostructured Ga2O3 layer on 
top show two emissions at 420 nm and at wavelengths higher than 600 
nm, with the maximum peak intensity at ~ 690 nm [68]. Thus, we can 
conclude that the presence of impurities in Ga2S3, especially in the 
composite obtained at the annealing temperature of 970 K, does not 
influence the structure of the PL spectrum. 

3.6. Potential semiconducting applications of Ga2O3 layer on Ga2S3 
substrate 

β-Ga2O3 has been widely used for the detection of various gases such 
as O2 [69], H2 [70], ammonia [71], as well as volatile organic com
pounds [72] , while β-Ga2S3 has been used for detection of NO2 [31] and 
O2 [73]. However, the sensing properties of a β-Ga2O3– β-Ga2S3 com
posite have not yet been investigated. 

β-Ga2O3–β-Ga2S3 is composed of the semiconductor materials Ga2O3 
and Ga2S3 with band gap widths of 4.9 eV and 3.1 eV, respectively. 
β-Ga2O3 is a n-type semiconductor with an electron concentration of 
1017–1018 cm� 3 and a mobility of 40–80 cm2/v⋅s [32]. While β-Ga2S3 is 
a p-type semiconductor [31]. The obtained composite structure is 
therefore a p-n junction. 

As already mentioned in the previous section, β-Ga2S3 and β-Ga2O3 
compounds crystallize in monoclinic networks, which is a favourable 
condition for heterojunctions. Considering the band gap width, Ga2O3 
and Ga2S3 are both classified as materials for functional optoelectronic 
devices in the UV range [33]. The bandwidth of β-Ga2O3, which is 4.9 eV 
in single crystals and 4.7 � 4.9 eV in nano- and microformations, is 
greater than that of GaN and SiC semiconductors, making this material 
attractive for UV optoelectronics, in particular as radiation receptors 
and sources. The maximum photosensitivity of the receptors is predicted 
to be at wavelengths shorter than the threshold wavelength (280 nm). 
Micro- and nanocrystallites present on the surface of the Ga2O3 layer 
contribute to a diffusion of the incident light which leads to an increase 

of the absorption rate allowing thus to reduce the thickness of the Ga2O3 
layer, in which the generation of unbalanced charge carriers takes place. 
By decreasing the Ga2O3 layer thickness, the efficiency of photovoltaic 
cells based on such junctions can be increased. This makes the 
β-Ga2O3–β-Ga2S3 composite highly attractive for sensing applications. 
Therefore, we are planning to fabricate UV photodetectors and gas 
sensing devices based on the synthesized β-Ga2O3–β-Ga2S3 to demon
strate the practical application potential. 

4. Conclusions 

In this work, homogenous nanostructured layers of β-Ga2O3 were 
obtained on a Ga2S3 substrate by thermal annealing in air of β-Ga2S3 
single crystals grown using the CVD method. The influence of the 
annealing temperature (970–1170 K) on morphological, compositional, 
structural and optical characteristics of β-Ga2O3–β-Ga2S3 composites 
was investigated in detail. It has been shown by means of Raman 
spectroscopy, EDX spectroscopy and diffusive reflection spectra that the 
surface of Ga2S3 single crystals thermally annealed at temperatures of 
1070 K and 1170 K under normal ambient conditions is covered with a 
homogeneous layer of β-Ga2O3 oxide. XRD diffractograms confirm that 
after thermal annealing of Ga2S3 monocrystals at the temperature of 
1073 K, the surface is composed of β-Ga2O3 and β-Ga2S3 crystallites with 
submicrometric dimensions which can be clearly seen in SEM. The 
spectrum of the oxide on the surface of the single crystal Ga2S3 is 
composed of micro and nanocrystallites that diffuse the incident light. 
Initially, nano-islands of β-Ga2O3 nanostructures are formed on the 
surface, which are then transformed with the increase of the annealing 
temperature into a homogeneous micro- and nano-granulated layer that 
diffuses the incident light. Optical measurements of the β-Ga2O3 nano
structures demonstrated the direct bandgap optical transitions. By 
increasing the annealing temperature from 970 K to 1170 K the decrease 
in bandgap value from 4.41 eV to 4.3 eV was observed. The β-Ga2O3 
oxide layer is a photoluminescent material in the blue region of the 
spectrum. It was observed that the maximum of the photoluminescence 
band moves slowly to long wavelengths with the increase of the 
annealing temperature from 970 K to 1170 K. Reported data are 
important for fundamental research and for development of new de
vices, especially sensors for harsh environments. 
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