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Antimony sulfide selenide, Sba(SxSe;.x)3 (x = 0-1), is a tunable bandgap compound that combines the advantages
of antimony sulfide (SbyS3) and antimony selenide (SbySes). This material shows great potential as a light-
absorbing material for low-cost, low-toxicity, and highly stable thin-film solar cells. In this study, Sba(SxSe;-

ii:grgzzce x)3 thin films were deposited by chemical-molecular beam deposition on soda-lime glass substrates using anti-
Photovoltaics mony (Sb), selenium (Se), and sulfur (S) precursors at a substrate temperature of 420 °C. By independently

controlling the source temperatures of Sb, Se, and S, Sb,(SxSe;.x)3 thin films with varying component ratios were
obtained. Scanning electron microscopy revealed significant changes in the surface morphology of the films
depending on the elemental ratio of [S]/([S]+[Se]). Crystallites shaped like cylindrical microrods with d = 0.5-2
um diameter and [ = 3-5 pym length were grown at a certain angle on the substrate. X-ray diffraction patterns
showed peaks corresponding to the orthorhombic structures of SbySes, SboS3 and their ternary compounds
Sba(SxSe1.)s. The optical characterization revealed a high absorption coefficient of 10° cm™? in the visible and
near-infrared light regions. The band gap of the compounds changed almost linearly from 1.2 eV to 1.36 eV with

a change in the ratio of elements [S]/([S]+[Se]) from 0.03 to 0.08.

1. Introduction

Currently, researchers are paying special attention to the use of
chalcogenide binary compounds antimony selenide (SbaSes)s, antimony
sulfide (SbyS3), and antimony sulfide-selenide (Sby(SxSeix)3) as an
absorbing layer for solar cells. This is due to the fact that the physical
properties (p-type conductivity, band gap Eg=1.1-1.8 eV, a high ab-
sorption coefficient @>10° cm™! (in the visible and near-infrared region
of solar radiation), low melting point (SbySes — 612 °C, SbyS3 — 550 °C)
are very close to the properties of widely used material Cu(In,Ga)(Se,S)2
in the solar cells field [1,2]. In addition, these materials have relatively
inexpensive elements (abundant in nature), are stable under external
influences, and non-toxic [3,4], which opens up the possibility of using
them to produce solar cells on an industrial scale that are both highly
efficient and environmentally friendly. In recent years, the introduction
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of innovative structures and methods for producing Sby(SxSejx)3 thin
films has led to an increase in the efficiency of solar cells.

Sbo(SxSe1.x)3 thin films have been prepared by various methods:
thermal evaporation [5,6], co-evaporation [7], rapid thermal evapora-
tion [8,9], close space sublimation [10,11], pulsed laser deposition [12],
vapor transport deposition [13-15] and chemical methods. However,
changing the composition ratio of films produced by these methods and
achieving the required high vacuum conditions can be challenging,
leading to intricate procedures.

Therefore, non-vacuum approaches have also been explored for the
deposition of Sba(SxSe; x)3 thin films. Techniques such as chemical beam
deposition (CBD), spin-coating of sol-gel precursors, and other solution-
based methods have been utilized. For instance, the injection chemical
bath deposition (ICBD) method has been developed based on the CBD
method [16]. By optimizing the injection time and the amount of Se
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Fig. 1. Schematic representation of the reactor device for producing antimony
chalcogenide thin films.

1, 2 — substrate and holder, 3 — substrate heater, 4 — source heaters, 5 — sources
of evaporated components, 6 — reactor cap, 7 — flange, 8 — hydrogen gas inlet
(Hy), 9 - hydrogen gas outlet, 10 — thermocouples respectively.

Fig. 2. The crystal structure of Sby(SSe;y)s non-equivalent atomic sites in
each [Sbyxgl, (X = S, Se) atomic chain. [22].

source, Sby(SxSejy)s thin films with a V-shaped gradient band gap
structure were fabricated. This structure enhances carrier transport and
light capture within the films, boosting open circuit voltage,
short-circuit current density, and fill factor. An ICBD-Sby(SxSe;x)3 de-
vice with a full-inorganic architecture of FTO/CdS/Sby(S,Se)s/PbS/-
Carbon was fabricated, achieving a maximum efficiency of 7.63 %. To
further improve the crystallinity of these thin films, various annealing
methods are employed following the initial deposition. Annealing is a
crucial step in thin film processing as it helps to enhance crystal growth,
reduce defects, and improve the overall structural and electronic prop-
erties of the films. Traditional selenium vapor-assisted annealing has
been commonly used, but it presents limitations in heat conduction and
selenium activity.
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Recent advancements have introduced liquid medium annealing
[17], which demonstrates superior heat conduction and higher selenium
activity compared to traditional vapor-assisted annealing. Liquid me-
dium annealing induces a highly preferred [041]/[141] orientation in
SbsSs, significantly enhancing carrier transport efficiency and reducing
potential shunt paths, thus improving the overall performance of the
films.

In this study, non-vacuum chemical molecular beam deposition
(CMBD) method is used to produce ternary compounds Sba(SxSe;.x)3
films for solar cell applications. This method enables the production of
thin films with different compositions by adjusting parameters such as
synthesis time, substrate and source temperatures, and carrier gas flow
rate. Moreover, the efficiency of solar cells is linked to the structural,
morphological, and optical properties of the absorber thin film. Ulti-
mately, Sba(SxSeqx)s thin films are utilized with an appropriate [S]/
([S1+[Se]) ratio as the efficient light absorber material for solar cells due
to their tunable bandgap from 1.2 to 1.35 eV, p-type conductivity, high
absorption coefficient. It is anticipated that the outcomes of this study
will contribute to the advancement of this promising semiconductor
material. Recently, we have discussed fabrication of SbySey films by
CMBD and their characteristics [18,19]. In this work, we investigated
the influence of the [S]/([S]+[Se]) ratio on the structural, morpholog-
ical, and optical properties of samples. The composition of the film is
varied by adjusting selenium and sulfur source temperatures in
hydrogen flow at atmospheric pressure.

2. Experiment

Sba(S«Sei.x)s films are obtained by the CMBD method from separate
sources of the elements antimony (Sb), sulfur (S), and selenium (Se)
(99.999 % purity, Chemsavers) at a substrate temperature of 420 °C in a
hydrogen environment [20,21]. Soda-lime glass (SLG) substrates were
cleaned using acetone (99.5 % purity), ethanol (99.9 % purity) and
deionized water in an ultrasonic bath, then dried with N; gas. The Sb, S,
and Se precursors were loaded into the growth chamber. The system is
then brought into working condition and purged with hydrogen due to
its high thermal conductivity, lightness, and small molecular diameter,
which helps remove atmospheric and polluting gases. Because of these
properties, the growth rate of the Sby(SxSej.x)3 layer in an Hj environ-
ment is 2-3 times higher than in other inert gases such as Ar or He.
Hydrogen gas flow rate of 20 cm®/min was controlled by Gas Flow
Measurement “Zach Metalchem”. Initially, Sba(SxSej.x)3 thin films were
deposited at different source temperatures of sulfur and selenium. This
data provides temperature information for different sources of sulfur
and selenium at various ratios. Specifically, for the deposition of x =
0.03, 0.04, 0.08 samples, the temperature of the sulfur source was 310
°C, 320 °C, and 370 °C, while the temperature of the selenium source
was 455 °C, 440 °C, and 425 °C, respectively. Once the substrate reached
the required temperature, the individual heater for the evaporator was
turned on to regulate its temperature. The deposition process was con-
ducted for 30 min. All these temperature ratios are in relation to the
source temperature of antimony, which is consistently stated as 850 °C.
At the Sb (850 °C) and Se (425-455 °C) and S (310-370 °C) evaporation
temperatures, granules transform into the vapour phase:

Sb(s) + 2Se(s) + 2S(s) + Hy = Sb(g) + Sea(g) + Sa(g) + Ha (@))

Sex(g) and Sy(g) reacts with hydrogen, and hydrogen selenide and
hydrogen sulfide are formed:

Sey(g) + Sa(g) + 4Hay = 2HsSe(g) + 2H2S(8) (2)

Sb and Se and S atoms and H»Se and H3S molecules cover the surface
of the substrate, and Sbo(SxSe; x)3 films are formed as a consequence of
their interaction:
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Fig. 3. Typical EDX spectra of synthesized Sb,(SxSe;.x)3 thin films.
25b(g) + (1-x)Sea(g) + xS2(g) + HaSe(g) + HaS(g) = Sba(SxSe1x)3 (5) +
2H; 3) and S (evaporated amount), which was varied by the molecular beam
flux of Se and S.
Fig. 1 shows schematic representation of the device to produce
antimony chalcogenide thin films. Using the CMBD method as a base, it

The composition of S and Se on Sba(SxSe;.x)s films was controlled by
changing the S/ (S+Se) ratios in the vapour phase mixture of Sb and Se
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Fig. 4. Morphology of Sby(SxSe;.x)3 thin films.

is possible to create a thin film with a surface area of 50 cm?. The size of
the surface area can be further increased by making additional adjust-
ments to the quartz tube and in quartz reaction chamber.

The surface morphology of the Sby(SxSejx)3 films was examined by
using LEO-1455 VP (Carl Zeiss) model scanning electron microscope
(SEM) instrument in secondary electrons mode, operating voltage used
for imaging is 20 kV. The elemental composition of synthesized
Sba(S«Sej.x)s films was determined using Energy Dispersive X-ray (EDX)
spectroscopy analysis with an Aztec Energy Advanced Spectrometer
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having energy spectral resolution of 127 eV and chemical element
determining sensitivity of 0.5 wt.%. Phase identification was carried out
by comparing the experimentally determined interplanar distances with
tabular values from the database of the Joint Committee for the Powder
Diffraction Standard (JCPDS). The X-ray diffraction (XRD) patterns were
obtained from Rigaku Ultima IV X-ray diffractometer in the grazing
incidence diffraction geometry at 1° of incident X-rays using CuK, ra-
diation (A = 0.15418 nm) in the 20 range of 10-60° with a step of 0.05°.
The Raman spectra were measured by spectrometer Nanofinder HE
(LOTIS TII) with 532 nm solid-state laser for excitation. The optical
absorption spectra of the samples are taken at room temperature with
the help of UV-Vis-NIR spectrophotometer Shimadzu UV-1900i.

3. Results and discussions

The crystal structure of Sby(SxSe;y)s is characterized by a Quasi-
One-Dimensional configuration, where infinite chains of atoms stack
together. This structure has low symmetry and is described by two
distinct Sb sites and three S (Se) sites for each atomic unit [22,23,24]. In
the mixed-anion Sby(SxSe;x)s component, S and Se atoms share the
same positions, so the anion sites, denoted as site 1, site 2, and site 3, can
be occupied by either S or Se atoms in Special Quasi-random Structures
(Fig. 2). In addition to the arrangement of atoms within the crystal
structure, it is mentioned that the atomic chains in Sbo(SySe;_x)3 interact
with each other through van der Waals forces. Van der Waals forces are
weak intermolecular forces that arise due to fluctuations in electron
distributions. They are responsible for various phenomena, including
the interaction between atoms or molecules nearby. In the case of
Sbo(SxSe1x)3, the Van der Waals forces play a role in the interaction
between the atomic chains, contributing to the stability and overall
behavior of the crystal structure. These forces are relatively weak
compared to other chemical bonds, such as covalent or ionic bonds, but
they can still have a significant impact on the properties of materials,
including their mechanical, thermal, and electrical characteristics.

To determine the precise compositions of the thin films, EDX spec-
troscopy was utilized. The spectra obtained from multiple areas of the
films exhibited characteristic peaks corresponding to Sb, S, Se elements.
The peak intensities were quantitatively analyzed to determine the
relative concentrations of each element. The results demonstrated that
the Sba(SxSei.x)s films consisted of a binary mixture of sulfur and sele-
nium, with antimony as the main component. The relative concentra-
tions of sulfur and selenium were found to vary within the film,
indicating spatial variations in the composition. This information is
crucial for understanding the stoichiometry of the films and its impact
on the materials properties.

In Fig. 3 are presented the EDX results of Sba(SxSej )3 thin films with
S/(Se+S) ratios of x = 0.03, 0.04 and 0.08 respectively. The Sba(SySe;.
x)3 thin films synthesized at a high substrate temperature, involve
challenges in maintaining their original stoichiometry due to the
disparate vapor pressures of Sb, S, and Se. Notably, the higher vapor
pressure of S in the high-temperature range results in S preferentially
escaping during deposition, leading to S deficiency in the films.

Fig. 3 illustrates that the quantity of Sb in the thin films remains
consistent across all samples. Consequently, we attribute significance to
the alteration of the S/(Se+S) ratio within the thin film compositions
and proceeded to calculate its variations.

Fig. 4 shows SEM images of thin films of Sby(SxSe;x)s grown at
different ratio of the elements. Microcrystals on the surface of the films
are evenly distributed over the substrate and the surface of the films
becomes smoother and more compact with individual evaporation of the
elements.

The morphology of the film surface also changes depending on the
element ratio [S]/([S]+[Sel). Particles constituting the film have the
shape of micro-rods with a diameter from 0.5 to 2 pm and a length from
3 to 5 pm with a certain angle relative to the substrate. When changing
the ratio of components [S]/([S]+[Se])=0.04 on the surface of the films,
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Fig. 5. a) XRD patterns of the Sba(S,Se; )3 thin films; b
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the absence of inter crystalline voids and high compactness of crystal-
lites is revealed and cylindrical microrods were epitaxial synthesized on
the substrate with a near-perpendicular orientation.

Crystallites have a different growth orientation and show decreased
rods lengths of 1 to 3 pm and a diameter of 0.5 to 1 pm. The ratio of a
composition starting at 0.08, the introduction of a higher quantity of S in
the Sba(SxSe;x)s film composition resulted in a reduction in grain size
and characterized dense, more columnar structure. This can be attrib-
uted to the growth of crystallites with their c-axis in a direction
perpendicular to the substrate.

Fig. 5 shows X-ray diffraction patterns of Sba(SxSejx)3 films obtained
under various ratio of components [S]/([S]+[Se]). All detected peaks in
the X-ray diffraction patterns correspond to the compounds SboSe3 and
SbySs3, as well as their ternary compounds Sby(SxSejx)s. It has been
established that all Sby(SxSe;.x)3 have an orthorhombic structure with
space group Pnma. In general, the study shows that the morphology and
structure of Sba(SySe;.x)s thin films significantly depend on the synthesis
conditions and ratio of the components.

Alteration of the temperature source for S from 310 °C to 370 °C
induces a shift in the molar composition of S atoms within Sby(SxSe;.x)3,
as evident from the X-ray diffraction patterns illustrated in Fig. 5. This,
in turn, influences the variation in lattice parameters. Additionally, a
discernible shift in the peaks is observed within the X-ray diffraction



T.M. Razykov et al.

Thin Solid Films 807 (2024) 140554

a)

o
)
1

0,6

Absorbance (arb.units)
2
1

02 -

0,0

T T T T T T
500 600 700 800 900 1000

Wavelength (nm)

6,0x10'%

4,0x10'9

(oh v)2, (eV><cm'1 )2

0,061 "

1100 1,01,11,213141,51,61,71,81,92,02,1
hv, (eV)

Fig. 7. a) Absorbance for Sby(SySe;.y)3 thin films; b) Tauc plots of Sba(SySe; )3 thin films.

pattern. Specifically, the peak shift is observed to move towards an
increased maximum value of 20 angle, which can be attributed to a
reduction in the interplanar distance of crystallite and, correspondingly,
a modification in the lattice parameters (Fig. 5b). This shift is primarily
caused by the replacement of larger Se atoms with smaller S atoms,
leading to a decrease in the lattice constants [24]. Moreover, an esca-
lation in the [S]/([S]+[Se]) ratio intensifies the magnitude of the peaks
labeled as (211) and (221). As visible from the figure, the X-ray
diffraction patterns show the main strong peaks (221), (211); and sec-
ondary weak peaks (110), (020), (220), (240), and (621), which change
noticeably with changing [S1/([S]+[Sel) ratio. In addition, all films
showed a preferred (221) orientation, which was demonstrated to be
beneficial for charge carrier transport. As the [S]/([S]+[Se]) ratio
increased from 0.03 to 0.08, the decrease in the intensity of the (hk0)
peaks ((230), (240)) was observed. This can be attributed to the growth
of crystals in a direction perpendicular to the substrate.

Fig. 6 shows the combined scattering spectrum of Sby(SxSejx)3 thin
films with different component ratios [S]/([S]+[Se]). Raman spectros-
copy reveals intensity peaks at 150 cm™!, 190 cm ™!, 210 cm™!, 280
em~! and 310 em ™! in all thin films of Sby(SxSeq.x)3. The basic lattice
structure retained in the grown samples, and the results obtained for
Sby(SxSe1x)3 thin films showed good agreement with previous studies.

It was previously reported that the peaks at 190 em !and 210 em™,
observed in the spectrum, are related to the vibrational modes of Sb-Se
[25]. A peak with a frequency of 150 cm ™! indicates the presence of
Sb-Sb vibrational modes in thin layers [26]. It was also found that the
peaks at 280 cm ' and 310 ecm ™! correspond to the Sb-S vibrational
modes [27]. With increasing values of the [S]/([S]+[Se]) ratio in thin
films, a rise in the intensity of the peaks at 280 cm™! and 310 cm™! is
observed. Fig. 7a) shows the optical absorbance spectra of Sby(SxSe1.x)3
films deposited at different ratio. The investigation focuses on the ab-
sorption spectrum recorded within the wavelength range of 450 nm to
1100 nm, utilizing a step size of 1 nm.

By utilizing the obtained absorbance data, the absorption coefficient
(a) of the thin films was determined. It was assumed that the films
exhibited a direct allowed band-to-band transition. To gain insights into
the behavior of the films, the relationship between the functions (ohv)"
and f(hv) was established and graphically represented in Fig. 7b). The
analysis of figure reveals a distinct absorption edge, indicating that the
band gap arises primarily from the intrinsic transition within the
Sba(SxSe1.x)3 films, rather than being influenced by extraneous impu-
rities. To estimate the band gap energy (Eg) of the layers, the Tauc for-
mula was used, expressed as follows:

(ahv)® = A(hv — Ey) 4

Here, hv denotes the energy of the incident photon, while A repre-
sents a constant, a — absorption coefficient. By extrapolating the linear
regions of these graphs to the energy axis, one can determine the band
gap energy.

The determined Eg values of Sby(SxSe;.x)3 films were increased from
1.2 to 1.36 eV According to Shockley—Queisser limit, photovoltaic per-
formance of solar cells reaches a maximum, when the band gap of
absorber layer is 1.34-1.4 eV [28]. It is evident that the variation in the
band gap energy within the films is associated with changes in the
[S1/([S1+[Sel) elemental ratio. These findings demonstrate the influ-
ence of the [S]/([S]+[Sel) ratio on the band gap energy of the
Sby(SxSei1.x)3 films. The results contribute to a deeper understanding of
the optical properties of these films and provide valuable insights for
potential applications in optoelectronic devices.

4. Conclusion

The work explored the deposition of Sby(SxSei.x)3 thin films using
the non-vacuum CMBD method, introducing a versatile approach for
tuning their composition. The morphology and structure of the films
depend significantly on synthesis conditions and the [S]/([S]+[Sel)
elemental ratio observed. The X-ray diffraction patterns confirmed the
orthorhombic structure of Sbo(SxSei.x)3, showing promising preferred
orientations for charge carrier transport. Raman spectroscopy revealed
vibrational modes corresponding to Sb-Se and Sb-S bonds. Notably,
varying the [S]1/([S]+[Se]) ratio influenced the band gap energy,
providing a tunable parameter for optoelectronic applications. The band
gap (Eg) for Sba(SxSe1.y)3 thin films that we obtain were from 1.2 to 1.36
eV by changing the ratio of [S]1/([S1+[Se]).
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