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Thin-Film Solar Cell Based on Sbz(Sx,Sei—~)3 Solid Solution Films
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ABSTRACT: This work presents the results of investigating the photovoltaic characteristics of Sba(ScSe;—x)3; thin
film solar cells manufactured on glass substrates with molybdenum coating using the chemical molecular beam
deposition method. Illuminated IV and spectral response measurements on Sby(SiSe;—x); alloy films show that the
device with S/(S + Se) = 0.6 delivers the best performance, reaching 6.47% power-conversion efficiency with Voc =
523 mV, Jsc = 27.2 mA cm 2, and a fill factor of 46.71%.
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1 Introduction

In recent years, several techniques have been developed for obtaining Sbx(SxSei )3 thin films. The
introduction of new structures and the investigation of their physical properties have led to increased solar
cell efficiency. To date, efficiencies of 5.6% [1], 5.79% [2], 7.3% [3], and 10.5% [4] have been achieved
for solar cells based on novel structures such as  FTO/TiO2/Sba(So32,S¢€0.63)3/Au;
ITO/CdAS/Sbx(So2Se0.s)3/Au; and FTO/CdS/Sba(S,Se)s/Spiro/Au, by adjusting selenium and sulfur content
in the absorber layer through control of the S/Se ratio. Furthermore, solar cell efficiency is closely related
to the fabrication method of the absorber layer. Currently, various methods are used to fabricate the absorber
layer in solar cells, including low-vacuum, high-vacuum, and chemical approaches. Non-vacuum technol-
ogies have certain advantages. Huanxin Ju and co-authors fabricated solar cells with an efficiency of 5.8%
using the direct solution deposition method [5] on the superstrate configuration of
FTO/Ti02/Sb16S22Seoo/Au. In 2018, a group led by Tao Chen achieved 6.08% efficiency using the hydro-
thermal deposition method [6]. By 2020, after optimizing the selenization of the absorber layer, they
reached an efficiency of 10.5% [4]. Additionally, vacuum-based deposition of the absorber layer with struc-
tures such as FTO/Ti02/Sba(So.32S¢€0.63)3/Au and ITO/CdS/Sb,(Sp2Seo.8)3/Au has yielded promising results.
Using the co-evaporation method and the FTO/CdS/ Sba(SxSei1«)3/Ag structure, a solar cell with 5.6% ef-
ficiency was also obtained [1]. Furthermore, the group led by Jiang Tang demonstrated the possibility of
obtaining polycrystalline Sby(S<Sei-x)3 films from Sb,Se; and Sb,S; powders under low vacuum conditions,
owing to their low melting temperatures and high vapor pressures. Based on this, they proposed a rapid
heating process and a low-vacuum method (8 mTorr), which resulted in a solar cell efficiency of 5.79% [2].
In 2021, a group led by Xiaobo Hu achieved 7.3% efficiency using a vapor deposition method [3]. As of
today, the highest reported efficiency of 10.7% for solar cells based on Sbx(SxSei—x)3; absorber layers has
been obtained using the hydrothermal deposition method [7].

A detailed analysis indicates that the short-circuit current density (Jsc) of the solar cells based on
Sba(S,Se); is close to the theoretical Shockley—Queisser limit [8]. However, the the fill factor (FF) and
open-circuit voltage (Vo) remain significantly below these theoretical values. The origin of losses in Voc
and FF has not yet been fully elucidated and is still under investigation, as noted by several authors [9,10].
Even so, the progress achieved to date has catalyzed rapid advances in Sb,X3-based solar cells in recent

https://doi.org/10.15251/CL.2025.2211.959



https://doi.org/10.15251/CL.2025.2211.959

960 Chalcogenide Lett. 2025; 22(11)

years. Optimization of the deposition process during hydrothermal synthesis has enabled the formation of
more homogeneous Sby(S,Se)s films with enlarged grain sizes and improved electrical properties, leading
to an efficiency of 10.5% [4]. Encouraged by these outcomes, Zhao et al. applied a post-processing method
that modulate the atomic ratio of S/Se in the Sby(Sx<Sei«); fim and adjusting band alignment, which is
beneficial for carrier transport and delivered a 10.7% record efficiency [7]. Li and colleagues improved the
chemical bath deposition (CBD) method using a hydrothermal approach for synthesizing Sb,S; and Sb,Se;
films, achieving efficiencies of 8% and 10.57%, respectively [11,12]. These studies demonstrate that the
development of new deposition techniques for obtaining high-quality Sb.X3 films is one of the key solutions
for improving the efficiency of Sb.X3-based solar cells.

Each approach listed above entails substantial complexity, notably the need to maintain stringent vac-
uum, and typically relies on supplemental treatments (such as annealing) and high-purity, specification-
controlled chemicals to optimize the absorber layer. The chemical molecular beam deposition (CMBD)
route used here circumvents these limitations and enables composition-tunable thin films without post-
treatments, simply by adjusting deposition time, substrate/precursor temperatures, and carrier-gas flow [13].

2 Experimental Part

Solar cells based on Sby(SxSeix)s solid solution films were fabricated on glass substrates coated with
a molybdenum layer. The fabrication process and structure of the thin-film solar cell on glass substrates
with molybdenum coating are shown in Figs. 1 and 2.
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Figure 1: Fabrication process of thin-film solar cells based on Sb,(S«Sei«)3. a) Molybdenum coating on glass sub-
strate; b) Sba(SxSei-x)3 thin film deposition; c) preparation of CdS electron-transporting layer; d, e) obtaining ZnO and
AZO layers, respectively; f) preparation of the indium electrodes by thermal evaporation; g) the configuration of the
obtained solar cell.
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Figure 2: Laboratory-scale solar cell sample based on Sb,(SxSei-x)3 solid solution films.

To promote ohmic contact, a 20-30 nm MoSe interlayer was deposited on Mo-coated glass;
Sba(SxSei—x); was then grown by CMBD at 420°C substrate temperature. The resulting film thickness
ranged from approximately 2 to 3 pm, depending on the deposition time. CdS layers were deposited onto
the surface of the Mo/MoSe/ Sby(SSei—x); structures via thermal evaporation (thickness 80—100 nm, at a
pressure of 107> mm Hg and substrate temperature of 200°C). To improve the electrical and photovoltaic
properties of the Mo/MoSe/ Sba(SxSei—x)3 /CdS heterostructures, thermal treatment was performed in a
sealed chamber under pure argon atmosphere.

Thermal treatment was performed in argon (~1 mbar) at 200°C for 20-30 min. To further enhance the
photoelectric characteristics, transparent conductive ZnO films (50 nm thick) and Al-doped ZnO (ZnO:Al)
films (200-300 nm thick) were deposited on the front contact of the Mo/MoSe/Sba(Sx,Sei1-x)3/CdS hetero-
structures using magnetron sputtering.

Device metrics Jsc, Voc, FF, and n—were extracted from illuminated J—V measurements under 100
mW cm? irradiance; a solar simulator reproduced the solar spectrum under laboratory conditions.

3 Results and Discussions

Fig. 3 and Table 1 present the I-V measurement results under the illumination of the solar cells for
different Se contents, aimed at studying the influence of Se content in the vapor phase on solar cell perfor-
mance.

Table 1: Post-anneal photovoltaic characteristics of Sba(Sx,Se;—«)3 thin-film solar cells.

Composition x =

Sample No. [S/(S + Se) in Va- Eg (€V) Voc (mV) Jsc (mA/em?) Rsh(®) Rs(®) FF (%) Efﬁf,}"“cy
por Phase] (%)
Ral 1 (Sb:Sy) 17 54538 164 25525 4781 3818 3.7
Ra3 0.9 165 5306l 18.8 22235 4072 3642 355
Ras 0.8 15 52238 272 28831 3566 3846 531
Rab 0.7 135 52382 272 37047 189 4671 6.47
Rad 0.6 12 49807 18.7 36594 2122 4813 453

Ra2 0 (SbaSes) 1.1 383.68 24.8 82.26 24.08 30.55 2.82
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Figure 3: Light J-V characteristics of thin-film photovoltaic devices.

Overall, devices exposed to a Se-richer vapor tended to exhibit superior photovoltaic metrics. The
champion cell with S/(S + Se) = 0.6 delivered 6.47% efficiency (Voc = 523 mV, Jsc =27.2 mA cm % FF =
46.71%), while most structures showed fill factors around 40%. The Voc and Jsc trends versus Se content
are summarized in Fig. 3: as expected, Voc decreases progressively with increasing Se due to an upward
shift of the Fermi level and the valence-band maximum (VBM), whereas Jsc first increases and then de-
clines at x = 0.9. This rise is attributed to band-gap narrowing (E, reduction) and enhanced crystallinity.
The subsequent drop likely results from a modest deterioration in film quality due to a larger S/Se compo-
sitional disparity, which impedes charge-carrier transport through the film.

The evolution of series (Rs) and shunt (Rg,) resistances is likewise informative for transport analysis.
Owing to the higher electrical conductivity of SboSes; versus Sb,Ss, Se-rich devices exhibit lower R, yield-
ing improved electrical characteristics and higher Jsc. With increasing Se content, Rg, also decreases pro-
gressively (Table 1), indicating more parallel leakage paths and greater bypass current, consistent with the
observed reduction in Voc.

As shown in Table 1, the highest value for 11 is observed at a composition ratio of approximately x ~
0.7. This is attributed to the increased band gap width of the Sb2(SxSe1—x)3 solid solution films.

Fig. 4 presents the external QE spectra of as obtained solar cells for six compositions (x =0, 0.6, 0.7,
0.8, 0.9, 1), where the vapor-phase S/(S + Se) ratio was controlled during growth. To ensure accuracy, all
devices were measured on the same day under identical conditions with an illuminated spot smaller than
the device area. Consistent with the J-V data, the x = 0.6 cell shows the highest QE, peaking near 90% in
the 450—650 nm range. The short-wavelength roll-off arises from parasitic absorption in the CdS buffer,
while the long-wavelength decline reflects incomplete absorption of IR photons and limited collection of
carriers generated far from the depletion region. As x increases, Sb2(SxSei—x)3 cells exhibit a stronger
response beyond 650 nm, primarily due to band-gap narrowing.
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Figure 4: Quantum efficiency of Sb,(S«Sei—)3-based thin-film solar cells.

4 Conclusion

For the first time, Sba(S1-xSex)s solar cells with absorber layer of the varying composition were fabri-
cated using the chemical molecular beam deposition method. The results of light IV measurements and
spectral characterization of heterostructure solar cells with an Sb2(SxSei—x)3 absorber layer showed that
thermal treatment improved their photovoltaic properties. The measured photovoltaic parameters were: Voc
= 383-545 mV; Jsc = 16.4-27.2 mA/cm?; FF = 30.55-48.13%; and efficiency n = 2.82-6.47%. Thermal
treatment revealed the optimal annealing conditions for improved photovoltaic performance: temperature
Tann = 300°C and duration tan, = 30 min.
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