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ABSTRACT: Sb2Se3 thin films have received increasing interest for their
applications in optoelectronics. However, technological intervention
demands a material-specific understanding of the reactivity to different
environments. Both thermal annealing and laser irradiation carried out in an
ambient atmosphere are expected to induce changes in the pristine
crystallographic phase of Sb2Se3, causing the creation of additional
secondary phases. Here, we investigate by means of Raman spectroscopy
the effect of thermal annealing and laser irradiation at different fluencies on
the structural and vibrational properties of Sb2Se3 thin films. The vacuum-
annealed Sb2Se3 thin films at 290 °C and subjected to laser excitation power
above 2 mW exhibit a secondary phase, revealing the occurrence of
selenization. Further, in situ X-ray diffraction over a broad range of
annealing temperatures in N2 and ambient atmospheres was employed to
study the structural properties of the Sb2Se3 thin films. In situ XRD performed in a N2 atmosphere does not show the formation of
the Sb2O3 cubic phase upon annealing until 500 °C. Conversely, a thermally activated systematic crystallization was observed upon
annealing in an ambient atmosphere with the formation of the Sb2O3 phase in the temperature range between 280 and 420 °C, until
the complete decomposition of the material at 500 °C. Further, the orientation of vertically stacked (hk1) planes remains unchanged
under a N2 atmosphere, while horizontally stacked (hk0) planes dominate the (hk1) planes under ambient atmospheres.

■ INTRODUCTION

Recently, there has been an increasing interest in semi-
conductor compounds A2B3 (A = As, Sb, Bi; B = S, Se, Te) due
to their interesting chemical and physical properties, which
make them candidates for applications such as thermoelectric
devices,1,2 topological insulators3−6 superconductors,3 energy
storage devices,7−9 and solar cells.10−19 In particular, Sb2Se3
has gained much attention, especially with regard to photo-
voltaic applications.14−20 This material has shown a conversion
efficiency of about 9%,21 which, however, is still lower than the
theoretically predicted value of about 30%.22−24 Thus, due to
continuously improved conversion efficiency in solar cell
research, it becomes very important to study this material in
terms of chemical composition, thermal stability, oxidation,
phase transformation, and atomic interdiffusion. This gives an
opportunity to study this material extensively.
Importantly, the investigation of the above-mentioned

compounds is not straightforward due to their chemical
instability. Raman spectroscopy has attracted significant
attention in investigating semiconductor compounds.25−29

These materials can be transformed when their temperature
is increased by absorbing incident laser radiation. The
temperature rise is affected by quantities such as power,
stimulated surface area, exposure time, the wavelength of laser
radiation, reflectivity, and thermal conductivity of the sample.

The binary Sb−Se system is stable in the Sb2Se3 chemical
composition only if arranged in the orthorhombic structure
(space group Pnmb, with a = 11.62 Å, b = 11.77 Å, and c =
3.962 Å).29 This is of key importance because it implies that
neither structural polymorphs nor appreciable amounts of
secondary phases with different chemical compositions are
expected in this system, thus simplifying its technological
applications.
Group theory analysis of the orthorhombic Sb2Se3 with four

formula units per unit cell of the Pnmb space group results in
60 different phonon modes. These modes are distinguished as
three acoustic modes, 57 optical modes, of which 30 are
Raman active modes, 22 are IR active modes, and five are silent
modes.30−33 The occurrence of all 30 anticipated Raman
modes in the frequency region below 750 cm−1 requires proper
investigation via high-resolution low-frequency micro-Raman
spectroscopy. Till now, to the best of our knowledge, only a
few similar studies have been carried out on Sb2Se3
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materials,29,31 and so it becomes necessary to understand the
possible limitations (such as thermal annealing, stacking plane
orientation, etc.) in achieving the wide range of applications of
this ideal material. Raman spectroscopy allows for the
unambiguous identification of its dominant phases. Con-
versely, this does not happen for X-ray diffraction (XRD) due
to the reflection overlapping problem.
In this paper, we report on the results of the low-frequency

micro-Raman spectroscopy and in situ XRD investigations
during thermal annealing of Sb2Se3 thin films. Raman spectra
of thermally annealed Sb2Se3 were first analyzed, followed by
the systematic experimental study of the micro-Raman
spectroscopy with special attention to the laser power
impinging on the sample surface. The discrepancy related to
the band positions and their identification with the reported
literature prompted a more detailed investigation of the Raman
response of Sb2Se3 from our side, under both thermal
treatment and laser irradiation conditions. Considering the
available literature, we offer a thorough discussion on the
vibrational properties of Sb2Se3. The correlation between the
experimental data obtained by both characterization techni-
ques allows for a better understanding of physico-chemical
properties of the Sb2Se3 thin films and the optimal thermal
conditions. The results would provide a foundation on Raman
and XRD studies of Sb2Se3 thin films.

■ EXPERIMENTAL SECTION

Thin-Film Deposition. Antimony selenide (Sb2Se3) thin
films, suitable for solar cells, were synthesized in a superstrate
configuration by a low-temperature vacuum evaporation (VE)
process. To study the Sb2Se3, we started from a metal-coated
glass/indium tin oxide (ITO)/ZnO/CdS/Sb2Se3 stack. A 400
nm thick indium tin oxide (ITO) film was deposited on a 3 ×
3 cm2, 4 mm thick, soda-lime glass by radio frequency (RF)-
magnetron (5 Pa) sputtering with 90% In2O3 and 10% SnO2
target in an Ar + 2% O2 atmosphere and with the substrate
temperature of 400 °C. The ITO layer was covered by a 100
nm thick i-ZnO film, deposited by RF magnetron sputtering in
an atmosphere of Ar + 2% O2 with a substrate temperature of
400 °C. The stack was then annealed under vacuum at 10−4 Pa
at 450 °C. CdS was deposited on the ITO/ZnO stack by
thermal evaporation at a pressure of 10−4 Pa, substrate
temperature of 150 °C, and thickness of 150 nm. After
deposition, the layer was annealed under vacuum at 450 °C to
improve its crystalline structure. The samples were then
transferred into another vacuum evaporation unit (Homemade

System), where Sb2Se3 was deposited on the glass/ITO/ZnO/
CdS stack. A 1 μm thick absorber was deposited at a base
pressure of 3.6 × 10−4 Pa and with a substrate temperature of
290 °C. Sb2Se3 lumps were heated in a graphite crucible at the
temperature range of 700−800 °C to be evaporated at a
deposition rate of approximately 0.28 nm/s. The final stacking
becomes glass/ITO/ZnO/CdS/Sb2Se3 with a thickness of 400
nm/100 nm/150 nm/1 μm, respectively. Post deposition
treatment was applied by annealing the samples in air at 190,
290, and 390 °C for about 30 min.

Characterization. Low-frequency micro-Raman experi-
ments were conducted on both as-deposited and annealed
Sb2Se3 samples by means of an He−Ne laser (λexc = 633 nm)
coupled to a single-stage Raman spectrometer (Thermo
Scientific DXR2) and a charge-coupled device, thermoelectri-
cally cooled. All measurements were carried out at room
temperature (RT). The average spectral resolution was 4 cm−1,
and the lowest resolvable frequency was 30 cm−1. The laser
was focused on the sample surface using a 50× objective (long
working distance) having a numerical aperture close to 0.5.
The size of the laser spot on the sample surface was
approximately 2 μm, and the position of the sample was
adjusted using the motorized stage. The penetration depth of
the red laser beam (i.e., λ = 633 nm) into our stacked structure
is expected to be less than 1 μm. Taking into consideration the
thermal and photosensitivity of the Sb2Se3 material, the
incident laser power was initially set equal to 0.1 mW,
corresponding to an energy density of about 103 W/cm2

deposited on the sample surface, and then moved up stepwise
to higher power levels. This approach allowed us to locally
obtain the phase transformation of the sample.
In situ grazing incidence X-ray diffraction (XRD) experi-

ments during the thermal treatment were performed with a
laboratory instrument (HRXRD IS2000) equipped with a
sealed Cu Kα tube, a four-circle goniometer, a single point
(NaI) detector, and a position-sensitive Inel gas detector able
to collect data under an angle of 120°. The angle of incidence
was set at ω = 2°. A separate isothermal heat treatment with a
Domed Hot Stage (DHS) 1100 (Anton Paar GmbH, Graz,
Austria) with a polymer dome was employed under a N2 flux
flow and ambient atmosphere. Precise alignment on the sample
surface was performed with the scintillator detector, and the
acquisition of the diffracted intensity was performed with the
position-sensitive detector. The experimental XRD curves were
analyzed by a best-fit procedure based on the Rietveld
method.34

Figure 1. (a) Plan-view SEM image of a thin film and (b) the corresponding histogram of the grain size distribution for the as-deposited Sb2Se3
thin films.
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The surface image of Sb2Se3 thin film was taken by a field
emission scanning electron microscope (SEM, Zeiss, SUPRA
40).
The elemental composition of the Sb2Se3 thin films was

measured using a total reflection X-ray fluorescence (TXRF)
spectrometer equipped with a Mo Kα radiation source.
The crystal structure was produced by VESTA software.35

■ RESULTS AND DISCUSSION
The typical morphology revealed by the SEM micrograph of
the as-grown Sb2Se3 thin film is shown in Figure 1a. The
Sb2Se3 layer was observed to be uniformly dense and with
completely intact grains without cracks and voids. The grain
size of the as-deposited Sb2Se3 layer was found to be in the
range of about 30−500 nm interconnected with each other,
with an average grain size, Iavg, of about 190 nm (see Figure
1b). Such a surface, with large grains and compact
morphology, is suitable for the construction of thin-film solar
cells.
Figure 2 presents the experimental Raman spectra of Sb2Se3

thin films subjected to different annealing temperatures carried

out under red light excitation (λexc = 633 nm). Their spectral
intensity shows a pronounced dependence on the annealing
temperature. In our case, the Raman spectra display peaks at
about 43, 54, 82, 103, 118, 129, 153, 191, and 210 cm−1 for all
of the prepared samples. The peaks at around 153, 191, and
210 cm−1 are commonly reported and assigned to the Sb2Se3
phase.29,36 Moreover, two strong low-frequency Raman peaks
are observed for the first time at 43 and 54 cm−1. These peaks
have not been reported in the literature previously. They show
full widths at half-maximum (FWHMs) of around 4 cm−1.
Such narrow FWHMs suggest a long lifetime of the optical
phonon vibrational modes.37 These two modes could be
considered as strong Sb−Se modes. Low-frequency Raman
peaks do not show any significant change in the spectral shape
at the higher annealing temperature. This indicates that no
structural transformation occurred at this level, suggesting a
highly stable crystalline structure. We perform this analysis
based on a similar material Sb2S3.

28,38,39 In this context, the
displacement of the vibrational modes with low frequencies
(<150 cm−1) should be mainly attributed to the movement of

heavy Sb atoms.39 The Raman modes at 82 and 118 cm−1,
which are related to the Se−Se bending,36 show a well-defined
blue shift of about 2 cm−1 following the increase of the
annealing temperature (190−390 °C) of the Sb2Se3 thin films.
The small shoulders observed at about 103 and 129 cm−1 are
assigned to the Se6 ring of rhombohedral Se.40 All these
spectral features remain the same even at the highest annealing
temperature. The Raman peak at about 153 cm−1 has been
attributed to the A2u mode of the Sb−Sb bond,41 while the
peaks at about 191 and 210 cm−1 are commonly assigned to
the Ag mode of the Sb−Se−Sb bending vibrations of Sb2Se3.

42

The Raman spectra of the as-deposited Sb2Se3 thin-film
overlap well with the sample annealed at 190 °C in air, which
means that the microstructure of the Sb2Se3 thin films has not
been altered by annealing temperature up to 190 °C.
Further, it should be noted that no peak in the spectral

region above 220 cm−1 was observed until 190 °C annealing
temperature. The appearance of relatively less intense peaks at
about 255, 375, 452, and 715 cm−1 in the spectra of the
samples vacuum-annealed at 290 °C is a clear evidence of the
formation of α-Sb2O3. The peak at about 255 cm−1 was
commonly reported in the Raman studies of Sb2Se3,

17,43−45

and it was later studied and suggested to be related to
Sb2O3.

28,29 While other researchers have assigned this band to
the stretching vibrations of the Se−Se bond in Se chains and
Se8 rings17 and the 1Bg mode of antisymmetric stretching
vibrations of the Sb2Se3 phase.

42 The assigned Se−Se bonds at
the lower deposition temperature and the achieved structural
ordering with the increment in the temperature,17 were not
observed in our case. As the annealing temperature increases,
along with the appearance of the 255 cm−1 peak, other peaks
(375, 452, and 715 cm−1) were also detected, whose intensities
followed the increase in the intensity of the 255 cm−1 one,
confirming that they are possibly related. In fact, the positions
of these bands match the assigned ones to α-Sb2O3.

29

Additionally, two very less intense bands at 283 and 411
cm−1 were also observed in the spectrum of the sample
annealed at 390 °C, which could be due to the β-Sb2O3
secondary phase.46 However, at lower annealing temperatures,
we did not observe these bands. Thus, we conclude that the
increase in the annealing temperature is responsible for the
structural ordering and oxidation of the films. We observed and
confirmed the secondary phases with a temperature increase at
the local area scale using the 633 nm laser line instead of the
442 nm.29,31,46 On the other hand, we found that the Sb−Se
bonds were dominant in the Sb2Se3 thin films, and they were
quite stable at the various annealing temperatures.

Laser Irradiation Effects. After having analyzed the
overall room temperature Raman spectrum from samples
subjected to different annealing temperatures, we next
examined the Raman spectra of Sb2Se3 thin films as a function
of the excitation power. The low thermal conductivity of
Sb2Se3

4747 helps in the understanding of its Raman spectra
recorded under different excitation powers due to the laser
heating effect. To have a detailed understanding of the
structural changes, occurring in Sb2Se3 films irradiated with
increasing laser power, the relative intensities, the positions
and the spectral changes of its vibrational modes were
investigated. After characterization of the as-deposited film,
the same 633 nm laser line was used (at a higher power level)
to locally heat and structurally modify the Sb2Se3 thin-film
surface. In general, focused laser irradiation can induce local
heating up to several hundreds of degrees, depending on the

Figure 2. Raman spectra of the as-deposited Sb2Se3 layer as well as of
Sb2Se3 layers annealed at some increasing temperatures.
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energy density deposited on the sample surface. Since the Sb−
Se material has a narrow thermodynamic growth window, the
phase transition can be achieved by local laser heating of the
surface. To confirm the possibility of phase transformation by
laser annealing, Raman spectra were collected after carefully
varying the laser power intensity in the range of 0.1−8 mW in
steps, corresponding to an energy density deposited on the
sample surface, ranging from 103 to 105 W/cm2, and keeping
the same time of integration (see Figure S1, Supporting
Information).
Figure 3 shows the Raman spectra of Sb2Se3 peaks at about

43, 54, 82, 103, 118, 129, 153, 191, and 210 cm−1 at all laser

power densities. The spectra are in good agreement with the
one earlier recorded from the as-deposited Sb2Se3 thin film
under the lowest power excitation and with those reported in
the literature.29,31 Next, the spectra exhibit a clear peak located
at 190 cm−1 that remains, within the experimental error, stable
in position and integrated intensity. However, its full width at
half-maximum (FWHM) decreases as we increase the laser
power density. The well-known laser heating effect always
causes anharmonic effects in solids, evidenced by a broadening
and a peak red shift of the Raman bands,27 and simultaneously,
under high-power or prolonged laser irradiation, structural
transitions and crystalline changes may occur due to long-
range ordering, as well as local or macroscopic ordering.28 At
first glance, one might think that the decrease of the FWHM of
the peak at 190 cm−1 is related to the local annealing of the
Sb2Se3 phase, which results in an improvement in the
crystalline quality of the material. However, if this would be
the case, one would expect a gradual increase in intensity
throughout the experiment, which was not observed in our
case, suggesting that the crystalline quality of the materials
reduces. Further, a small band located at about 252 cm−1 was
observed, which became well-defined and prominent with
increasing laser power. The intensity of the band increases
significantly and becomes highest with 8 mW laser power.
Along with 252 cm−1, other well-defined bands at 374, 451,
and 712 cm−1 show the same behavior (see Figure S1,
Supporting Information). The bands could be related to the
secondary phase of Sb2Se3, which is α-Sb2O3. Raman bands at
about 286 and 482 cm−1 were observed at higher laser power

densities and have not been reported in the literature for this
type of material so far. These bands could also be originated
from the α-Sb2O4 secondary phase.46 At the full power of 8
mW, the Sb2O3 phase seems to become the most dominant
one in the local area. Nevertheless, no Raman peak related to
α-Sb2O3 was observed in this experiment until the excitation
power of 2 mW. This may result from the out of resonance
enhancement due to the large energy difference between the
photon energy of the excitation laser and the Sb−Se band gap
energy. To recheck the investigated sample for its phase
transition, optical microscopy imaging was performed. The
optical images of the laser-irradiated region with a yellow circle
are shown in Figure S2. The optical images demonstrate that
the surface is not damaged up to 2 mW. Beyond 2.5 mW, the
film became more and more damaged, and it can be evidently
observed from the optical image. At higher power irradiation,
irreversible damage of the Sb2Se3 thin layer was observed. This
phenomenology explicitly gives us the idea to clearly
differentiate the transformed phases and, in the meantime, it
provides a clear indication that probing with low power is
mandatory to keep the phase stable.

In Situ XRD. Further, to confirm our findings, in situ XRD
measurements were performed on samples thermally annealed
from room temperature (RT) to 500 °C in order to thoroughly
investigate the phase transformation of the Sb2Se3 thin films.
The sample was heated at the respective temperatures for 6
min, and then an XRD pattern was recorded for 3 min. The
ramp between each temperature was 50 °C/min. The XRD
patterns were recorded at RT and then from 40 to 500 °C with
steps of 20 °C. After the annealing, the pattern of the sample
that reached 500 °C was also registered at room temperature.
Figure 4 shows the XRD analysis performed in a N2
atmosphere. Figure 4a depicts the orthorhombic Pnma
crystallographic structure of Sb2Se3. The XRD pattern of the
as-deposited sample is shown in Figure 4b. This pattern has
been registered with and without the dome, to appreciate the
contribution of the spurious peaks due to the diffraction from
the dome. All of the remaining identified peaks belong to the
orthorhombic structure of Sb2Se3.

48 The XRD patterns
recorded during the in situ annealing are presented in the
intensity map in Figure 4c. No additional peak was found to
develop during the annealing, and the only modification of the
XRD patterns consists of slight variations of peak intensities
and the shift of the peak position due to the thermal expansion
at different temperatures. No additional patterns related to the
secondary or the Sb2O3 phase were detected. Further, no
significant difference in the intensity of the (hk1) (mainly
(211) and (221)) and (hk0) (mainly (230) (330)) planes was
observed, and it is an indicative parameter for the quality of the
film; (hk1) planes (vertically stacked) were always dominant
over (hk0) planes (horizontally stacked). It was found that the
efficiency of photovoltaic solar cells is proportional to the
intensity of the (hk1) planes, as the carrier moves along these
vertically stacked planes exhibiting better charge collection.23

Figure 4d shows the pattern obtained after annealing up to 500
°C. The comparison with the pattern of the as-deposited
material confirms that the Sb2Se3 structure did not evolve, with
the only variation related to the increasing of some peak
intensities, without the development of preferential orienta-
tion. The experimental results from thermal annealing of
Sb2Se3 thin films under a N2 atmosphere suggest a structural
ordering in terms of morphology (see Figure S3, Supporting
Information). The grain sizes were found in the range of about

Figure 3. Raman Spectra of the as-deposited Sb2Se3 layer, as well as
Sb2Se3 layers, subjected to different laser excitation powers.
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Figure 4. XRD study performed in a N2 atmosphere. (a) Unit cell structure diagram of Sb2Se3. (b) XRD pattern of the as-deposited sample,
registered without (red line) and with (black dots) dome. The asterisk (*) indicates the peaks due to scattering from the dome. The pattern is
compared with the Sb2Se3 powder structure, as reported in the database.48 (c) Intensity map of the XRD patterns as a function of temperature as
registered during the in situ annealing. (d) Comparison of the XRD patterns before and after the annealing procedure.

Figure 5. XRD study performed in air. (a) Unit cell structure diagram of Sb2O3. (b) Intensity maps of XRD patterns as a function of annealing
temperature. (c) XRD patterns registered at 380 °C. The * mark indicates the peaks belonging to scattering from the dome. The pattern is
compared to those of α and β Sb2O3, as reported in the database.49,50 (d) XRD pattern after annealing up to 500 °C: the patterns are compared
with those of InSnO3, ZnO, and CdS.51−53
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100−600 nm interconnected with each other without forming
any isolated agglomerates of grains, with an average grain size
of about 270 nm. The morphological ordering in terms of
increase in grain size, without any additional isolated
agglomerates of grains, is an important factor to enhance the
performances of the resulting solar cells.28

Additionally, the TXRF spectrum related to as-deposited
and post-in-situ-annealed Sb2Se3 films mainly shows the
elemental presence of Sb and Se (see Figure S4, Supporting
Information). No additional element was detected.
The same in situ XRD study was performed in air. The XRD

analysis is presented in Figures 5 and S5. Figure 5a represents
the diagram of the cubic structure of Sb2O3. The intensity map
during the in situ XRD study is presented in Figure 5b. The
disappearance of some peaks and the development of new ones
are noticeably visible. The details of all of the registered
diffraction patterns are presented in the Supporting Informa-
tion (see Figure S5). From the registered patterns, three
regions can be easily distinguished: (i) from room temperature
to 300 °C, (ii) from 300 to 420 °C, (iii) and from 420 to 500
°C. In the first region, the Sb2Se3 structure was found to be
maintained, with only a slight modification of peak intensities.
In the second region, we observed a gradual disappearance of
the Sb2Se3 structure and the development of Sb2O3, starting
from 280 °C (see Figure S5, Supporting Information). In this
temperature regime, Se evaporated and the remaining Sb was
fully oxidized. Figure 5c shows the in situ pattern acquired at
380 °C; this pattern can be definitely ascribed to α-Sb2O3, with
a minor component that can be due to β-Sb2O3.

49,50 The
obtained results are in corelation with the Raman findings,
where we observed the initial development of the Sb2O3 phase
from the sample annealed at 290 °C. This result is further
evidence that with the increase of the annealing temperature,
Sb2Se3 decomposes to form Sb2O3. After 420 °C, the XRD
pattern drastically changes, and the Sb2O3 completely
evaporates. Figure 5d exhibits the pattern after 500 °C and
is fully compatible with the InSnO3/ZnO/CdS substrates
peaks.51−53 The optical image of before and after annealing of
the substrate is shown in the Supporting Information (see
Figure S6).
Finally, we observed a significant variation in the intensity of

the (hk1) (mainly (211) and (221)) and (hk0) (mainly (230)
(330)) planes as a function of the temperature under an
ambient atmosphere. The intensity of the (hk0) planes starts
increasing at RT; it completely dominates over the range of
temperature, and (211) and (221) planes completely terminate
at 320 and 340 °C (see Figure S5, Supporting Information),
indicative of a temperature-induced structural transition. This
suggests that the annealing in air facilitates the nucleation and
growth of (hk0) plane-oriented grains while suppressing the
(hk1) plane-oriented grains growth. The (hk1)-oriented grains
were dominantly terminated with (hk0) planes, which had
lower surface energies, and thus these (hk1) planes completely
vanish upon annealing at higher temperatures.

■ CONCLUSIONS
In summary, we have thoroughly analyzed both the Raman
spectrum of Sb2Se3, which varies significantly with the
annealing temperature as well as the excitation power, and
the in situ XRD pattern recorded under either a N2 or an
ambient atmosphere. The observed changes are discussed in
terms of the intensity, FWHM, and shift of the main spectral
components. The occurrence of secondary phases of material

has been inferred in terms of the new Raman peaks observed,
which allowed for their definite identification. Moreover, based
on our results, we propose to use an annealing temperature
below 280 °C and the excitation laser power in the range of
0.1−2 mW to take advantage of the Sb2Se3 layer without losing
the Se in thin-film solar cell materials preparation. In situ XRD
results have revealed that a structural rearrangement and
formation of additional secondary phases or Sb2O3 could be
avoided under N2 atmospheres, as no significant change in the
vertically stacked (hk1) planes was noticed. Further, a drastic
change in the structural patterns starts appearing at about 280
°C, leading to the formation of additional phases of Sb2O3 and
loss of Se under an ambient atmosphere. Moreover, the
horizontally stacked (hk0) planes were found to be dominated
over the vertically stacked (hk1) planes during the thermal
treatment in an ambient atmosphere. An important remark
from our work is related to the stability of the Sb2Se3
compound, which is directly dependent on high-energy
conditions, like excitation laser power or temperature. These
conditions can easily lead to the formation of the Sb2O3
compound. Thus, these factors should be taken into account
during the synthesis processes. Further, this would help the
researchers to improve the device efficiency of the Sb2Se3 solar
cells.
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