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Abstract

The development of low-temperature deposition methods for ternary metal chalcogenides is
significant for advancing electronics and optoelectronic devices, where precise compositional
control remains a key challenge. Here, we report a simple, low-temperature, and scalable in-situ
solvothermal technique for the deposition of ternary (Bi;_,Sbx),S3 films using structurally compatible
single-source precursors, [Bi{S,P{O(Pr).}s] and [Sb{S,P{O(Pr).}:]. This one-pot chemical route
facilitates precise control over composition and film quality without the need for additional
processing steps. Compositional and structural characterisation confirmed the successful formation
of orthorhombic (Bi;-xSbx),S3 phases across the full composition range (x = 0-1). The systematic
shift in X-ray diffraction peak positions and lattice parameters with varying Sb content is consistent
with Vegard’s law, indicating the formation of a homogeneous, compositionally tunable ternary alloy.
Scanning electron microscopy revealed pronounced morphology changes correlated with the Sb
mole fraction, highlighting the influence of composition on microstructural evolution. UV-vis
spectroscopy further demonstrated optical tunability, with bandgaps increasing from 1.82 to 2.04 eV
as Sb content increased. These results underscore the effectiveness of precursor ratio adjustment
for controlling final film composition and properties, showcasing the versatility of this low-
temperature solvothermal approach for synthesising phase-pure, compositionally engineered

mixed-metal chalcogenide thin films.

Keywords: (BixSb;-x),S3;, metal chalcogenide, single source precursor, in-situ solvothermal

method, ternary materials
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1. Introduction
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Metal chalcogenides are an exciting class of highly tunable and anisotropic semiconductors
that have attracted tremendous interest due to their distinct structures and extraordinary
physicochemical properties’2. These attributes position them as key candidates in next-generation
technologies, including transistors3, sensors*, catalysis®, and energy storage systems®. Although
early investigations were primarily centered on single-element and binary chalcogenide systems,
the field has increasingly turned toward ternary materials. The incorporation of a third element offers
enhanced flexibility to fine-tune critical physical parameters such as bandgap, charge carrier
dynamics, and lattice interactions, thereby expanding the functional scope of these materials in
advanced device engineering’8. This compositional flexibility is particularly advantageous for
advanced applications such as graded-bandgap solar absorbers?®, broadband photodetectors'?, and
thermoelectric materials''. Furthermore, ternary compositions may exhibit improved defect
tolerance, enhanced phase stability, and emergent functionalities not accessible in the binary

phases.

Among the promising candidates for compositionally tunable materials are V-VI
chalcogenides with the general formula M,X; (M = As, Sb, Bi; X = S, Se, or Te), which exhibit a
compelling combination of semiconducting properties, high refractive indices, and efficient charge
transport'?-6, In particular, bismuth sulfide (Bi,S3) and antimony sulfide (Sb,S3) are orthorhombic
semiconductors (Pnma space group) with direct band gaps ranging from 1.2 to 2.5 eV, high
absorption coefficients, and excellent environmental stability, making them suitable for applications
in photovoltaics, photodetectors, thermoelectrics, and gas sensing devices'”-2%, More importantly,
their similar oxide states and closely matched lattice parameters (differing by less than 3.5%) allow
for the formation of a full range of solid solution between Bi,S; and Sb,S; with minimal lattice
strain?6:27, This structural compatibility has led to increasing interest in the ternary (Bi;_xSbx).S3
system as a compositionally tunable semiconductor platform. The ability to modulate the Bi:Sb ratio
in (Bi1—xSbx).S3 could open new opportunities for tailoring key properties such as bandgap, carrier
concentration, and thermal conductivity, parameters critical for the performance of next-generation

optoelectronic?®-3° and thermoelectric devices?'32.

Despite extensive research on the binary end-members Bi,S; and Sb,S;, investigations into
the ternary Bi—Sb—S system—particularly (Bi;_,Sbx),Ss—remain limited and have largely focused
on bulk powders rather than thin films. Kyono and co-workers synthesized a full-range (BiSb),S;
solid solution by heating Bi,S; and Sb,S; together at elevated temperatures (800—1000°C)33.
However, the high-temperature route offered limited stoichiometric precision, as multiple samples
with similar compositions were produced from starting mixtures of identical Bi:Sb molar ratios. While
most previous studies have relied on multiple-source precursor strategies, only two reports have

investigated the ternary (Bi;_Sbx),S; system using single-source precursor (SSP) chemistry:
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Algahtani et al. synthesized powder forms via solventless thermolysis of metal xagm?c’fgome
precursors®, while Kun et al. employed thermal decomposition of piperidinedithidéararate’™
complexes® in high-boiling solvents like oleylamine, both requiring temperatures exceeding 230°C.
These studies demonstrated the feasibility of forming ternary phases but offered limited
compositional control, scalability, and phase purity due to the use of complex, multi-step processes
and powder-based systems. While nature occasionally exhibits compositional variation in Bi/Sb-rich
sulfide systems, such as abrupt shifts in Bi/(Bi+Sb) molar ratios during hydrothermal mineralization
due to semi-metal boiling phenomena333637 synthetic control of such ternaries in thin-film form
remains a significant challenge, particularly via solution-based routes. This underscores the need
for robust, low-temperature, and scalable methods to access phase-pure (Bi;_,Sbx),S; films with

precise compositional control.

To date, film deposition of ternary bismuth antimony sulfides has predominantly been carried
out using multi-precursor systems, such as the dip-dry method®®, chemical bath deposition3940,
spray pyrolysis*'#2, and electrophoretic deposition*3. These techniques typically require multistep
processing, elevated deposition or annealing temperatures (often exceeding 200 °C), and involve
precursor species with differing chemical reactivities. As a result, achieving uniform mixing, accurate
stoichiometric control, and high phase purity becomes challenging. Such complexities hinder
reproducibility and scale-up potential, thereby limiting the viability of these methods for commercial
or large-area applications. Notably, there have been no prior reports on the deposition of
(Bi,—xSbx),S3 films using the SSP strategy, leaving a significant gap in the development of

streamlined, compositionally tunable synthesis routes for these materials. SSP strategies offer

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

several intrinsic advantages, including cost-effectiveness, less toxicity, high material purity, and
controlled film morphology. By incorporating both the metal and chalcogen within a single molecular

framework, SSPs facilitate a more controlled and efficient route for material deposition. This strategy
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supports low-temperature and environmentally benign deposition processes, while tailored ligand
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architectures enable precise tuning of properties such as atomic efficiency, volatility, and overall
material quality. Moreover, SSPs offer enhanced stability, precise stoichiometric control, and
mitigation of pre-reactions, along with tunable thermal decomposition profiles that support optimized
material growth*44%, In the case of ternary Bi—Sb—S systems, traditional approaches typically require
more than two independent precursors, requiring careful synchronization of deposition conditions to
obtain uniform solid solutions. In contrast, the use of just two well-defined and chemically compatible
SSPs enables systematic and controllable access to the full compositional range of (Bi;_,Sbx),Ss.
This approach facilitates reproducible synthesis of phase-pure films, even at intermediate
compositions, while simplifying the overall deposition protocol. Furthermore, the ability to perform
film growth under mild conditions, particularly at low temperatures, offers additional benefits,
including compatibility with flexible or polymer-based substrates and reduced energy input during

processing. Solution-based deposition from SSPs is inherently scalable, environmentally benign,
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and operationally straightforward, eliminating the need for binders, post-deposition annealing, or
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via low-temperature solvothermal routes using dithiophosphate-based SSPs remains largely
unexplored. This work addresses the gap by demonstrating a facile, compositionally tunable

synthesis method for ternary Bi-Sb—S chalcogenides via molecularly engineered SSP chemistry.

To the best of our knowledge, this is the first report of ternary (Bi,_,Sbx),S; film deposition
via a low-temperature, in-situ solvothermal route using molecularly tailored dithiophosphate-based
SSPs. By systematically tuning the molar ratios of [Bi{S,P(OC3H-),};] and [Sb{S,P(OC;H-),}s], we
achieved controlled incorporation of Bi and Sb across the full compositional range, yielding
homogeneous, phase-pure films under mild conditions. Our solution-processed approach
overcomes the limitations of previous powder-based methods and offers a scalable, compositionally
tunable strategy for fabricating complex chalcogenide films, with industrial compatibility suited for
mass production and roll-to-roll manufacturing. The structural properties across the ternary
(Bi;-xSbx),S3 films were evaluated by X-ray diffraction (XRD), while scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) confirmed the morphological consistency
and compositional homogeneity of the films. Raman spectroscopy further validated the formation of
well-alloyed solid solutions through composition-dependent vibrational shifts. UV-visible
spectroscopy was employed to probe the optical response, revealing systematic bandgap tunability
with composition. This reproducible, scalable, and environmentally benign method provides a
chemically versatile route for depositing Bi—-Sb—S chalcogenides with potential relevance to

electronic and optoelectronic applications.
2. Experimental
2.1 Synthesis and characterisation of [M{S,P(OCzH-),}s] (M = Bi (1), Sb (2)) precursors

SbCl; (99%, Sigma-Aldrich), BiCl; (99%, Sigma-Aldrich) and P,Ss (99%, Sigma-Aldrich), Ethanol
(99.9%, Analytical reagent), triethylamine (99%, SDFine), dichloromethane (DCM) (99.5%, FINAR),
and n-hexane (99%, SRL) were used as supplied. Toluene (99.5%, SDFine) and propan-1-ol (99%,
FINAR) were freshly distilled before use. The bismuth(lll) and antimony(lll) O, O'-
dipropyldithiophosphate complexes, [Bi{S,P(OCsH-),};]*¢ (1) and [Sb{S,P(OCsH-).}s]*" (2), were
synthesized according to reported procedures by reacting BiCl; or SbCl; with [Etz;NH][(OC;H-).S,P]
in a 3:1 molar ratio of ligand to metal in toluene. Comprehensive spectroscopic characterization of
these precursors, including FTIR, {*H} NMR, and *'P{"H} NMR analyses, has also been described

earliert47,

Fourier transform infrared (FT-IR) spectra were obtained using a Nicolet iS5 spectrometer (Thermo
Scientific). Proton and phosphorus nuclear magnetic resonance spectra ({"H} and 3'P{'H} NMR)

were recorded at room temperature in CDCI; using a Bruker Avance Neo 500 MHz spectrometer.
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2.2 Growth of (Bi;_,Sbx),S; films via in-situ solvothermal deposition
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Ternary bismuth—antimony sulfide (Bi;_,Sbx),S3 films were deposited on SiO,/Si substrates using a
one-step in-situ solvothermal technique. Fig. 1 illustrates the schematic representation of the in-situ
solvothermal method for the growth of (Bi;_,Sbx),S; films. The single-source precursors
[Bi{S,P(OC3H,).}s] (1) and [Sb{S,P(OCsH,).}s] (2), previously reported by our group, were
employed for the deposition of Bi,S; and Sb,S; films, respectively. Prior to deposition, SiO,/Si
substrates were ultrasonically cleaned in deionized water, isopropanol, and acetone to remove
surface contaminants. For the synthesis of ternary compositions, the precursors (1) and (2) were
mixed in various molar ratios (Bi:Sb = 1:1, 2:1, 3:1, and 4:1) and dispersed in 20 mL of ethylene
glycol under continuous stirring for 1 hour. The precursor mixture formed a stable dispersion with
no visible precipitation or phase separation. All dispersions were freshly prepared and used
immediately to ensure uniformity and reproducibility. The resulting homogeneous solution was
transferred into a 25 mL Teflon-lined stainless steel autoclave containing a horizontally placed
cleaned SiO,/Si substrate. The autoclave was sealed and heated at 180 °C for 24 hours. These
conditions were chosen based on prior process optimization for the binary systems using the same
precursors and deposition route*®#?, ensuring consistent film formation and reproducibility. After
naturally cooling to room temperature, the films were retrieved and vacuum-dried for 12 hours to
yield uniform black films. The as-synthesized films were uniform, adherent, and obtained without

the need for post-deposition annealing.
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Fig. 1 Schematic representation of deposition of ternary (Bi;_xSbx).S; films by in-situ solvothermal

process.
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2.3 Precursor and film characterisation
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Structural, compositional, morphological, vibrational, and optical characterizations were carried out
using X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM), Raman spectroscopy, and UV-visible absorption spectroscopy. XRD analysis
was carried out on a Rigaku SmartLab diffractometer equipped with Cu Ka radiation (A = 1.5406 A),
operated at 40 kV and 50 mA. Diffraction patterns were collected over a 26 range of 10°-75°. The
structural analysis was performed using reference patterns from the Inorganic Crystal Structure
Database (ICDD), accessed via the PDF-2 2021 software package. Morphological and
compositional analysis was performed using a field-emission scanning electron microscope
(FESEM, ZEISS ULTRA 55) with a working distance of 5-8 mm and an acceleration voltage of 5
keV. Elemental composition was analyzed using EDX with an Oxford Instruments INCA Wave
system, operated at 20 keV and analyzed via INCA-Point & ID software. Raman spectra were
recorded on a Horiba Scientific Raman spectrometer equipped with a 633 nm laser excitation source
and an optical microscope; measurements were carried out at 10% laser power to avoid sample
degradation. The spectra were recorded using an acquisition time of 10 seconds with 5
accumulations per measurement to enhance the signal-to-noise ratio. The optical bandgap of the
films was evaluated using UV—vis spectroscopy (Ocean Insights) based on the diffuse reflectance

method.
3. Results and Discussion
3.3 Film Characterisation

Fig. 2 presents the EDX analysis of ternary (Bi;_xSbx).S; films deposited with varying Bi to Sb
precursor mole ratio. As shown in the spectra (Fig. 2a), distinct peaks corresponding to Bi, Sb, and
S confirm the successful incorporation of all constituent elements across the compositional range.
A gradual increase in Sb peak intensity and a concurrent decrease in Bi signal with decreasing Bi
precursor composition indicate effective elemental substitution. Quantitative analysis (Fig. 2b)
shows that the atomic percentage of Sb increases systematically with higher Sb precursor input,
while the Bi content decreases accordingly. Sulphur content remains relatively stable (~55-65 at.
%), indicating near-stoichiometric incorporation independent of metal composition. The measured
film compositions deviate from the initial precursor mole ratios, indicating that precise stoichiometric
control is challenging when using single-source precursors [Bi{S,P(OCsH,);}s] and
[Sb{S,P(OC;3H,),};]. Such deviations are common and may arise due to differences in metal-
chalcogen bond dissociation energies, which influence the decomposition kinetics and incorporation
efficiency of each element?®. In the present system, both Bi and Sb incorporations exhibit non-linear
behaviour with respect to their precursor mole fractions. The Sb content in the film follows the

empirical relation (1):
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where m is the mole fraction of the Sb precursor and 8 is the enhancement factor. A best fit to the
experimental data is achieved with B = 5, as shown in Fig. 2b. This enhanced Sb incorporation is
attributed to the differing decomposition kinetics of the Bi and Sb-based SSPs. The Bi precursor
exhibits higher thermal stability, resulting in slower Bi—S bond cleavage and delayed Bi** release
under solvothermal conditions. In contrast, the Sb precursor decomposes more rapidly, promoting
early nucleation of Sb-rich phases. This kinetic disparity leads to preferential Sb incorporation,
despite equimolar precursor ratios, and accounts for the observed deviation from linear
composition3®. These results confirm homogeneous alloy formation and demonstrate the
effectiveness of this in-situ strategy for achieving compositional tunability in ternary metal

chalcogenide films.
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Fig. 2 (a) EDX spectra and (b) relationship between film composition and fraction of
[Sb{S,P(OC;H-),};] used in the deposition of ternary (Bi;_,Sbx),S; films.
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The surface morphology of the as-deposited ternary (Bi;_«Sbx).S; films was systematically
investigated using SEM. Figure 3 presents SEM images of (Bi,_xSbx),S; films deposited with varying
Sb content (x = 0, 0.43, 0.66, 0.80, 0.85, and 1.0), illustrating the compositional influence on film
morphology. Top-view SEM images (Figure S1) reveal that the as-deposited films exhibit a compact
and continuous nanostructured morphology, without visible discontinuities, indicating uniform
coverage across the substrate. Notably, the morphological characteristics were strongly influenced
by the Sb content (x) in the film. Bi,S; film displayed hierarchical, flower-like assemblies of one-
dimensional nanorods, whereas Sb,S; film yielded compact sheaf-like structures composed of
tightly bound rod bundles, typically conjoined near their midpoint or ends (Fig. 3a and 3f). A
progressive and composition-dependent variation in rods was observed as the Sb film content was
tuned from x=0-1 (Fig. 3b-e). At x = 0.43, the shortest rods were observed, with a progressive

increase in length seen as the Sb content increased, reaching maximum rod length at x = 0.85.
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Such morphological evolution is consistent with the known growth tendencies of szs% which
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favours partial fractal splitting and often produces sheaf-like architectures*t. The intf6duétior 'of Sb**““
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appears to disrupt this growth behavior, promoting more isotropic splitting and facilitating the
formation of longer, radially arranged nanorods. These observations suggest that the interplay
between Sb and Bi ions in the precursor solution critically influences the nucleation and growth
kinetics, thereby enabling tunable morphological outcomes through precursor ratio modulation343%,
Wang et al. reported the synthesis of one-dimensional (Bi;_,Sbx),S3 nanorods through a solution-
based reaction involving bismuth and antimony chlorides, elemental sulfur, oleylamine, and thiols,
where the rod lengths were found to be composition-dependent?®. Similarly, Sun et al. fabricated
flower-like Sb—Bi sulfide structures using solvothermal treatment of metal diethyldithiocarbamate
complexes and suggested that the three-dimensional morphologies developed via epitaxial growth
originating from a central Sb—Bi sulfide core*. Additionally, the film thickness was estimated from

cross-sectional SEM analysis and found to be in the range of 40-50 um (Fig. S2).

AN w‘rM‘é

Fig. 3 SEM images showing the surface morphologies of (a) Bi,Ss, (f) Sb,S; and (b-e) ternary

(Bi1-xSbx),S3 films deposited via in-situ solvothermal process.

Furthermore, EDX elemental mapping of the ternary (Bi;_xSbx).S3 films with different compositions
is presented in Fig. 4b-e, revealing a homogeneous spatial distribution of Bi, Sb, and S across the
analysed regions for all ternary films. For comparison, elemental mapping of the binary Bi,S; and
Sb,S; films is provided in Fig. 4a and 4f, confirming the uniform distribution of the respective

constituent elements.
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Fig. 4 EDX elemental mapping of Bi, Sb and S for (a) Bi,S;, (f) Sb,S; and (b-e) ternary (Bi,_,Sbx),S3

films deposited via in-situ solvothermal process.

The crystalline quality and phase composition of the as-deposited ternary (Bi;_xSbx),S; films were
investigated using XRD analysis (Fig. 5a). All the XRD patterns for the Sb,S;, Bi,Ss;, and
(Bi;—xSbx),S3 films exhibit sharp and well-defined peaks, confirming high crystallinity of the as-
deposited materials, without the need for post-annealing. The diffraction patterns for all
compositions correspond to an orthorhombic crystal structure, with peak positions situated between
those reported for orthorhombic Bi,S; (bismuthinite; ICDD card no. 17-0320; a=11.14 A, b =11.29

9
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A, ¢ = 3.98 A)* and orthorhombic Sb,S; (stibnite; ICDD card no. 42-1393; a=11.24 A b iemgggome
A, ¢ = 3.83 A)*". Since both parent compounds adopt the same orthorhombic framéwsrk; frié*
observed intermediate peak positions reflect continuous structural evolution across the
compositionally tuned films. The unit cell volume contracts with increasing Sb content, consistent
with the smaller ionic radius of Sb®** compared to Bi**. A closer examination of the XRD patterns in
Fig. 5b, which presents a zoomed-in view over a narrower 20 range, reveals systematic peak shifts
with varying Sb content (x), indicative of compositional alloying and successful incorporation of Sb
into the Bi,S; lattice. The progressive shift in 20 values for the (311), (301), and (221) planes with
increasing Sb content, as shown in Fig. 5c, further supports the formation of a homogeneous alloy,
reflecting lattice expansion due to substitution of smaller Sb*" ions with larger Bi** ions. The
observed peak shifts across the ternary (Bi;_.Sbx),S; films confirm a compositionally tuned film
exhibiting continuous structural integration. In addition, no secondary crystalline phases—such as
elemental Sb, Bi, S, or oxide impurities (e.g., Sb,03, Bi,O3;)—were observed in any of the films. The
absence of any additional reflections beyond those attributed to the orthorhombic (Bi;_xSbx).S;

phase confirms the high phase purity and crystalline quality of the films.
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Fig. 5 (a) XRD patterns of as-deposited (Bi;_xSbx),S; films for x = 0 to 1; (b) enlarged view of
selected peaks showing systematic 20 shifts with composition; (c) variation of 26 values for the
(311), (301), and (221) planes as a function of Sb content x within the (Bi;_,Sbx),S; films.

Rietveld refinement of the XRD data shows that all three lattice parameters (a, b, and c) exhibit
linear compositional dependence (Fig. 6a-c), consistent with Vegard’s behaviour. The reliability of
the refinement was supported by the calculated Rietveld parameters such as R, R,, goodness of
fit (x?), and S, which are reported in the Supplementary Information (Table S1). These values confirm
the consistency and quality of the structural fits across the compositional series. Additionally, a
representative Rietveld refinement plot has been provided in Fig. S3 to illustrate the quality of the

fit. Specifically, as the Sb content increases, both the a and c lattice parameters increase, while the
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b parameter decreases, aligning with the expected trend when transitioning from Bi,S; tov§vp E%.OWE
The linear variation in the lattice dimensions with Sb incorporation further supports Torogenabis™™
alloying throughout the ternary system. Interestingly, detailed analysis of the refined lattice
constants reveals that both the a and c-axes follow an overall linear trend across the composition
range. This anisotropic distortion may arise from the influence of stereochemically active lone
electron pairs associated with the 6s? (Bi) and 5s? (Sb) electron configurations. These lone pairs are
oriented in the a—c crystallographic plane, and while their spatial influence is distributed across this
plane, the preferential deviation along the a-axis suggests a directional response, potentially driven
by variations in local bonding environments and anisotropic bonding strengths between in-plane
and out-of-plane directions®%%'. As the Sb content is raised, the inter-rod spacing increases due to
enhanced stereochemical expression of the lone electron pair, manifesting as expansions in the a
and c axes®. Conversely, the b-axis, less sensitive to lone pair influence, undergoes steady
contraction with increasing Sb content, likely reflecting a reduction in the shortest M—S bond length
across the solid solution from Bi,S; to Sb,S3%2. Overall, these structural changes culminate in a
monotonic decrease in the unit cell volume with increasing Sb substitution (Fig. 6d), consistent with
compositional tuning of the lattice through the Bi-to-Sb substitution. While EDX provides surface-
sensitive elemental information, the observed compositional trends from XRD, particularly the
systematic peak shifts consistent with Vegard’s law, support compositional homogeneity and
suggest that the bulk composition closely follows the intended stoichiometry. The crystallite size of
(Bi;1-xSbx),S3 films was estimated using the Scherrer equation. An increase in crystallite size was
observed with increasing Sb content (Figure S4), consistent with enhanced lattice distortion and

refined grain morphology. Details are provided in the Supplementary Information.
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Fig. 6 Refined lattice parameters (a) a, (b) b, (c) c and (d) unit cell volume V of ternary (Bi;_,Sbx),S3

as a function of Sb content x within the (Bi;_xSbx),S; films.

The vibrational properties of the as-deposited (Bi;-xSbx),S3 films were further investigated using
Raman spectroscopy, as illustrated in Fig. 7a. For the pure Bi,S; sample, a minor peak at 178 cm™
and two prominent peaks at 233 cm™ and 261 cm™ were observed, which correspond well with
previously reported Raman spectra for Bi,S;. The minor peak at 178 cm™ is attributed to the A4
symmetric bending mode, while the two dominant peaks at 233 cm™ and 261 cm™ are assigned to
the Ay and B4 anti-symmetric stretching modes, respectively34. Similarly, for pure Sb,S;, two
minor peaks at 188 cm™ and 238 cm™, along with two major peaks at 279 cm™ and 302 cm™, were
observed, which align with previously reported data®-57. The peak at 188 cm™ is attributed to the
B14 anti-symmetric S-Sb—S bending mode, while the peaks at 238 cm™, 279 cm™, and 302 cm™
are associated with the Ag symmetric S—-Sb—S bending mode, the Ag anti-symmetric Sb-S
stretching mode, and the B,y anti-symmetric Sb—S stretching mode, respectively®8% These
vibrational modes are also present in all the ternary (Bi;_xSbx).S; films, but with a progressive shift
to higher wavenumbers as the Sb contentincreases (Fig. 7b). These results provide strong evidence
for well-distributed compositionally tuned films3+3%, For the film with Sb content x=0.85, two broad

bands centered around 273 cm™ and 294 cm™ were observed, which shift to lower frequencies of
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267 cm™ and 291 cm™ when the Sb content is reduced to x=0.43. The shift to higher wavenumbers

View Article Online

when transitioning from Bi,S; to Sb,S; is attributed to the lower mass of Sb compared’tdBi, 48" Wéif'**“
as the shorter Sb—S bond lengths53:6°.
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Fig. 7 (a) Raman spectra of (Bi;_,Sbx),S; films, (b) phonon frequencies (red: B;; mode; blue: Aq

mode) as a function of Sb content (x).

The optical bandgap of (Bi;_xSbx),S3 (x = 0 to 1) films deposited on SiO,-coated silicon substrates

was investigated using Tauc plot analysis derived from UV-vis absorption spectra. The

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

corresponding absorption spectra for the various compositions are shown in Fig. 8a. The optical

bandgap energy (Eg) was estimated by plotting (ahv)? against photon energy (hv), where a denotes

Open Access Article. Published on 20 August 2025. Downloaded on 8/27/2025 12:47:25 PM.

the absorption coefficient, h is Planck’s constant, and v the frequency of incident light. A linear

(cc)

extrapolation of the absorption edge confirmed a direct allowed transition, consistent with the known
electronic properties of both Bi,S; and Sb,S;?%8'. As depicted in Fig. 8b, the optical bandgap
increases monotonically from 1.82 eV for Bi,S; (x = 1) to 2.04 eV for Sb,S; (x = 0), with intermediate
compositions (x = 0.43, 0.66, 0.80, and 0.85) exhibiting bandgap values of 1.90, 1.93, 1.96, and
1.99 eV, respectively. These data points closely follow a linear compositional dependence,
indicating systematic bandgap tunability across the ternary films. This continuous bandgap evolution
confirms the formation of compositionally tuned films. A slight deviation from ideal linearity can be
attributed to subtle stoichiometric variations within the films®2. Overall, the results are consistent with
previous reports on (Bi;_.Sbx),S3 systems synthesized via solventless thermolysis of metal xanthate
precursors; however, those studies were limited to powder-based materials34. In contrast, the
present work highlights that the compositional modulation in films offers an effective strategy for
tuning the optoelectronic properties of the system. Notably, the tunable bandgap range of 1.82—

2.04 eV lies within the visible spectrum, making these materials promising candidates for
13
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optoelectronic devices such as photodetectors®® and photovoltaics®4. This moderate bandgae range

iew Article Online

enables efficient visible-light absorption while minimizing thermalization losses, offétig’a’ stitabié'**
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trade-off between absorption efficiency and carrier transport in light-harvesting® and

photoconductive applications®®.
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Fig. 8 (a) Absorption spectra and (b) Variation of the band gap of (Bi;_,Sbx).S; (0 < x < 1) films as

a function of Sb content (x).

4. Conclusions

In this study, we have demonstrated an in-situ solvothermal method as a low-temperature, solution-
based route for the growth of ternary (Bi,_«Sbx).S; materials by compositionally tuning the
[Bi{S,P(OPr),}:] and [Sb{S,P(OPr),};] single-source precursors. Our findings show that the ternary
film composition is primarily governed by the relative molar ratios of the Bi- and Sb-based precursors
used during synthesis, allowing for predictable and tunable alloy formation. SEM analyses reveal
that film morphology can also be modulated by precursor composition, enabling microstructural
control. The resulting films exhibit orthorhombic crystal structures, with XRD peak positions
systematically shifting between those of Bi,S; and Sb,S;, consistent with Vegard’s law across the
full compositional range. This confirms the successful formation of homogeneous alloys and
highlights the effectiveness of rapid precursor scrambling under solvothermal conditions.
Furthermore, UV-vis spectroscopy confirms the optical tunability of these materials, with a
systematic increase in bandgap with increasing Sb content. These results underscore the impact of
nanoscale structure and composition on the optoelectronic properties of the chalcogenide material.
This scalable and compositionally versatile approach demonstrates the utility of chemically
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structural and electronic properties, offering a promising platform for future solutiSn“pfod&ssdd’™

electronic and optoelectronic applications.
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