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Abstract

Cadmium-free buffer layers are pivotal for the sustainable development of thin-film photo-
voltaics. This work numerically investigates SnS, as a high-performance, environmentally
benign alternative to CdS for antimony selenosulfide (Sb,(S,Se)3) solar cells using AFORS-
HET software. The SnS, /Sb;(S,Se); heterojunction exhibits a significantly lower conduction
band offset (CBO ~ 0.23 eV) than its CdS counterpart (CBO =~ 0.49 eV), which is identi-
fied as the primary factor for suppressed interface recombination and enhanced electron
injection efficiency. A comprehensive optimization strategy is presented: tuning the S
content in Sb;(S,Se)3 to 40% optimizes the trade-off between band gap widening and hole
transport barrier at the ETL/absorber interface; adjusting the absorber thickness to 340 nm
balances light absorption and carrier collection efficiency; and elevating the SnS; carrier
concentration to 10*! cm~3 strengthens the built-in potential and induces a beneficial hole-
blocking “spike” at the front contact. The synergistically optimized device achieves a power
conversion efficiency (PCE) of 10.39%, a substantial improvement over the 7.56% efficiency
of the CdS-based reference cell in our simulation framework.

Keywords: Sby(S,Se)s; SnS,; electron transport layer (ETL); band alignment; carrier
transport; AFORS-HET

1. Introduction

The transition to sustainable energy systems has made photovoltaic technology a
cornerstone of global decarbonization efforts. Among various photovoltaic platforms,
thin-film solar cells (TFSCs) offer compelling advantages, including reduced material
consumption, compatibility with flexible substrates, and potential for low-cost, large-area
fabrication. In this context, antimony selenosulfide (Sb,(S,Se)3) has attracted significant
attention as a next-generation absorber material. It features an optimally tunable bandgap
(1.1-1.7 eV), a high absorption coefficient (>10° cm~!), and excellent intrinsic stability,
all derived from earth-abundant and non-toxic elements [1,2]. These properties not only
align with the need for sustainable photovoltaics but also offer practical benefits such as
potential application in flexible and lightweight modules, as well as suitability for tandem
cell architectures through bandgap adjustment. According to the detailed-balance limit, a
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single-junction Sby(S,Se); cell with a bandgap near 1.3 eV could theoretically exceed 30%
power conversion efficiency (PCE) [3].

Substantial experimental progress has been made in recent years. For instance, effi-
ciencies surpassing 10% have been achieved through interface and light-management engi-
neering, often employing cadmium sulfide (CdS) as the electron transport layer (ETL) [4-6].
However, despite these advances, the performance of Sb,(S,Se)3 solar cells remains well
below the theoretical ceiling. A key bottleneck lies at the heterojunction interface: the
commonly used CdS ETL introduces a significant conduction band offset (cliff), promotes
interface recombination, and poses environmental and regulatory concerns due to cadmium
toxicity [7,8]. Therefore, replacing CdS with an effective, Cd-free alternative is crucial for
the sustainable development of this technology.

Tin disulfide (SnS;) emerges as a promising cadmium-free ETL candidate. As an
n-type layered semiconductor, it offers a wide, tunable bandgap (2.1-3.38 eV), high electron
mobility, and excellent chemical stability [9,10]. It is noteworthy that SnS, has been explored
as an ETL in other photovoltaic systems such as perovskite and CIGS solar cells [9,10]. Its
electrical properties can be controlled via doping (e.g., via Cl or Sb impurities or Sn-rich
growth), and it can be deposited by scalable methods such as chemical bath deposition or
atomic layer deposition. More importantly, its electron affinity suggests the potential for a
more favorable band alignment with Sb,(S,Se)s;, which could mitigate interface recombina-
tion losses prevalent in CdS-based devices. However, the systematic investigation of SnS,
as an ETL specifically for Sby(S,Se); solar cells, particularly through numerical simulation
guiding optimal design, remains limited.

In this work, we systematically investigate the viability of SnS; as an ETL for Sby(S,Se)3
solar cells through numerical simulation using the AFORS-HET platform. By solving the
coupled Poisson and carrier continuity equations, we model the device performance and
analyze the underlying carrier transport and recombination mechanisms. Specifically, we
evaluate the impact of (1) sulfur composition in the Sb,(S,Se)3 absorber, (2) absorber layer
thickness, and (3) SnS, doping density on key photovoltaic parameters. Our study not only
identifies an optimized device configuration achieving a simulated PCE of 10.39% but also
elucidates the design principles for efficient, cadmium-free Sby(S,Se); thin-film solar cells,
thereby providing a clear pathway for experimental realization.

2. Numerical Methods and Device Modeling

The photovoltaic performance of Sb,(S,Se); solar cells with SnS, as the ETL was
evaluated using AFORS-HET software (Version 2.5). This software solves the fundamental
semiconductor equations under various conditions using the finite-difference method. The
core system comprises Poisson’s equation governing electrostatic potential distribution
and the electron and hole continuity equations describing carrier transport and generation-
recombination processes [11]:

OEr oEr,
Jn = qunnT;;]p = qupp ox (1)
Jd, 0 _
a(s%):%(—n—'—p_NA + Np ™ +nt+py) (2)
on on 9%n dp op O%p
g—G—Rn+ﬂnEx£+Dn@/§*G_RP—FVPExa—FDP@ )

In these equations, € and g represent the permittivity and elementary charge, respec-
tively. N4 and Np are the ionized acceptor and donor concentrations. p and n are the hole
and electron concentrations. ¢, yi,, and p, denote the electrostatic potential, hole mobility,
and electron mobility, respectively. J, and J, are the hole and electron current densities. Ep,
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and E Fp are the electron and hole quasi-Fermi levels. G, Dy, and D, represent the carrier
generation rate, electron diffusion coefficient, and hole diffusion coefficient, respectively.
Ex, Ry, and R, signify the electric field, electron recombination rate, and hole recombination
rate, respectively.

The device simulations were carried out under standard AM1.5G spectral illumination
(100 mW /cm?) at a temperature of 300 K. The optical generation profile across the multi-
layer stack was derived using the transfer-matrix method, incorporating the wavelength-
dependent absorption coefficient of each layer, while assuming no parasitic absorption in
the front transparent layers. The material parameters used in the simulation, such as layer
thickness, dielectric constant, electron affinity, bandgap, doping concentrations, carrier
mobilities, and defect properties, are compiled in Tables 1-3. These values are primarily
drawn from established experimental and computational studies in the literature [12-16],
ensuring the physical relevance of our model. We acknowledge that these parameters,
while representative, may vary under real fabrication conditions. The robustness of our
conclusions is assessed in the Result and discussion section through a discussion on the
sensitivity of the key findings to these parameters.

Table 1. Input parameters for the layers in the modeled Sb,(S,Se); solar cell.

Parameter FTO Sb,(S,Se)3 OI\S/II;;ZD Cds SnS,
Thickness 230 260 90 62 50
(nm)
& 9 14.38 3 10 10
X (eV) 4.8 401 2 45 4.4
Eg (eV) 3.7 1.49 3 24 2.4

Nc (em™3) 22 x 10'8 2.2 x 1018 2.5 x 1018 2.2 x 1018 2.2 x 1018
Ny (cm™3) 1.8 x 10" 1.8 x 102 1.8 x 1017 1.8 x 1019 1.8 x 1019

te [em?/Vs] 20 14 1.0 x 1074 100 50
Hp —4
10 2.6 ) 25 50
[em2/Vs] 2.0 x 10
N4 (em™3) - 1.0 x 1014 5.0 x 1018 -~ -

Np (cm™3) 1.0 x 102 - - 4.0 x 107 107
0%, [em/s] 1.0 x 107 1.0 x 107 1.0 x 1018 1.0 x 107 1.0 x 107
v, lem/s] 1.0 x 107 1.0x 107 1.0x108® 1.0 x 107 1.0 x 107

Table 2. Simulation parameters for bulk defect properties in the solar cell.

sz(S,Se)3

Defect Spiro-
SnS
Parameters Defect 1 Defect 2 oMeTAD Cds 2
Type acceptor Single acceptor  Single acceptor  Single acceptor Single donor Single acceptor
N 1.0 x 10%° 1.3 x 10 1.0 x 10%° 1.0 x 108 1.0 x 10%4 1.0 x 10'2
e (cm?) 1.0 x 10715 1.99 x 10714 1.99 x 10714 1.0 x 10715 3.0 x 10715 3.0 x 10715
oy, (cm?) 1.0 x 10715 1.99 x 10714 1.99 x 10714 1.0 x 10715 2.0 x 10714 2.0 x 10714

Table 3. Simulated electrical parameters of series and shunt resistances.

Rg (Q-cm™2) 3.7
Rgy (Q-em™2) 751.2

It is important to note that our current model assumes ideal interfaces without ac-
counting for specific interface defect states or interdiffusion between the SnS, ETL and the
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Sb,(5,5e)s absorber. These factors, present in real devices, could modify the band alignment
and introduce additional recombination channels, potentially leading to an overestimation
of performance. This simplification is a limitation of the present study, and future work
should incorporate these aspects for more accurate prediction.

To systematically evaluate the effects of key design variables on device performance,
we performed a series of parametric sweeps. The sulfur content in the Sb,(S,Se)3 absorber
was varied from 0% to 100% in increments of 10%. The absorber thickness was scanned
from 100 nm to 500 nm. The doping concentration (Np) of the SnS; electron transport
layer was varied logarithmically from 10'® cm~3 to 10?! em~3. Interface states at the
5nS, /Sb,(S,Se); heterojunction were modeled as single-level defects with density N and
capture cross-sections for electrons and holes as specified in Table 2.

The AFORS-HET software self-consistently solved the coupled Poisson and continuity
equations under steady-state conditions. From the converged solutions, we extracted the
current density-voltage (J-V) characteristics, energy band diagrams, carrier concentration
profiles, and recombination rate distributions. These outputs enabled a detailed analysis
of the device performance metrics (Voc, Jsc, FF, PCE) and the underlying transport and
recombination mechanisms driving the observed trends.

Figure 1 illustrates the two simulated device structures used in this study. To thor-
oughly investigate the carrier transport mechanisms at the SnS, /Sb,(S,Se)s heterojunction,
our discussion will focus on several key aspects. First, we will conduct a comparative
analysis of the interface band alignment, specifically the conduction band offset (CBO)
and valence band offset (VBO), at the SnS,/Sb,(S,Se); interface against the traditional
CdS/Sb,(S,Se)s interface to evaluate the electron injection barrier and hole blocking capa-
bility. Subsequently, we will systematically examine the influence of the absorber layer,
including how the sulfur (S) content affects the band gap and interface band alignment,
and how the absorber thickness governs optical absorption and carrier collection efficiency.
Finally, the role of the SnS; electron transport layer’s carrier concentration (Np) in modulat-
ing the energy band diagram, particularly the built-in potential and interface features, and
its impact on carrier extraction and recombination losses will be evaluated. By correlating
the simulated electrical parameters (Voc, Jsc, FF, PCE) with the underlying energy band
structures under these varied conditions, we aim to elucidate the fundamental mechanisms
governing carrier transport and collection in SnSy-based Sb(S,Se)s solar cells.

(a) (b)

| AU
| Spiro-OMeTAD

( AU
| Spiro-OMeTAD

Sh,(S,Se), Sh,(S,Se),
| cds SnS,
FTO FTO

Light Light

Figure 1. Schematic diagrams of the simulated Sb,(S,Se); solar cell with (a) a CdS electron transport
layer and (b) an n-type SnS; electron transport layer.
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3. Result and Discussion
3.1. Superior Interface Band Alignment of the SnS, Electron Transport Layer

The initial simulation results reveal a fundamental trade-off in the operating prin-
ciples of CdS and SnS,-based devices. Analysis of the J-V characteristics (Figure 2a,b)
shows that the CdS-based reference cell exhibits a marginally higher open-circuit voltage
(Voc =0.896 V) compared to its SnS,-based counterpart (Voc = 0.863 V), consistent with
its larger calculated built-in potential. However, the CdS-based solar cell suffers from a
severely limited fill factor (FF = 40.61%), yielding a modest power conversion efficiency
(PCE) of 7.56%. In contrast, the SnS,-based device achieves a markedly higher FF of 49.38%
and a superior PCE of 8.84%, while maintaining an identical short-circuit current density
(Jsc)- This paradoxical result, in which a device with a lower built-in potential achieves
higher overall efficiency, directly points to the superior interface properties of the SnS,
electron transport layer.

(@)

—@— FTO/SnS,/Shy(S,Se)y/Spiro-OMeTAD/Au
—@— FTO/CdS/Sh,(S,Se),/Spiro-OMeTAD/Au

0.02

0.01

Current density (mA/cm?)

0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage(V)

Shy(S,Se),

@ clectron

O hole

Figure 2. Comparative analysis of SnS, and CdS as ETLs: (a) J-V characteristics; Energy band
diagrams of (b) the SnS,-based device and (c) the CdS-based device.

The underlying mechanism is unequivocally identified through an analysis of the het-
erojunction band alignment. A comparative analysis of the conduction band offset (CBO),
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as illustrated in Figure 2b,c, and summarized in Table 4, reveals a critical quantitative dif-
ference between the two interfaces. The CdS/Sb;(S,Se); junction is characterized by a large
CBO of 0.49 eV. A cliff of this magnitude promotes the accumulation of photo-generated
electrons at the heterojunction interface. This high carrier concentration significantly en-
hances the rate of Shockley-Read-Hall (SRH) recombination at the interface [17,18], which
degrades the diode ideality factor and increases parasitic shunt paths. This recombination
loss is directly reflected in the poor fill factor (FF) observed experimentally.

Table 4. CBO and VBO values of the CdS-based and SnS,-based solar cells.

Parameter AEc (eV) AEy (eV)
Cds 0.49 1.40
SnS, 0.23 0.98

In contrast, the SnS; /Sby(S,5e); interface features a substantially smaller cliff, with
a CBO of 0.23 eV. While the band alignment type remains the same, the reduced offset
minimizes carrier accumulation at the interface. This condition effectively suppresses the
interface recombination current [19], as the lower electron concentration diminishes the
probability of SRH recombination events. This effect is consistent with findings in other
chalcogenide systems, where a smaller cliff-type CBO leads to superior device performance
by mitigating interface recombination losses [20,21]. The valence band offset (VBO) of SnS,
(0.98 eV), though smaller than that of CdS, remains adequate to block holes effectively.
Therefore, the performance enhancement in the SnS,-based device primarily stems from
the suppression of interface recombination, achieved by minimizing the cliff-type CBO.
This finding highlights that for such heterojunctions, optimizing the CBO magnitude to
control interface recombination is a more critical factor for efficiency than the absolute
strength of the built-in field.

3.2. Performance Optimization of the Sby(S,Se)3 Solar Cell
3.2.1. Engineering the Absorber Band Gap via Sulfur Composition

The sulfur content in the Sb,(S,Se); absorber directly dictates its electronic landscape,
and our simulations elucidate the complex trade-offs involved in its optimization. As
expected, increasing the S content from 0% to 100% systematically widens the bandgap
(Eg), resulting in a monotonic increase in Voc (from 0.637 V to 0.941 V) due to reduced
intrinsic carrier concentration, and a corresponding decrease in Jgc (from 22.66 mA / cm?
to 17.64 mA /cm?) due to the loss of photo-current generation from low-energy photons
(Figure 3a). However, the non-monotonic behavior of the FF and the resultant PCE, which
peaks distinctly at 40% S (Figure 3b), reveals a more profound interplay between bulk and
interface properties. The energy band diagrams at different S compositions (Figure 3c—e)
provide a mechanistic explanation. The valence band offset (VBO) at the SnS; /Sb;(S,Se)s
interface varies with sulfur content and influences carrier transport and recombination in
these solar cells. This variation originates from the different electronic structures of the
selenide and sulfide components in the Sb,(S,Se)3 solid solution. As S content increases,
the valence band maximum (VBM) of Sby(S,Se)s; rises, reducing the energy difference with
the SnS, ETL and thereby decreasing the VBO. This decrease reduces the hole-blocking
capability of the SnS, layer [21]. Consequently, photo-generated holes encounter a lower
energy barrier for injection into the ETL, where a high electron density exists. This condition
promotes interfacial Shockley-Read-Hall recombination, which in our results correlates
with a decrease in fill factor (FF) when S content exceeds approximately 40%. The non-
monotonic trend in FF and power conversion efficiency (PCE) reflects these changes in
interfacial electronic structure.
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Figure 3. Influence of sulfur composition on device performance: (a) Voc and Jsc, (b) FF and
PCE. (c—e) The underlying mechanism revealed by energy band diagrams at key S contents (0%,
40%, 100%).

The maximum PCE at 40% S content occurs at a VBO value that supports both carrier
blocking and extraction. At this composition, the VBO is sufficient to limit hole leakage into
the ETL and reduce interface recombination, yet not so large as to adversely affect quasi-
Fermi level splitting or band bending. This VBO also coincides with a conduction band
offset (CBO) that promotes electron extraction from the absorber into the ETL. Together,
this alignment allows the interface to block holes while extracting electrons, which is
characteristic of a selective contact. These results indicate that controlling composition
to achieve this dual function is necessary for device performance. They also show that
engineering band alignment, in addition to optimizing the absorber, can improve the
performance of Sb,(S,Se)s thin-film solar cells. Future studies could focus on modifying the
ETL properties or incorporating interface passivation layers to further adjust this interface
beyond compositional changes in the absorber.

3.2.2. Balancing Absorption and Collection with Absorber Thickness

The thickness of the Sb,(S,Se); absorber layer governs the fundamental compromise
between optical absorption and carrier extraction. Our simulations demonstrate that as
the thickness increases from 100 nm to 420 nm, Jsc rises super-linearly initially and then
begins to saturate as the layer becomes optically thick. Conversely, both Voc and FF exhibit
a monotonic decrease, indicating escalating collection losses (Figure 4a,b). The device
efficiency reaches a maximum of 8.92% at a thickness of 340 nm.
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Figure 4. Evolution of (a) Voc and Jsc, and (b) FF and PCE with the thickness of the Sb,(S,Se);
absorber layer. (c—e) Energy band diagrams at key thicknesses of 100 nm, 340 nm, and 420 nm.

The evolution of the energy band diagrams with thickness (Figure 4c—e) clarifies the
underlying electrostatic origin of these trends. In a thin device (100 nm, Figure 4c), the
depletion region can extend across the entire absorber, establishing a strong, uniform
electric field. This full-depletion mode promotes nearly ideal charge collection via drift,
but suffers from insufficient light absorption, which fundamentally caps Jsc [19]. At the
optimal thickness of 340 nm (Figure 4d), a critical balance is reached. The absorber is
just thick enough to ensure near-complete photon harvesting, while the carrier collection
efficiency remains high [22]. This efficiency is determined by a combination of drift in the
depletion region near the junction and diffusion in the adjacent quasi-neutral region. This
configuration maximizes the product Jsc x FFE yielding the peak efficiency.

For a very thick absorber (420 nm, Figure 4e), the device operates in a partial-depletion
mode. A significant portion of the absorber far from the junction remains quasi-neutral.
Photo-generated carriers created in this neutral bulk must rely solely on diffusion to reach
the junction for collection. Given the finite and often short minority-carrier diffusion length
in poly-crystalline Sby(S,Se)s films, a substantial fraction of these carriers recombine before
being collected, as supported by prior studies [23]. This bulk recombination loss directly
manifests as the significant drop observed in both FF and Vo, and the increased absorber
volume further amplifies the absolute bulk recombination current.

3.2.3. The Pivotal Role of SnS; Doping in Contact Engineering

The doping concentration (Np) of the SnS, ETL emerges as a critical factor governing
the device’s electronic structure and overall performance. As illustrated in Figure 5a,b,
increasing Np from 10%° to 10*! cm™3 precipitates a substantial enhancement in Voc
(from 0.877 V to 0.924 V) and FF (from 32.24% to 52.76%), while Jsc remains largely
unaffected, culminating in a rise in efficiency from 5.8% to 10.09%. The energy band
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diagrams at the doping extremes (Figure 5¢,d) provide profound insight into the underlying
mechanism. Ata low Np of 10'> cm 3 (Figure 5¢), the SnS; layer behaves quasi-intrinsically,
with its Fermi level positioned near the mid-gap. This results in a minimal Fermi level
disparity with the p-type Sby(S,Se)3 absorber, yielding a weak built-in potential (V) and a
correspondingly shallow band bending across the junction. Consequently, the driving force
for efficiently separating photo-generated electron-hole pairs and extracting electrons across
the SnS; /Sby(S,Se)3 interface is insufficient, leading to enhanced interface recombination
and series resistance, which degrade both FF and Voc. In contrast, at a high N of 102! em 3
(Figure 5d), the SnS; layer enters a degenerate state, causing its Fermi level to shift high
into the conduction band. This dramatically increases the Fermi level disparity with the
absorber, thereby significantly strengthening the built-in potential (V},;) and the associated
electric field across the depletion region. The enhanced field promotes more effective drift-
driven separation of photo-generated carriers, directly boosting Voc by suppressing bulk
recombination [23]. Concurrently, this heavy doping optimizes the critical SnS, /Sb,(S,5¢)s
heterojunction interface. The conduction band spike is maintained at an optimal, low
magnitude, which facilitates efficient electron extraction from the absorber into the ETL
while still effectively suppressing interface recombination [24]. The combination of a strong
built-in field and an optimized interface ensures highly selective and efficient electron
collection. Furthermore, the highly conductive nature of the heavily doped SnS; layer
substantially reduces the series resistance, contributing markedly to the improved FF.
Therefore, high doping density is imperative for maximizing the built-in potential and
establishing an efficient, low-recombination electron-selective contact at the heterojunction,
which constitutes a fundamental prerequisite for achieving high-performance SnS;-based
solar cells in simulation.
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Figure 5. (a) Voc and Jsc, and (b) FF and PCE as a function of carrier concentration in the SnS; layer.
(¢,d) Energy band diagrams at carrier concentrations of 10'> cm~2 and 102! cm~3, respectively.
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However, it must be acknowledged that the optimal doping concentration of 102! cm 3
identified here is extremely high and may pose significant experimental challenges. Achiev-
ing such high doping levels in SnS, without introducing excessive defects, degrading
carrier mobility, or causing Fermi-level pinning is difficult. In practice, trade-offs between
doping efficiency, material quality, and interface properties must be considered. Alternative
strategies to achieve a similarly strong built-in field and favorable band bending could
include employing bilayer ETL structures (e.g., a thin, highly doped SnS;, layer combined
with a wider bandgap buffer), advanced interface passivation techniques, or the use of
alternative high-electron-affinity materials. These approaches warrant further investigation
in future experimental studies.

4. Conclusions

This numerical study demonstrates the promising potential of SnS, as a cadmium-
free electron transport layer for Sb,(S,Se); solar cells. Through the optimization of sulfur
content (40%), absorber thickness (340 nm), and SnS, doping concentration (1021 ecm™3),
a simulated efficiency of 10.39% was achieved, representing a 37% relative improvement
over a CdS-based reference (7.56%) within our consistent simulation framework. We clarify
that this reference is not representative of state-of-the-art experimental CdS cells, and the
required high doping level poses a significant experimental challenge not fully captured in
our idealized model, which also neglects interface defects and interdiffusion effects. Despite
these limitations, this work provides crucial design insights and establishes SnS; as a viable,
eco-friendly alternative for guiding future experimental development of high-performance,
cadmium-free Sby(S,Se)s photovoltaics.
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