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This study explores the potential of BaSnS3, a tin-based chalcogenide perovskite, as a lead-free absorber

material using density functional theory (DFT), where the hybrid functional HSE06 is utilized to

investigate its structural, electronic, and optical properties. This compound exhibits dynamic stability with

no imaginary phonon frequencies and possesses an indirect bandgap of 1.535 eV, making it well-suited

for photovoltaic applications. Its favorable optical characteristics including a high absorption coefficient

exceeding 105 cm−1 in the visible range and a static dielectric constant of 8.55 (unitless, relative to

vacuum permittivity) further affirm its suitability as a solar absorber. In addition, comprehensive device

simulations using SCAPS-1D are performed to evaluate the photovoltaic performance of BaSnS3-based

perovskite solar cells (PSCs) with various electron transport layers (ETLs) including ZnS, SnS2, C60, and

LBSO. The ITO/ZnS/BaSnS3/Pt structure demonstrates the highest efficiency, achieving a power

conversion efficiency (PCE) of 25.93%, an open-circuit voltage (VOC) of 1.136 V, and a short-circuit

current density (JSC) of 26.65 mA cm−2. The influence of the absorber and ETL thickness, defect density,

series and shunt resistances, and operating temperature on the cell performance is systematically

analyzed. The findings reveal that the optimized absorber thickness (1.0 mm) and minimized defect

density significantly enhance the efficiency. Furthermore, its temperature sensitivity and recombination

dynamics are examined through quantum efficiency (QE), J–V analysis, and Mott–Schottky profiling. This

combined theoretical and numerical investigation not only highlights BaSnS3 as a promising candidate

for future lead-free PSCs but also provides a foundation for further experimental validation and device

engineering.
1 Introduction

With the increase in world population and overall technological
advancements, the energy demand is expected to reach 30
terawatts by the year 2050.1 To compensate the high energy
demand with minimum global effect, renewable energy sources
have become a key study area. Solar energy is one of the most
readily available energy sources, which can signicantly
contribute to the power demand, if harvested properly. In the
search for improving reliable and sustainable solar energy
harnessing sources, the key challenge is to achieve a high power
conversion efficiency (PCE) with low production cost.2 Si has
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been widely used as the main component in solar cell produc-
tion. Unfortunately, conventional Si-based solar cells come with
noticeable drawbacks such as the inability to convert specic
wavelengths of light and the need for large amounts of raw
materials and space to generate usable energy.3 Constant
studies for nding alternatives to traditional solar cells resulted
in the discovery of perovskite solar cells (PSCs). These cells
come with an exceptional absorption co-efficient and high
carrier mobility and require less raw materials with simple
manufacturing processes to produce high PCE.4 As a result,
sustainable energy sources have achieved a new dimension with
the discovery of perovskite materials.5 These promising attri-
butes have motivated researchers to extend their studies on
their PCE6,7 as well as stability.8,9 Since their initial develop-
ment, the PCE of PSCs has improved remarkably from 3.8% in
2009 to 27.1% in 2025, according to the National Renewable
Energy Laboratory (NREL).10,11 This rapid progress has been
driven by innovations in device architecture, interface engi-
neering, and compositional tuning of the perovskite absorber
layer. However, challenges related to long-term stability, lead
toxicity, and scalability continue to motivate the search for
RSC Adv., 2025, 15, 34643–34668 | 34643
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alternative materials. Perovskite compounds have the general
structure ABX3, where A is a monovalent cation, B is a divalent
cation and X is an anion, which can be O, F, Cl, Br, I or S.12–14,16

They generally crystallize in a cubic structure. Recent develop-
ments in perovskite solar cells (PSCs) have demonstrated
signicant performance improvements, driven by innovations
in material composition, interface engineering, and tandem
integration. For instance, single-junction inverted (p–i–n)-
structured PSCs based on MA-Cs perovskite have demon-
strated efficiencies up to 24.55% under the standard test
conditions.15 Moreover, according to the 2025 NREL efficiency
chart, the certied PCEs have now reached 26.1% for single-
junction PSCs, 34.9% for perovskite–Si tandem cells, and
30.1% for all-perovskite tandem cells.11 These achievements
reinforce the competitiveness of perovskite photovoltaics and
underscore the growing need for environmentally stable and
lead-free alternatives, such as chalcogenide perovskite mate-
rials. Their high-symmetry crystalline architectures and octa-
hedral frameworks enhance exceptional photovoltaic
transitions, while simultaneously exhibiting non-toxicity and
environmental sustainability. The promise of tin-based perov-
skites is inherent in their structural adaptability and ability to
achieve optimal band alignments. This adaptability promotes
the renement of the optical and electrical characteristics,
thereby enhancing the charge transfer and light absorption.
The combination of organic and inorganic perovskite materials,
known as hybrid perovskites, shows impressive characteristics
such as improved carrier lifetimes, better charge-carrier
mobility and lower exciton binding energies.17 However, their
toxicity, instability and degradability limit their implementa-
tion in large-scale production.18 Metal halide perovskite
compounds have become the centre of attention due to their
notable electronic and thermoelectric performance.19 CsXCl3 (X
= Sn, Pb, and Ge) compounds have been proposed as lead-free
alternatives due to their suitable narrow bandgaps, with calcu-
lated values of 1.5 eV, 2.4 eV, and 1.8 eV for X = Sn, Pb, and Ge
using the GGA-PBE functional without spin–orbit coupling
(SOC), and 0.7 eV, 1.7 eV, and 0.9 eV when SOC is included,
respectively. These attributes prove their potential for PV
applications.20 Subsequently, CsMF3 (M = Ge, Sn, and Pb)
compounds have shown good thermoelectric performances for
potential optoelectronic applications.21 Sn-based perovskites
have gained signicant attention for their remarkable opto-
electronic properties.22–24 Additionally, they possess exceptional
features such as tunable band gaps, dominant point defects,
and small carrier effective masses.25 Lead-based PSCs have
a toxic effect on nature, which undermines their considerable
efficiency.26 As a result, research on alternatives to lead-based
PSCs is in progress to minimize their adverse environmental
effect. Noteworthy alternatives are halide perovskites,27 halide
double perovskites (A2B0B00X6),28 vacancy ordered perovskites
(A2BX6)29 and chalcogenide perovskites (ABCh3).30 If the anion is
O, S or Se, then the perovskite is known as chalcogenide
perovskite. The general formula of chalcogenide perovskites
shows the possibility of 3744 chalcogenide compounds with
both cubic and orthorhombic structures, but only a limited
number of compounds has the required thermodynamic
34644 | RSC Adv., 2025, 15, 34643–34668
stability and capability to form in a certain order.31 Studies show
that Ge- and Sn-based PSCs can be suitable options due to their
impressive nature such as low band gap, high carrier mobility
and non-toxicity.32 However, the high price and low availability
of Ge33 have motivated the study of Sn-based PSCs for photo-
voltaic (PV) applications. Chalcogenide PSCs have gained
attention as a result of their impressive stability, non-toxicity
and huge reservoir in nature.34,35 These compounds possess
higher absorption coefficients than other traditional perovskite
compounds.36 Many theoretical analyses have shown their
potential PV applications as a result of their remarkable ther-
modynamic and atmospheric stability. One key feature of
chalcogenide perovskites is that their wide band dispersions
cause low effective mass, which ultimately aids in fast carrier
mobility.35 It is also seen that their absorption coefficient is
greater than 105 cm−1,36 which further strengthens their effi-
cient PV performance. BaSnS3 is a chalcogenide compound with
the Pnma space group, which crystallizes in the orthorhombic
phase. It forms a needle-like structure that is similar to NH4-
CdCl3. BaSnS3 is a suitable candidate for solar cell application
due to a number of reasons. Firstly, it has a bandgap of 1.535 eV,
which satises the ideal Shockley–Queisser (1.0–1.6 eV) range
for an effective solar cell absorber.37 Secondly, it exhibits
impressive optical properties, including a high absorption
coefficient exceeding 105 cm−1 in the visible region, and a static
dielectric constant of ∼8.55, all of which are favorable for effi-
cient light absorption and charge separation in solar cells.
Moreover, phonon dispersion calculations in previous theoret-
ical studies conrm its dynamic stability, as indicated by the
absence of imaginary phonon modes across the Brillouin zone.
Furthermore, BaSnS3 exhibits excellent charge transport char-
acteristics, with electron mobility reported in the range of 20–40
cm2 V−1 s−1 and hole mobility of around 10–25 cm2 V−1 s−1,
making it a strong candidate for efficient carrier extraction in
solar cell applications. Solar cell designs contain a standard
planar conguration, where the absorber layer is place between
the hole transport layer (HTL) and electron transport layer
(ETL). The purpose of HTL is to properly transfer holes, while
ETL facilitates the proper transmission of electrons. Addition-
ally, transparent conducting oxides (TCOs) such as indium tin
oxide (ITO) and uorine-doped tin oxide (FTO) are commonly
used as front electrodes in solar cells, offering high optical
transparency and electrical conductivity to facilitate efficient
photon entry and charge extraction. The absorber layer plays
a vital role in achieving the optimum performance, and an
additional layer is placed to support the absorber layer to ach-
ieve this. Furthermore, the desired performance is obtained by
optimizing the layer, thickness, carrier concentrations and bulk
defects. The charge mobility in the ETL plays a crucial role in
enhancing the overall performance of the cell by elevating the
ll factor (FF) and short-circuit current density (JSC). Some
common examples of ETLs are PCBM, C60, SnS2, TiO2, ZnO,
ZnS, LBSO and SnO2.38–41 Although TiO2 has been shown to be
a widely used ETL for achieving impressive solar cell perfor-
mances,42 it is associated with drawbacks such as instability
when exposed to UV light.43 Furthermore, a high temperature
annealing process is required to produce this layer,44 which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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hinders its use as ETL in PSCs. As a result, the use of TiO2 as ETL
is avoided in this study. The quasi-one-dimensional-
chalcogenide compound BaSnS3 contains a suitable bandgap,
which is ideal for solar cell application.45,46 This serves as the
motivation to study the optoelectronic performance as well as
simulation of this material as an absorber to study its PV
performance. Despite the growing interest in lead-free and
thermally stable chalcogenide perovskites, the device-level
simulation and performance analysis of BaSnS3- based solar
cells remain largely underexplored. Most previous works have
focused on material-level DFT studies, with limited attention to
how different transport layers and operating conditions inu-
ence the complete device behavior. Thus, to bridge this gap, the
present work conducts a comprehensive numerical investiga-
tion using SCAPS-1D to evaluate the photovoltaic performance
of BaSnS3 as an absorber layer in combination with various ETL
materials. In this work, an analytical approach using density
functional theory (DFT) has been conducted to study the
structural, electronic, optical and thermodynamic characteris-
tics of the Sn-based chalcogenide compound BaSnS3. Along
with DFT, simulations on SCAPS-1D have also been conducted
to analyze its photovoltaic performance. The PV characteristics
of BaSnS3 is analyzed by employing it as the absorber layer and
ZnS, SnS2, C60 and LBSO as the ETL layer. Its performance is
evaluated by studying the necessary parameters such as layer
thickness, interface defect density, bulk defect density, doping
density, operating temperature, generation and recombination
rates, current density–voltage (J–V), and quantum efficiency
(QE). The comparative analysis highlights the optimum cell
structure with highest efficiency. This study not only identies
promising transport layer congurations for efficient BaSnS3-
based solar cells but also provides insight into the device
physics governing charge transport and recombination in these
lead-free perovskite-inspired systems. Lastly, the performance
of the studied structure is compared with other contemporary
cell designs to estimate the future of solar cell technology. The
ndings contribute to the ongoing search for stable, non-toxic
alternatives to lead halide perovskites and may guide future
experimental efforts toward fabricating high-performance
BaSnS3 solar cells.

2 Materials and methodology
2.1 First principles calculations of BaSnS3 absorber using
DFT

First principles calculations were performed using the Vienna
Ab initio Simulation Package (VASP)47 to investigate the struc-
tural, electronic, and optical properties of BaSnS3. Structural
optimization was conducted using the Perdew–Burke–Ernzer-
hof (PBE) exchange-correlation functional, followed by elec-
tronic structure calculation using the HSE06 hybrid functional.
The atomic core orbitals were examined through the projector
augmented-wave (PAW) method.48 The PAW potential core
congurations were Ba: [Xe] 6s2, Sn: [Kr] 4d10, and S: [Ne] 3s2

3p4. The cutoff energy was set to 400 eV. k-point sampling was
carried out using the Monkhorst–Pack scheme with a k-mesh
size of 13 × 6 × 3. In the DOS calculations, denser k-meshes
© 2025 The Author(s). Published by the Royal Society of Chemistry
were employed to ensure smoother graph results. The lattice
vectors and atomic positions were stabilized until the inter-
atomic forces were reduced to below 2.0 × 10−2 eV Å−1 and the
energy convergence criteria were set to 1.0 × 10−6 eV. The
dynamic stability of BaSnS3 were evaluated through phonon
vibrational computations using the density functional pertur-
bation theory (DFPT) framework.49 Several optical energy-
dependent parameters such as absorption coefficient and
reectivity were analyzed for photon energies up to 50 eV, with
the electric eld polarization vectors aligned along the [100]
direction.
2.2 SCAPS-1D numerical simulation

Device modelling and simulations were conducted using
SCAPS-1D. The simulation is based on solving three core
semiconductor equations, the continuity equations for holes
and electrons and the position-dependent Poisson equation.
These equations describe how charge carriers behave and
interact within the solar cell.50

dPn

dt
¼ Gp � Pn � Pn0

sp
� Pnup

dE

dx
� upE

dPn

dx
þDp

d2Pn

dx2
(1)

dnP

dt
¼ Gn � nP � nP0

sn
� nPun

dE

dx
� unE

dnP

dx
þDp

d2nP

dx2
(2)

d

dx

�
3ðxÞdB

dx

�
¼ q½pðxÞ � nðxÞ þNdþðxÞ �Na�ðxÞ þ ptðxÞ

� ntðxÞ� (3)

The hole continuity equation (eqn (1)), the electron continuity
equation (eqn (2)), and the Poisson equation (eqn (3)) are
essential for understanding the transport of carriers and the
electric eld distribution throughout the device. In these
equations, q represents the elementary charge of an electron, 3
denotes the dielectric permittivity of the material, G is the
carrier generation rate, D is the diffusion coefficient, F stands
for the electrostatic potential, and E is the electric eld. The
symbols p(x) and n(x) refer to the concentrations of free holes
and electrons at a given position x, while pt (x) and nt (x)
represent the densities of trapped holes and electrons. Nd

+ and
Na

− correspond to the concentrations of ionized donor and
acceptor dopants, respectively. The variable x indicates the
position within the device structure, typically across its thick-
ness. These parameters and equations form the mathematical
foundation for accurately simulating the behavior of the solar
cell under various conditions.

SCAPS-1D was employed to evaluate the performance of
BaSnS3-based solar cell architectures. The simulation began
with the initialization of the soware and denition of the cell
structure, incorporating BaSnS3 as the perovskite absorber and
appropriate electron transport layers (ETLs). Essential material
parameters such as bandgap, electron affinity, dielectric
permittivity, and carrier mobilities were specied alongside the
operational conditions including temperature, illumination
under the AM 1.5 G spectrum, and a dened voltage bias range
for analyzing current–voltage (J–V) characteristics. Key
RSC Adv., 2025, 15, 34643–34668 | 34645

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04940g


Table 2 Interface parameters used in the simulation

Interface ETL/BaSnS3

Defect type Neutral
Capture cross section for electrons (cm2) 1 × 10−19

Capture cross section for holes (cm2) 1 × 10−19

Energetic distribution Single
Reference for defect energy level Et Above the highest EV
Energy concerning reference (eV) 0.600
Total density (cm3) 1 × 1010
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performance metrics such as J–V characteristics, quantum effi-
ciency (QE), capacitance, and Mott–Schottky behavior were
selected for analysis. SCAPS-1D then solved the governing
semiconductor equations, namely Poisson's equation, the
continuity equations for electrons and holes, and dri-diffusion
equations to simulate the electrical response of the device. The
simulation results were analyzed using graphical tools such as
OriginPro to interpret the output characteristics. The input
material parameters used in this study were adopted from
previously reported experimental data and are summarized in
Tables 1 and 2. Table 1 outlines the fundamental physical and
electronic properties of the layers used in the device, including
indium-doped tin oxide (ITO), various ETLs, and the BaSnS3
absorber. These parameters including bandgap, electron
affinity, dielectric constant, and carrier mobility are critical for
accurate SCAPS-1D simulations and strongly inuence param-
eters such as open-circuit voltage (VOC) and power conversion
efficiency (PCE). In addition to the bulk layer properties, inter-
facial defects were also taken into account. Table 2 presents the
interface-specic parameters such as defect density and carrier
capture cross-sections. These interfacial characteristics are vital
for understanding the recombination losses at the boundaries
between different layers, which signicantly affect the device
efficiency. Optimization of the absorber layer was performed by
evaluating various ETLs and contact combinations to identify
the structure yielding the highest efficiency. All simulations
were conducted at a standard operating temperature of 300 K
(room temperature). The photovoltaic performance including
open circuit voltage (VOC), short-circuit current density (JSC), ll
factor (FF), and overall power conversion efficiency (PCE) was
determined for each device design. Additionally, this study
examined how modications in absorber properties such as
thickness, bandgap, electron affinity, and doping concentra-
tions affect the operational performance of the solar cell.
2.3 BaSnS3-based PSC structure

In this study, a planar heterojunction solar cell structure is
simulated using SCAPS-1D. The device consists of a front
Table 1 Key parameters used in the SCAPS-1D simulation for each laye

Parameter ITO51 ZnS52

Thickness (nm) 500 50
Band gap, Eg (eV) 3.5 2.8
Electron affinity, c (eV) 4.0 3.8
Dielectric permittivity (relative), 3r 9.0 9.0
CB effective density of states, Nc (cm

−3) 2.2 × 1018 2.2 × 1018

VB effective density of states, Nv (cm
−3) 1.8 × 1019 1.8 × 1019

Electron thermal velocity (cm s−1) 1.00 × 107 1.00 × 107

Hole thermal velocity (cm s−1) 1.00 × 107 1.00 × 107

Electron mobility, mn (cm2/Vs) 20 100
Hole mobility, mh (cm2 /Vs) 10 25
Shallow uniform donor density, Nd

(cm−3)
1 × 1021 1 × 1019

Shallow uniform acceptor density, Na

(cm−3)
0 1 × 106

Defect density, Na (cm
−3) 1 × 1015 1 × 1015

34646 | RSC Adv., 2025, 15, 34643–34668
contact, an electron transport layer (ETL), BaSnS3 absorber, and
a back contact. In this architecture, the ETL serves as the n-type
layer, facilitating electron extraction and transport, while the
BaSnS3 layer exhibits p-type conductivity and acts as the primary
light-absorbing and charge-generating layer. The full device
conguration modeled is as follows:

Rb/ITO/ETL/BaSnS3 (absorber)/Pt

Here, Rb functions as the front electrode, Pt as the back
contact, and four different materials are investigated as ETL
candidates including ZnS, SnS2, C60, and La-doped BaSnO3

(LBSO). The purpose of this study is to analyze how different
ETL materials inuence the overall device performance through
energy alignment, defect interface behavior, and temperature-
dependent characteristics. Upon exposure to light, excitons
are formed, which are electron–hole pairs conned within the
perovskite layer. These excitons can diffuse into both the n and
p regions based on their diffusion lengths. At the interface
between the n-type ETL and the p-type BaSnS3 absorber, the
excitons dissociate, with electrons moving toward the ETL and
holes being transported through the absorber layer toward the
back contact. The electric eld between these layers aids in the
dissociation of excitons and themovement of charge carriers. In
the simulations, indium-doped tin oxide (ITO), BaSnS3 perov-
skite, and platinum (Pt) were used as the transparent layer,
perovskite layer, and back contact, respectively. To nd the
r

SnS2 (ref. 53) C60 (ref. 54) LBSO40 BaSnS3

50 50 50 1000
2.24 1.7 3.12 1.535
4.24 3.9 4.4 4.1
10 4.2 22 11.6094
2.2 × 1018 8 × 1019 1.8 × 1020 1.675 × 1018

1.8 × 1019 8 × 1019 1.8 × 1020 8.594 × 1017

1.00 × 107 1.00 × 107 1.00 × 107 1.00 × 107

1.00 × 107 1.00 × 107 1.00 × 107 1.00 × 107

50 0.08 0.69 10.78
50 0.035 0.69 16.81
1 × 1016 1 × 1017 2 × 1021 1 × 109

0 0 0 1 × 1015

1 × 1015 1 × 1015 1 × 1015 1 × 1015

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) BaSnS3-based device structure and (b) band alignment of
ITO/ETLs/BaSnS3.

Fig. 2 (a) Crystal structure of BaSnS3. (b) Phonon dispersion curve of
BaSnS3.
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perfect front and back metal contact of the solar cell, analysis of
8 front metal contacts and 8 back metal contacts was conduct-
ed, which yielded total of 64 combinations. Furthermore, 4
ETLs (Table 1) were investigated for the PSC to explore the best
combination. Fig. 1(a) shows the solar device structure of the
BaSnS3 lead-free single perovskite absorber with 4 different
combinations, highlighting its various layers. Fig. 1(b) depicts
the band alignment of the solar cell design. The energy band
alignment, including the electron and hole quasi-Fermi levels
(Fn and Fp), respectively, along with the conduction band
minimum (EC) and valence band maximum (EV), is illustrated.
In all the congurations involving different ETLs, the hole
quasi-Fermi level (Fp) closely aligns with the valence band edge
(EV), while the electron quasi-Fermi level (Fn) remains consis-
tent with the conduction band edge (EC). Among the hetero-
junction architectures studied, all ETLs except for C60 exhibit
nearly identical device performances. This is primarily attrib-
uted to the similarity in their energy bandgaps, which leads to
comparable electronic behavior in the device structures. The
simulations were conducted at a frequency of 1 MHz and
a working temperature of 300 K, under the AM 1.5 G solar
spectrum with an incident power density of 1000 mW cm−2.
3 Result and discussion
3.1 DFT result analysis

3.1.1 Structural properties and dynamic stability of
BaSnS3. The structural properties of a material are crucial for
understanding its basic crystal structure as well as the place-
ments of various atoms to create bonds. It also provides the
volume of the crystal structure. BaSnS3 belongs to the Pnma (62)
space group in an orthorhombic crystal structure.55 Its structure
is similar to that of PbZrS3,56 and MSnS3 (M = Zr and Hf).57

Fig. 2(a) shows the optimized conventional crystal structures of
BaSnS3. To obtain the structural properties of BaSnS3, the GGA-
PBE method is applied due to its impressive accuracy. The
atomic positions of Ba (4c), Sn (4c), and S (4c) were imple-
mented for structure generation and optimization. 4c of Ba is
(0.076, 0.75, 0.826), whereas 4c of Sn for this material is (0.167,
0.25, 0.556). 4c of S1, S2, S3 is (0.027, 0.25, 0.400), (0.163, 0.25,
0.997) and (0.212, 0.75, 0.207), respectively. The values of the a,
b, c lattice constants for BaSnS3 are 3.98874 Å, 8.63226 Å and
© 2025 The Author(s). Published by the Royal Society of Chemistry
14.78784 Å, respectively, and the volume of the compound is
around 509.1727 Å3.

The phonon dispersion curve is crucial to understand the
thermodynamic stability of a compound and helps to predict its
application in the eld of time-dependent external inuences.
Fig. 2(b) depicts the precise phonon band structures of BaSnS3,
which analyze its structural stability. The horizontal axis of the
plot indicates the high symmetry points of the Brillouin zone,
while the vertical axis indicates the phonon frequency in THz.
The high symmetry points in the Brillouin zone for our calcu-
lation are (G-X-S-G-Z-U-U-R-T-Z). Phonons are quanta of vibra-
tional energy, which represent the collective atomic vibrations
inside the lattice. Phonons affect numerous processes such as
heat transmission, electrical conductivity and thermal growth
of materials. The vibrational modes are sectioned in different
parts. Some of these modes are known as acoustic mode and
converge gamma points in the low frequency region. The
remaining modes are known as optic modes and operate in the
high frequency region. According to Fig. 2(b), it is clear that the
dispersion shows a positive frequency for all the compounds
throughout the Brillouin zone, which indicates their dynamic
stability.58,59 Themodes for all the compounds are spread across
several branches with the highest frequency reaching up to 10
THz. It is noteworthy to mention that the imaginary frequency
in the phonon dispersion curve indicates the structural insta-
bility of a compound.60

3.1.2 Band structure and density of states of BaSnS3.
Electronic properties include the electronic band structure (BS)
and density of states (DOS), which are related to the charge
density and provide insights into whether a material is metal,
insulator or semiconductor.61,62 These classications are per-
formed based on the electron path ow changes that occur at
the Fermi level (EF). The BS is comprised of electronic, optical
and opto-electronic behaviors, and oen requires tuning with
regards to the desired purpose.63 Fig. 3(a) depicts the electronic
band structure of BaSnS3. The band structures of the
orthorhombic-structured BaSnS3 are along the initial Brillouin
zones between −5 eV to 5 eV energy, along with their high
symmetry directions (G-X-S-G-Z-U-R-T), respectively. These
symmetry points are along the horizontal axis and reect the
wave vector (K) in different high symmetry points of the bulk
RSC Adv., 2025, 15, 34643–34668 | 34647
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Fig. 3 (a) Electronic band structure and (b) total and partial DOS of BaSnS3.
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Brillouin zone. The vertical axis represents the energy levels,
where the 0 eV red dotted line represents the Fermi level (EF). EF
divides the energy spectrum into two sections, where the upper
section is called the conduction band and the lower section is
called the valence band.

The band gap is the difference between the conduction band
minimum (CBM) and valence bandmaximum (VBM). It helps to
estimate the efficiency of a material when implemented in solar
cells. The Shockley–Queisser (S.Q.) limit indicates that 1.4 eV is
the optimum bandgap for achieving the maximum theoretical
efficiency for a single-junction solar cell and is related to the
maximum light conversion efficiency.64 The calculated bandgap
of BaSnS3 is 1.535 eV, which indicates its semiconducting
nature as well as it is a good candidate for solar cell and other
opto-electronic applications due to its narrow bandgap. The
positions of the valence band maximum (VBM) and conduction
band minimum (CBM) at different symmetry points indicate
that this compound is an indirect bandgap semiconductor.
Indirect bandgap semiconductors possess properties such as
weaker light absorption, less heat generation and durability.
These properties are used in thin lm solar cells.65–67

Fig. 3(b) depicts the calculated total density of states (TDOS)
and partial density of states (PDOS) with atomic contributions
for different orbitals around EF. They are crucial for providing
adequate observation regarding the electron conguration as
well as atomic bonding of a material. The whole material
contributes to the formation of both the valence (VB) and
34648 | RSC Adv., 2025, 15, 34643–34668
conduction band (CB), while the majority of its contribution is
to the valence band. No peak at EF solidies the idea that this
material is semiconductor. The Ba-d orbital contributions form
the conduction band with ∼4 eV (∼2 states per eV). The major
contribution of Sn-p at ∼ −4 eV (∼4 states per eV) to form VB
and Sn-s at∼2 eV (∼4 states per eV) to form CB can be seen. The
major contribution of S-p to form VB for BaSnS3 is observed and
a slight contribution for CB can also be seen.

3.1.3 Optical properties of BaSnS3. The optical properties
of a compound are crucial for understanding its potential in the
eld of photonics as well as optoelectronics. This is done by
analyzing its response when electromagnetic waves of various
energy levels are incident on it. Several key optical properties
such as absorption co-efficient, reectivity, refractivity and loss
function are analyzed for BaSnS3 along the [100] direction and
photon energy range up to 14 eV. Fig. 4(a and b) depict the
output optical characteristics of this compound under the
above-mentioned conditions.

The absorption coefficient characterizes the electromagnetic
energy absorption of a compound.68 It further gives an
assumption of the solar energy conversion rate of the
compound. The absorption coefficient, denoted by a(u), is ob-
tained from the real and imaginary part of the dielectric func-
tion, as follows:69

aðuÞ ¼
ffiffiffi
2

p
u

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ

�1
2

(4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Absorption coefficient and (b) dielectric function of BaSnS3.
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Fig. 4(a) shows the absorption coefficient of BaSnS3. In the
lower range of 0 to 1 eV, almost no absorption is found. In the
range of 2 to 6 eV, the absorption rate of all the materials keeps
increasing and peaks are found in the range of 10 to 12 eV
energy. The highest peak is found for BaSnS3 at around 11 eV.
The peaks in the visible range suggest the possible application
of BaSnS3 in the solar and photonic industry.

This study focuses on the optical properties of BaSnS3 in the
interband region. The analysis primarily considers the inter-
band optical transitions, given that they dominate the dielectric
response in this spectral range. Indirect intraband transitions
were excluded from the investigation due to their reliance on
phonon participation, which involves a relatively low scattering
cross-section compared to direct transitions. As a result,
phonon-assisted momentum conservation was deemed unnec-
essary. The dielectric function of a material describes its
response to incident electromagnetic radiation. At zero photon
energy, this response is represented by the static dielectric
function, a critical parameter for assessing the performance of
optoelectronic devices. A higher static dielectric constant typi-
cally correlates with lower charge carrier recombination rates,
thereby contributing to improved device efficiency.70,71 The
static dielectric constant, 3(0), characterizes the response of
a material to an external electromagnetic eld at zero photon
energy. This parameter is signicant in determining the charge
carrier recombination rates and the efficiency of optoelectronic
devices. Notably, an inverse relationship between 3(0) and the
optical bandgap is frequently observed, whereby materials with
smaller bandgaps tend to exhibit higher static dielectric
constants.

The dielectric function, 3(u), is a complex function repre-
senting the optical behavior of a material and is composed of
two parts, the real part, 31(u), associated with polarization in
response to an external eld, and the imaginary part, 32(u),
© 2025 The Author(s). Published by the Royal Society of Chemistry
which describes the light absorption characteristics of a mate-
rial. This relationship is expressed as follows:

3(u) = 31(u) + i32(u) (5)

The real part, 31(u), is typically determined using the
Kramers–Kronig transformation, as follows:72

31ðuÞ ¼ 1þ 2

p
p

ð
0

a
u
0
*32

�
u
0
�

u
0 2 � u2

du (6)

The imaginary part, 32 (u), is calculated using a quantum
mechanical formalism derived from the Kohn–Sham approach,
as follows:73

32ðuÞ ¼ 2pe2

U30

X
k;y;c

		Jc
kjû�~rjJy

k

		2d�Ec
k � Ey

k � E
�

(7)

In eqn (6), p denotes the principal value of the integral. In eqn
(7), the symbols are U (unit cell volume), e (elementary charge),
30 (vacuum permittivity), Jk

V and Jk
c (valence and conduction

band wave functions), and r (position operator). The dielectric
response of BaSnS3, as depicted in Fig. 4(b), shows that the real
part, 31(u), increases sharply in the visible energy range,
reaching a maximum value of 11.6 at 3.55 eV, followed by
a decline up to approximately 6 eV, and then a gradual increase.
The static dielectric constant was calculated to be 8.55, a value
within the typical range (2–10) observed in promising opto-
electronic materials.74 A higher 31 (0) generally correlates with
a reduction in charge carrier recombination, enhancing the
device performance. At photon energies near 5.5 eV, the mate-
rial exhibits negative values of 31 (u), indicating the onset of
metallic behavior. At these energy levels, BaSnS3 reects inci-
dent photons, making it suitable for potential use in reective
coatings or optical lters.
RSC Adv., 2025, 15, 34643–34668 | 34649
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3.2 Simulated results for BaSnS3-based solar cell

3.2.1 Effect of front and back contact on solar cell effi-
ciency. The contacts of a solar cells play a crucial role in effec-
tively transporting carriers to harness energy.75 To select
a material to be used as a contact for optimum performance, the
contacts should have low resistance for ensuring high electricity
generation. Furthermore, the contacts should be selected
considering that they do not react with absorber or other layers
and remain stable for longevity. A bad contact can induce
various issues such as low energy extraction, less active area,
and shading, while an optimized contact can improve the
above-mentioned conditions along with reduced recombina-
tion, which ultimately updates the overall performance of the
SC. Fig. 5(a–d) depict the effect of various metal layers used as
the front and back contact in the overall performance of the
analyzed cell design. The analysis consisted of 8 front and 8
back contacts, which give a total of 64 combinations of gadgets.
The work function (WF) of the contacts plays the main role in
the overall output of the cell. It is conrmed from the analysis
that Pt and Rb is ideal as the le and right contacts, respectively,
for the simulated cell design due to their impressive overall
performance across all the output parameters. This combina-
tion yields the maximum PCE of 25.94%, VOC of 1.14 V, JSC of
26.66 mA cm−2 and FF of 85.58%.

3.2.2 Energy band diagram. Fig. 6(a–d) illustrate the energy
diagram of the four optimized PSCs based on BaSnS3. To
Fig. 5 Effect of contact on the device (a) VOC, (b) JSC, (c) FF, and (d) PC

34650 | RSC Adv., 2025, 15, 34643–34668
separate the electrons at the ETL and BaSnS3 interface, the ETL
electron affinity must be larger than BaSnS3. The energy band
variation at these interfaces signicantly impacts the device
performance parameters (Fig. 6). In Fig. 6(a–d), the quasi-Fermi
levels of each device coexist with the conduction band energy
(EC) and valence band energy (EV). The Fp of each ETL coincides
with the EV, while Fn and EC exhibit harmonious alignment.
BaSnS3 has a band gap of 1.535 eV, while the band gaps of the
ZnS, SnS2, C60, and LBSO ETLs are 2.8, 2.24, 1.7, and 3.12 eV,
respectively. Due to their similar band alignment, the perfor-
mance of ZnS, and C60 ETLs is comparable. Similar character-
istics can be seen for SnS2 and LBSO. Fig. 6(a) and (d) exhibit
their high potential and their band gaps, making them suitable
for capturing a signicant portion of the solar spectrum,
respectively. When considering different thicknesses from 0.1
mm to 1.2 mm, there is a trade-off, where a thicker layer can
enhance light absorption but may lead to increased series
resistance. Fig. 6(c) may face challenges in terms of light
absorption due to the small band gap (1.7 eV) and potentially
limited thickness (0.05 mm) of its ETL. Although Fig. 6(a) has
a band gap that is close to that in Fig. 6(b), further investigation
is required to determine the optimal balance between light
absorption and resistance. Overall, Fig. 6(a) demonstrates
potential and warrants further exploration. These analyses
enable the adjustment of thickness to improve the light
absorption as well as potentially minimize the resistance, which
results in higher efficiency in converting solar energy.
E.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Energy band diagrams of solar cell designs with (a) ZnS, (b) SnS2, (c) C60, and (d) LBSO ETLs.
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3.2.3 Inuence of changing absorber and ETL thickness.
This analysis explains the crucial role of the absorber layer and
ETL thickness in improving the performance of solar cells. This
optimization is not merely a technical detail but a pivotal factor
in attaining the optimal performance in SCs. In our investiga-
tion, the absorber and ETL thickness were varied from 0.4 to 1.2
mm and 0.03 to 0.1 mm, respectively, to assess their impact on
the PV performance of the four optimized perovskite solar cells
(Fig. 7–10). Fig. 7(a–d) illustrate how the variation in the BaSnS3
absorber and ETL thickness inuences the open-circuit voltage
(VOC) of the cell structures under examination, as depicted by
the contour plots. It is intriguing to note that all the cell
structures contain an identical pattern in their ETL. This
pattern remained consistent even when the thickness of the
absorber and ETL was altered. The VOC values reached their
peak when the absorber thickness was between 0.4 mm to 0.5
mm, and the ETL thickness was between 0.04 mm 0.06 mm for all
the structures. In contrast, the ITO/SnS2/BaSnS3/Pt-based SCs
exhibited the highest VOC value when the absorber thickness
was approximately 0.4 mm and the ETL thickness was around
0.06 to 0.1 mm (Fig. 7(b)). In all the structures, the variation in
ETL thickness was not a signicant factor. Elevation of the
absorber thickness resulted in a decline in the VOC of these
three structures. All the structures showed pretty close VOC with
ITO/C60/BaSnS3/Pt having the lowest value of 1.177 V (Fig. 7(c)).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 8(a–d) illustrate how variation in the BaSnS3 and ETL
layer thicknesses affect JSC for the analyzed solar cell congu-
rations. The maximum JSC value (26.94 mA cm−2) is obtained
when ZnS, SnS2, and LBSO were employed as ETL and the
absorber thickness was in the range of 1.0–1.2 mm (Fig. 8(a), (b)
and (d)). In these congurations, the ETL thickness does not
affect their performance. In the case of the C60-based structure,
a certain range of absorber thickness (0.7 mm to 1.2 mm) and
ETL thickness (0.03 mm to 0.05 mm) will generate the maximum
output (Fig. 8(c)). Among them, the JSC value for the ITO/C60/
BaSnS3/Pt structure was the lowest (26.50 mA cm−2) (Fig. 8(c)).
The JSC values for each SC increased with the absorber layer
thickness due to the increase in spectral sensitivity at longer
wavelengths. The short-circuit current density (JSC) is funda-
mentally determined by the number of photons absorbed by the
absorber and the efficiency at which the photogenerated elec-
tron–hole pairs are collected.76 In these device structures, the
BaSnS3 layer serves as the primary absorber layer for incident
sunlight, as evidenced by its high absorption coefficient
(Fig. 4(a)). The spectral absorption prole of the BaSnS3
absorber dictates the initial generation of electron–hole pairs.
As shown in Fig. 4(a), BaSnS3 exhibits strong absorption in the
visible range, with the absorption rates rising signicantly
between 2 to 6 eV. The QE curve shown in Fig. 17(b) provides
a direct quantitative link to this absorption and subsequent
RSC Adv., 2025, 15, 34643–34668 | 34651
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Fig. 7 Contour mapping of VOC (V) with (a) ZnS, (b) SnS2, (c) C60, and (d) LBSO ETLs.
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carrier collection. In the ZnS-, SnS2-, and LBSO-based designs,
the QE values start at around 98%, peak near 100%, and then
gradually decline to zero at around 800 nm. This near-unity QE
over a broad spectral range (from roughly 350 nm to 750 nm)
indicates highly efficient photon absorption by the BaSnS3
absorber and nearly perfect collection of the generated carriers
within this region. Given that the ETLs are thin and primarily
function to transport electrons to the ITO electrode and block
holes, their own absorption contributions are negligible
compared to the thick BaSnS3 absorber. The consistent JSC
values across the ZnS, SnS2, and LBSO ETLs conrm that these
ETLs effectively extract the electrons generated in the BaSnS3
absorber layer. Their conduction band minima (CBM) are well-
aligned with the CBM of BaSnS3, creating a favorable energy
step for electron transfer, while blocking holes, as seen in
Fig. 1(b) and 6(a, b, and d). This ensures that the majority of
photogenerated carriers from the absorber are collected effi-
ciently, regardless of which of these three ETLs is used. The
slight deviation for C60 further supports this interpretation.
Although C60 also functions as an ETL, its initial QE value is
lower (50%) and peaks at around 92% at 720 nm, which can be
34652 | RSC Adv., 2025, 15, 34643–34668
seen in Fig. 17(b). This lower QE in certain spectral regions
implies the slightly less efficient collection of photogenerated
carriers, either due to less favorable band alignment (Fig. 6(c))
or potentially lower carrier mobility compared to the other
inorganic ETLs, as seen in Table 1. Consequently, it yields
a marginally lower JSC. Therefore, the consistent JSC across the
ZnS, SnS2, and LBSO ETLs signies that the overall photog-
eneration and collection efficiency are predominantly dictated
by the optical properties and thickness of the absorber, rather
than the substantial differences in ETL absorption or their
electron transport properties once the carriers reach the ETL/
absorber interface. The high and broad QE of the devices
conrms that the BaSnS3 absorber efficiently harvests most of
the usable photons, leading to a consistent maximum current
output.

Fig. 9(a–d) illustrate the impact of the BaSnS3 and ETL layer
thickness on the FF values for various SC designs. Upon
examination of the contour plots of the four different solar
device architectures, it is evident that the ITO/ZnS/BaSnS3/Pt-
based electron transport layer (ETL) structures exhibit a wide
range of high-efficiency zones (Fig. 9(a)). The peak range of ll
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Contour plots of JSC (mA cm−2) with (a) ZnS, (b) SnS2, (c) C60 and (d) LBSO ETLs.
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factor (FF) was 85.70%, which is not affected by the variation in
ETL thickness. This maximum FF value is obtained when the
absorber thickness is above 1.1 mm. This nding suggests that
the use of BaSnS3 in ETLs can lead to highly efficient solar cell
designs, regardless of the thickness of the layers. Similar char-
acteristics can be observed with LBSO as ETL (Fig. 9(d)). In the
case of the cell designs with SnS2 and C60 as ETL, notable FF
values are found in a very narrow arrangement of ETL and
absorber thicknesses, which suggests their unlikely potential in
the design (Fig. 9(b) and (c)), respectively.

Through the contour plots presented in Fig. 10(a–d), we
demonstrate the impact of altering the thickness of the
absorber layer and ETL on the power conversion efficiency
(PCE) of various solar cell designs. The examination of the
contour plot of power conversion efficiency (PCE) for four
separate ETL-based solar congurations shows that each
material possesses a unique set of features. The structure with
ITO/ZnS/BaSnS3/Pt (Fig. 10(a)) showcases a wide high-efficiency
area, with the peak value reaching 26.08% as the absorber
thickness increased above 1.1 mm. In the case of optimal power
conversion efficiency, the ITO/ZnS/BaSnS3/Pt structure
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. 10(a)) demonstrates a more localized high-efficiency
region, emphasizing the need for precise thickness control.
The peak efficiency is achieved regardless of the variation in the
ETL thickness. In the case of SnS2 as ETL, the maximum PCE of
26.05% is found when the absorber thickness is above 1.1 mm
(Fig. 10(b)). In the case of the C60-based cell design, the lowest
value of 25.62% is found when the absorber thickness is above
0.8 mm and the ETL thickness is within 0.045 mm (Fig. 10(c)).
Lastly, the LBSO ETL-based structure mirrors the extensive
efficiency of ZnS. The PCE value for the ITO/LBSO/BaSnS3/Pt-
based structure is 25.89% (Fig. 10(d)). A consistent absorber
thickness of around 1.0 mm is linked to a high power conversion
efficiency (PCE) across all congurations, underscoring its
importance in the solar cell design. The range of optimal ETL
thicknesses is not concerning given that it has little to no effect
on the overall performance of all the congurations. In
conclusion, the ITO/ZnS/BaSnS3/Pt design with an absorber
thickness of 1.0 mm is shown to provide the maximum perfor-
mance with optimized layer thickness. In the simulation, the
peak efficiency was observed to remain nearly constant across
a range of ETL thicknesses. This is because other parameters
RSC Adv., 2025, 15, 34643–34668 | 34653
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Fig. 9 Contour mapping of FF (%) with (a) ZnS, (b) SnS2, (c) C60, and (d) LBSO ETLs.
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such as absorber thickness, defect density, and mobility were
xed, and the simulated ETL thickness variation (typically in the
range of tens to a few hundred nanometers) did not introduce
signicant resistive or optical losses. However, it is noted that in
real solar cell fabrication, changes in the ETL thickness may
affect the lm morphology, resistance, and light management,
which could inuence the efficiency outcomes more signi-
cantly than in the idealized simulation environment.

3.2.4 Inuence of changing absorber thickness. The
absorber thickness plays a crucial role in the overall perfor-
mance of solar cells. It is directly linked with the production
cost of the cell. The target is to achieve the maximum perfor-
mance output with minimum production cost. Using a very thin
layer of absorber may lower the production cost, but will result
in a poor cell performance. Similarly, using a very thick layer
may generate a higher output, but has a risk of increased chance
of recombination as well as high production cost. Hence, the
change in absorber thickness is sensitive and needs to be
properly optimized for achieving the best performance. To
efficiently harvest energy, a solar cell needs to be thick enough
so that the charge carriers it generates do not disperse before
34654 | RSC Adv., 2025, 15, 34643–34668
being collected. It is important to maintain a balance between
how much light is absorbed and how many charge carriers
(electrons and holes) recombine. Typically, the thickness of the
absorber layer plays a key role in directing these carriers toward
the electron transport layers (ETLs) and ensuring effective
energy conversion. Because a thicker layer absorbs more light, it
can enhance the functionality of the gadget. The analysis of the
BaSnS3-based solar cell with different ETLs showed that the
ITO/ZnS/BaSnS3/Pt conguration has the best performance
overall. Now, to get the optimized absorber thickness for the
above-mentioned conguration, the thickness of the absorber
was varied from 0.4 mm to 1.2 mm and the performance was
observed for all the solar cell congurations. The simulation
results are depicted in Fig. 11(a–d).

Fig. 11(a) shows the change in VOC as the absorber thickness
is varied for different ETLs. The analysis shows that the relation
between absorber thickness and VOC is inversely proportional.
This tendency occurs due to the inverse saturation current.77 As
seen in Fig. 11(a), the maximum VOC is obtained at 0.4 mm for all
the ETLs except C60. However, as the thickness increases,
gradual decline is observed for all the cell congurations. At 1.2
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Contour mapping of PCE (%) with (a) ZnS, (b) SnS2, (c) C60, and (d) LBSO ETLs.
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mm, the VOC dropped to 1.13 V essentially for all the ETLs. ZnS,
SnS2 and LBSO showed similar responses, with SnS2 having
slightly better output, while C60 performed the lowest.

The current density of a solar cell increases as the thickness
of the absorber increased. This happens due to the high spectral
response at longer wavelength with an increment in the
absorber thickness.78 The expected output curve is seen in
Fig. 11(b) for all the combinations. All ETLs the except C60 have
a similar response of around 23.2 mA cm−2 at 0.4 mm to 26.94
mA cm−2 at 1.2 mm. In the case of C60, the value of JSC increased
from 21.64 mA cm−2 to 25.08 mA cm−2 with a variation in
absorber thickness from 0.4 mm to 1.2 mm.

Fig. 11(c) shows the change in FF across different absorber
thicknesses for different ETL congurations, where the trend in
the plot is interesting. In the case of ZnS, SnS2 and C60, the value
of FF decreases with an increment in thickness from 0.4 mm to
0.6 mm. From that point onwards, ZnS and C60 maintained
a similar upward trend with a slight variation in the FF values as
the thickness increased. SnS2 maintained a steady trend as the
thickness reached 0.8 mm, and eventually the FF decreased as
the thickness reached 1.2 mm. In the case of LBSO, a steady
© 2025 The Author(s). Published by the Royal Society of Chemistry
increase in FF was seen from 0.4 mm to 1.0 mm and it remained
pretty much the same for 1.0 mm and 1.2 mm.

With an increase in absorber thickness, more photons can
be absorbed, and thus more energy can be harnessed. This
results in high efficiency, which is proven by the variation in
PCE for different ETL congurations across various absorber
thicknesses, shown in Fig. 11(d). All the ETLs showed a similar
trend, with ZnS, SnS2 and LBSO performing pretty close to each
other. ZnS had the maximum PCE at both low (23.34% at 0.4
mm) and high thickness (26.08% at 1.2 mm) among the ETLs.
The worst variation in PCE is observed for C60 with a change in
absorber thickness (21.73% at 0.4 mm and 24.20% at 1.2 mm).
The analysis of the cell performance based on absorber thick-
ness suggests that the best-performing ETL is ZnS, while the
optimized absorber thickness is 1.0 mm.

3.2.5 Inuence of changing absorber defect density (Nt). A
solar cell absorber performs best when it is pure. Any type of
defect induces performance issues in the cell. Theoretically, it is
easy to analyze the performance of a solar cell when considering
that all the layers are free from defects. However, in practical
scenarios, the absorber may contain defects, which will affect its
RSC Adv., 2025, 15, 34643–34668 | 34655
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Fig. 11 Effect of absorber thickness on performance parameters of (a) VOC, (b) JSC, (c) FF, and (d) PCE of (ITO/ETL/BaSnS3/Pt); ETL = ZnS, SnS2,
C60 and LBSO.
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overall performance. Given that the absorber layer is primarily
responsible for generating electricity, its quality is crucial for
harnessing the maximum output. Defects in this layer can cause
serious issues such as instability, rise in recombination and
overall degradation of the cell structure.79 Furthermore, they
cause mismatch in the band alignment between the absorber
layer and ETL layer, which results in an underwhelming output
performance.80,81 In an attempt to analyze the effect of the
absorber density on VOC, JSC, FF and PCE, a theoretical approach
based on the Shockley–Read–Hall model is examined. This
model consists of the following equations:82,83

sn;p ¼ 1

snth;n;pNt

(8)

RSRH ¼ np� ni
2

spðnþniÞ þ snðpþ piÞ (9)

The position and depth of a defect determine whether it is
considered shallow or deep. Typically, shallow defects have
34656 | RSC Adv., 2025, 15, 34643–34668
a density in the range of 1010 to 1013 cm−3, while deep defects
can have a density of around 1014 cm−3, potentially reaching up
to 1016 cm−3.84 When the number of defects in the absorber
layer increases, the Shockley–Read–Hall model predicts that the
quality of the stacked materials will deteriorate, leading to the
generation of recombinants and a reduced carrier lifetime. The
observed consistent and signicant decline in VOC, JSC, FF, and
PCE with an increase in absorber defect density (Fig. 12(a–d))
across all the investigated ETLs strongly indicates that the
defect density in the absorber layer is the paramount limiting
factor in the device performance over the varied range (1015 to
1019 cm−3). The physical mechanisms underpinning these
trends stem from fundamental processes of charge carrier
generation, transport, and recombination within the solar cell.
The open-circuit voltage (VOC) is directly linked to the separa-
tion of quasi-Fermi levels within the absorber under illumina-
tion. As the defect density (Nt) increases, a greater number of
recombination centres are introduced within the BaSnS3
material. This increased recombination reduces the carrier
lifetime, diminishing the quasi-Fermi level splitting, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Effect of absorber defect density on performance parameters of (a) VOC, (b) JSC, (c) FF, and (d) PCE of (ITO/ETL/BaSnS3/Pt); ETL = ZnS,
SnS2, C60 and LBSO.
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consequently causing a sharp decrease in VOC for all the ETLs,
as seen in Fig. 12(a). Similarly, the short-circuit current density
(JSC), determined by the collection of photogenerated carriers,
experiences a decline because the enhanced recombination
losses within the absorber prevent a larger fraction of carriers
from reaching the electrodes. Although the initial JSC values
may be stable at lower defect densities, beyond a critical
threshold such as 1017 cm−3, recombination severely limits the
carrier collection, leading to a noticeable drop in JSC given that
fewer carriers contribute to the external current, as seen in
Fig. 12(b). The ll factor (FF), which reects the squareness of
the J–V curve and charge extraction efficiency, also deteriorates
signicantly with an increase in absorber defect density. This
degradation is due to the increased recombination, particularly
under a forward bias, and potentially to trap-assisted tunnelling
or shunting pathways that cause current leakage. Given that
these defects are inherent in the absorber material, their
detrimental impact on the J–V curve shape and current output is
largely independent of the specic ETL, explaining the consis-
tent FF degradation seen in Fig. 12(c). Consequently, given that
the VOC, JSC, and FF all decline with an increase in the absorber
defect density, their combined effect results in a sharp and
substantial reduction in the overall power conversion efficiency
(PCE). This profound inverse relationship between defect
density and PCE underscores that achieving high-quality,
defect-free BaSnS3 absorber layers is critical for maximizing
© 2025 The Author(s). Published by the Royal Society of Chemistry
the performance of these devices, given that the optimal
performance is observed at a defect density of 1015 cm−3.

3.2.6 Effect of series resistance (RS). The series resistance
(RS) and shunt resistance (Rsh) are critical parameters that
signicantly inuence the performance of photovoltaic (PV)
cells. RS arises from the inherent resistive components within
the device, including the semiconductor layers and metal
contacts, which impede current ow and reduce the overall
efficiency. In contrast, Rsh is associated with the unintended
leakage pathways that allow the current to bypass the active
region, thereby diminishing the device performance. An
increase in RS typically leads to a reduction in ll factor (FF),
which can also lower the short-circuit current density (JSC) and
overall power conversion efficiency (PCE). Conversely,
a decrease in Rsh results in a reduced open-circuit voltage (VOC)
and FF, further compromising the PCE. The simultaneous
presence of high RS and low Rsh can severely degrade the device
efficiency, emphasizing the importance of optimizing both
parameters during fabrication. Ideally, achieving low RS and
high Rsh is essential for maximizing the performance of PV cells.
To showcase the effects of RS and RSh on the top four solar
structures, the value of RS was adjusted from 0 to 6 U cm2, while
keeping Rsh constant at 105 U cm2 (Fig. 13(a–d)). A decrease in
the FF and PCE values of all four solar congurations is
observed as RS increases. However, the JSC and VOC values for all
the structures remained consistent as RS increased. All the ETLs
RSC Adv., 2025, 15, 34643–34668 | 34657
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Fig. 13 Effect of series resistance, RS, on the performance parameters of (a) VOC, (b) JSC, (c) FF, and (d) PCE of (ITO/ETL/BaSnS3/Pt); ETL = ZnS,
SnS2, C60 and LBSO.
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except the C60-based structure exhibited the highest JSC and VOC.
Among the top four solar structures, the ZnS and C60 ETL
congurations achieved the highest FF values of approximately
85.5%, respectively (Fig. 13(c)). In the case of the PCE, the ZnS,
SnS2 and LBSO ETLs showed the maximum efficiency of around
25.9% (Fig. 13(d)). However, as RS increased, both the PCE and
FF values decreased to around 22% and 72%, respectively. The
VOC and JSC values for the four optimized SCs remain constant
as RS increased, indicating that RS does not affect these
performance parameters (Fig. 13(a and b)), respectively. The
ZnS, SnS2 and LBSO ETL-based solar structures consistently
exhibited the highest JSC, approximately 26.65 mA cm−2

(Fig. 13(b)), and all the ETLs except C60 show the highest VOC
values, reaching approximately 1.14 V, regardless of their RS
34658 | RSC Adv., 2025, 15, 34643–34668
values (Fig. 13(a)). An ITO layer with high conductivity has
a minimal impact on RS, while a nonohmic contact in a PSC
shows a signicant RS. The resistance at the junction of semi-
conductors and metal contacts plays a signicant role in the RS

of an SC. FF decreases signicantly when the RS increases,
resulting in a decrease in PCE due to the increased power loss.
As a result, FF and PCE show a signicant decrease as RS

increases, as shown by the simulation results.
3.2.7 Effect of shunt resistance (Rsh). Generally, shunt

resistance occurs in solar cells due to recombination leakage
channels and photoactive layers. Fig. 14(a–d) illustrate the
impact of varying Rsh on the output parameters of the ITO/ETL/
BaSnS3/Pt SC, including VOC, JSC, FF, and PCE. In this study, Rsh

varied from 101 to 107 U cm2, while RS remained constant at 0.5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Effect of shunt resistance, Rsh, on the performance parameters of (a) VOC, (b) JSC, (c) FF, and (d) PCE of (ITO/ETL/BaSnS3/Pt); ETL = ZnS,
SnS2, C60 and LBSO.
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U cm2. According to Fig. 14(a–d), it can be observed that the
VOC, FF, and PCE values showed an increase as Rsh increased
from 101 to 103 U cm2. From 103 U cm2, the values remained
unchanged for higher values of Rsh (Fig. 14(a), (c) and (d)).
Conversely, the JSC remained constant in all the structures
(Fig. 14(b)). The ZnS, SnS2 and LBSO ETL-based solar structures
have identical high JSC, which is about 26.65 mA cm−2

(Fig. 14(b)). As the Rsh for all the device congurations
increased, the FF and PCE showed an average increase of
82.31% and 24.9% at 103 U cm2 (Fig. 14(c) and (d)), respectively.
Beyond that point, they remained at their maximum value of >
85% FF and > 25% PCE. The manufacturing defects of solar
cells contribute to an increase in Rsh.85 This study demonstrates
© 2025 The Author(s). Published by the Royal Society of Chemistry
that by varying Rsh, the performance parameters of solar cells
can be greatly optimized. Increasing Rsh can enhance the device
performance, given that it facilitates a pathway with low resis-
tance, enabling the junction to ow more freely.86 To create
a highly effective device, it is important to achieve a low series
resistance and a high shunt resistance. Eqn (10) has been
written for the ideal single-diode device to provide a better
understanding of Rsh and RS.87

I ¼ IL � I0

�
exp

�
qðMÞ
AkBT

�
� 1

�
�
�
M

Rsh

�
(10)

In this equation, M is equal to V plus the product of I and RS. A
represents the ideality factor, kB stands for the Boltzmann
RSC Adv., 2025, 15, 34643–34668 | 34659
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constant, T represents the temperature, and q represents the
charge of an electron. The IL represents the current generated by
light, while I0 refers to the reverse saturation current of the
diode. Eqn (11) and (12) depict the equations for RS and Rsh,
respectively, derived from the J–V curves. Here, DV represents
the variation in voltage and DI represents the variation in
current.

Rsh ¼ �DV

DI
ðV ¼ 0Þ (11)

Rs ¼ �DV

DI
ðV ¼ VocÞ (12)

3.2.8 Effect of temperature (T). In previous simulation
studies, an initial temperature of 300 K was typically assumed.
However, given that solar cells operate in outdoor environ-
ments, their performance is inherently inuenced by tempera-
ture uctuations. Therefore, it is essential to evaluate the
impact of temperature variations on the efficiency of contem-
porary solar cell (SC) technologies. To investigate this effect,
simulations were conducted over the temperature range of 300
Fig. 15 Effect of temperature on the performance parameters of (a) VOC,
and LBSO.

34660 | RSC Adv., 2025, 15, 34643–34668
K to 450 K under constant illumination of 1000 W m−2. The
resulting device characteristics are illustrated in Fig. 15(a–d),
which collectively indicate a decline in performance with an
increase in temperature. Notably, the open-circuit voltage (VOC)
decreases signicantly from 1.14 V to 0.87 V across all device
congurations (Fig. 15(a)). This reduction is attributed to the
temperature-dependent narrowing of the band gap of the
material. With an increase in temperature, the bandgap of
semiconductors typically narrows due to the enhanced elec-
tron–phonon interactions and lattice expansion effects.
Phonon-induced perturbations reduce the energy separation
between the valence and conduction bands, while thermal
expansion increases the interatomic spacing, which modies
the orbital overlap and further reduces the bandgap. This
behavior is observed in many semiconducting materials and is
consistent with theoretical predictions and experimental results
reported in the literature.88–90 Additionally, a temperature-
induced increase in short-circuit current density (JSC) is
observed for the C60-based electron transport layer (ETL), while
JSC remains relatively stable for the devices incorporating
alternative ETLs (Fig. 15(b)). This distinct behavior for C60 can
(b) JSC, (c) FF, and (d) PCE of (ITO/ETL/BaSnS3/Pt); ETL= ZnS, SnS2, C60

© 2025 The Author(s). Published by the Royal Society of Chemistry
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be attributed to a combination of factors related to its organic
semiconductor nature and how these properties interact with
temperature. Unlike inorganic ETLs such as ZnS, SnS2, and
LBSO, where charge transport is predominantly band-like,
charge transport in organic semiconductors such as C60 oen
involves hopping mechanisms. In some organic materials, the
carrier mobilities can exhibit a positive dependence on
temperature within a certain range due to the enhanced
phonon-assisted hopping.91 The slight increase in electron
mobility in C60 with an increase in temperature could lead to
more efficient collection of photogenerated carriers, thereby
boosting JSC. Furthermore, subtle temperature-induced shis in
the EC and EV energy levels and their alignment at the C60

/BaSnS3 interface (as depicted in Fig. 6(c)) could favor more
efficient electron extraction as the temperature rises. Even
minor changes in band alignment can improve the driving force
for charge separation and transport, contributing to an increase
in JSC. Additionally, C60 has the lowest bandgap (1.7 eV) among
the investigated ETLs, as seen in Table 1. Although ETLs are
primarily for charge transport, a lower bandgap can inuence
the temperature-dependent absorption characteristics. As the
temperature increases, the effective bandgap of all the materials
generally narrows.92 In the case of C60, this bandgap narrowing
might lead to a relatively larger increase in the absorption of
Fig. 16 (a) Capacitance (C), (b) Mott–Schottky (1/C2), (c) generation rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
photons, particularly those closer to its absorption edge,
contributing to more photogenerated carriers, and thus higher
JSC. Lastly, the behavior of defects, especially at the interfaces, is
highly temperature dependent. It is plausible that certain defect
states within the C60 layer or at the C60/BaSnS3 interface become
less active as recombination centres with an increase in
temperature. This could lead to a reduction in non-radiative
recombination losses, effectively increasing the number of
collected charge carriers, and consequently JSC. This complex
interplay between material characteristics, temperature, and
device physics is particularly evident in hybrid and organic solar
cell systems. A temperature-induced increase in JSC is observed
for the device incorporating C60 as the ETL, whereas JSC remains
relatively stable for the devices employing alternative ETLs such
as ZnS, SnS2, and LBSO. This variation is not due to the ETL
itself, but rather the overall device behavior inuenced by the
ETL-absorber interface. Other ETLs may form more stable or
less temperature-sensitive interfaces, resulting in minimal
change in current output with temperature. Elevated operating
temperatures also adversely affect both the power conversion
efficiency (PCE) and ll factor (FF), primarily due to their
inuence on the band gap, charge carrier concentration, and
carrier mobility, which are factors that collectively degrade the
overall performance of perovskite solar cells (Fig. 15(c) and (d)),
, and (d) recombination rate for the four studied structures.

RSC Adv., 2025, 15, 34643–34668 | 34661
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respectively. These ndings reveal an approximately linear
inverse relationship between temperature and device efficiency,
with lower temperatures yielding a superior performance.

3.2.9 Effect of capacitance and Mott–Schottky. Fig. 16(a
and b) show the output curves of capacitance per unit area (C)
and Mott–Schottky (M–S) when a bias voltage (V) is employed.
The analysis is conducted in such a way that the bias voltage
alters between −0.8 to 0.8 at a xed frequency of 1 MHz.
Fig. 16(a) shows that the capacitance per unit area increases
exponentially with an increment in voltage from around 0.2 V.
The maximum capacitance per unit area obtained for the SnS2
and LBSO-based congurations is 17.25C and 17.14C, respec-
tively. The ZnS- and C60-based congurations achieved the
maximum capacitance of 15.32C and 15.29C, respectively. It is
noteworthy to mention that the capacitance varies with
a change in voltage due to the fact that the current generated at
low voltage remains below the saturation current.93

Built-in voltage of a solar cell can be determined and
analyzed through Mott–Schottky analysis. Fig. 16(b) shows the
Mott–Schottky curves for all the congurations. Which expo-
nentially decrease in the range of −0.8 V to 0.8 V. The SnS2-
based conguration has the highest Mott–Schottky value of 9.45
× 10−3 1/C2 and the ZnS-based conguration has the lowest
Mott–Schottky value of 8.58 × 10−3 1/C2.

3.2.10 Effect of generation and recombination. Fig. 16(c
and d) display how charge carriers are generated and recom-
bined at different positions within the device structures,
respectively. During this process, electrons move from the
valence band (VB) to the conduction band (CB), leaving behind
holes and forming electron–hole pairs. This effect is especially
noticeable in BaSnS3, where the movement of both electrons
and holes leads to a higher number of generated carriers. In all
the devices, the generation rate is lowest near 0.0001 mm and
highest around 1 mm, highlighting how light absorption varies
across the device layers. These differences are mainly due to
how much light different regions of the device can absorb. The
generation rate, G(x), is calculated based on these variations,
and SCAPS-1D simulates the creation of electron–hole pairs by
analyzing how incoming photons interact with the layers.
Fig. 17 (a) J–V characteristics and (b) QE curves of the PSCs.

34662 | RSC Adv., 2025, 15, 34643–34668
3.2.11 J–V and QE characteristics. Perovskite solar cells
(PSCs) have emerged as promising solar technology due to their
remarkable power conversion efficiency and low production
costs. To evaluate their performance, two essential parameters
are typically examined, the current density–voltage (J–V) charac-
teristics and quantum efficiency (Q-E) response. The open-circuit
voltage (VOC) represents themaximum voltage the cell can deliver
when no current ows, while the short-circuit current density
(JSC) indicates the maximum current generated under illumina-
tion when the voltage is zero. Alternatively, the quantum effi-
ciency measures how effectively the cell converts incident
photons into collected charge carriers, providing insight into the
responsiveness of the cell across the solar spectrum. The
wavelength-dependent behavior of Q-E reveals the spectral
utilization of the device and identies losses from transmission,
reection, and non-radiative recombination, which are critical
factors for further design optimization.

Fig. 17(a and b) present the J–V and Q-E proles for all the
devices, respectively. Each device exhibited a current density of
zero at VOC value of 1.17 V. As shown in Fig. 17(a), the current
density consistently decreases with an increase in voltage,
aligning with established trends in photovoltaic behavior. The
Q-E spectra in Fig. 17(b) span wavelengths from 300 nm to
900 nm. Initially, the Q-E values start around 98%, peak near
100%, and then gradually decline to zero at around 800 nm for
all the designs except the C60-based design. In the case of the
C60-based design, its initial QE value was 50%, which reached
the peak of around 92% at 720 nm, and eventually reached zero
at 800 nm. This decline in Q-E at higher wavelengths corre-
sponds well with the patterns observed in the J–V characteris-
tics. It is noted that the quantum efficiency (QE) at 300 nm in
the simulation reaches up to ∼98%, which is signicantly
higher than the typical experimental values. This result arises
due to the idealized nature of SCAPS-1D simulations, where UV-
induced degradation, interface recombination, and parasitic
absorption in the ETL or TCO layers are not explicitly modeled
unless additional parameters are introduced. In real devices,
the QE at short wavelengths is generally suppressed by these
non-ideal effects.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of PV parameters of BaSnS3-based solar cells

Structure VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ref.

ITO/ZnS/BaSnS3/Pt 1.136 26.65 85.57 25.93 This work
ITO/SnS2/BaSnS3/Pt 1.138 26.65 85.14 25.83 This work
ITO/C60/BaSnS3/Pt 1.133 24.79 85.54 24.05 This work
ITO/LBSO/BaSnS3/Pt 1.137 26.65 85 25.77 This work
FTO/TiO2/BaZrS3/CZTS/Au 1.04 28.39 71.92 21.24 94
ITO/ZnO/CsSnCl3/CBTS/Au 1.01 26.22 81.93 21.72 95
FTO/ZnO/KSnI3/CuI/Au 1.44 17.06 85.24 20.99 96
FTO/ZnO/CH3NH3SnI3/Cu2O/Au 1.03 30.14 85.58 26.55 97
FTO/ZnO/MAPbI3/LNMO/Cu2O/Au 0.23 2.05 50.03 24.01 98
ITO/PCBM/CsSnI3/CFTS/Se 0.87 33.99 83.46 24.73 99
FTO/TiO2/BaZrSe3/Spiro-OMeTAD/Au 0.71 35.68 77.78 19.71 100
AZO/ZnS/SrZrS3/a-Si:H 0.93 26.58 81.04 20.1 101
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3.2.12 Comparison with SCAPS 1D results and previous
studies. Table 3 summarizes the optimized performance results
of the BaSnS3-based ITO/ETL/BaSnS3/Pt solar cells simulated
using SCAPS-1D, employing four different electron transport
layers (ETLs). According to the structural parameters listed in
Table 1, the thickness, carrier concentration, and bulk defect
density of the BaSnS3 absorber were optimized at 1000 nm, 1015

cm−3, and 1015 cm−3, respectively. In the ZnS, SnS2, C60 and
LBSO ETLs, the thickness was set 50 nm, the carrier concen-
tration ranged from 1016 to 2 × 1021 cm−3, and the defect
density was maintained at 1015 cm−3. Following the optimiza-
tion process, the simulated power conversion efficiencies
(PCEs) for the solar cells were recorded as 25.93%, 25.83%,
24.05%, and 25.77% for the devices incorporating ZnS, SnS2,
C60 and LBSO as the ETL, respectively. Through a literature
review, it is concluded that no previous solar cell performance
analysis has been performed on BaSnS3-based solar cell
gadgets. As a result, the performance output of this study is
compared with similar structured chalcogenide compounds
and other contemporary cell designs and listed in Table 3. The
device structure presented in Table 3 demonstrates signicantly
enhanced efficiency compared to previously reported solar cells.
Other reported structures featuring the same structured BaZrS3
absorber have achieved efficiencies ranging from 17.90% to
21.99%, but these congurations generally exhibit lower JSC
values than that in the current investigation. This improvement
can be attributed to the adjustments in absorber characteristics,
such as thickness and defect density, as well as the unique
combination of ETLs and HTLs used, which differ from previ-
ously published theoretical models. Furthermore, the differ-
ences in optical properties across the absorbers inuence the
solar energy absorption capabilities. The superior optical
behavior of the BaSnS3 absorber used here likely contributes to
the enhanced PCE, reinforcing the conclusion that the simu-
lated structures presented in this study outperform earlier Sn-
based and similar perovskite solar cell designs.
4 Limitation

Although our study is purely computational and simulation
based, it is recognized that the experimental realization of
© 2025 The Author(s). Published by the Royal Society of Chemistry
BaSnS3 remains challenging. The only available reports
onBaSnS3 date back to its bulk synthesis under high-pressure
conditions in the 1970s, where the perovskite phase was ob-
tained using a piston-cylinder apparatus at several gigapascals
pressure.102 More recent work by researchers conrms that Ba–
Sn–S contains numerous competing phases, making its phase
purity and stoichiometry control particularly tricky in standard
ambient-pressure synthesis.103 Although there are no current
reports of thin-lm BaSnS3, synthesis studies on related chalco-
genide perovskites such as BaZrS3 (ref. 104) suggest possible
routes including solid–state reactions with BaS and ZrS2, sulfu-
rization of oxide precursors, and pulsed-laser deposition, fol-
lowed by sulfur dosing at elevated temperatures (500–1000 °C).
Translating these methods to BaSnS3 would require careful
optimization to avoid competing phases such as Ba3Sn2S7,
Ba2SnS4, and BaSn2S3 containing non-perovskite structures.105

Thin-lm formation poses additional challenges such as main-
taining the sulfur stoichiometry and a uniform morphology,
especially for Sn2+ chemistry, which may benet from sulfur-rich
atmospheres or advanced deposition strategies such as sulfur
plasma-assisted growth or chemical vapor transport, remaining
unexplored for BaSnS3. Despite these hurdles, it is believed that
the demonstrated thermal and chemical stability of analogous
chalcogenide perovskites supports the potential for the future
experimental realization of BaSnS3 solar absorbers, especially
leveraging emerging deposition methods recently seen in BaZrS3
and BaHfS3 systems.106 Furthermore, given that this work is
entirely theoretical and based on simulation, it does not account
for degradation mechanisms under environmental stressors
such as humidity, oxygen, and photochemical instability.
However, we have investigated the effect of temperature variation
on the device output parameters, which provides insight into
thermal behavior under operational conditions. The simulated
results show that the efficiency decreases with an increase in
temperature, mainly due to the increased recombination and
decreased VOC. The BaSnS3-based device retains a signicant
portion of its performance across a broad temperature range.
This suggests that this architecture may offer a degree of thermal
resilience. Nonetheless, experimental studies will be necessary to
evaluate its long-term stability under real-world environmental
conditions.
RSC Adv., 2025, 15, 34643–34668 | 34663
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5 Conclusion

This study employed rst-principles density functional theory
(DFT) calculations to examine the structural, electronic, and
optical properties of BaSnS3 and examine its capability as a solar
cell absorber. The dynamic stability of the material was validated
through phonon dispersion analysis, showing no imaginary
frequencies near the G-point. BaSnS3 was found to exhibit an
indirect bandgap of 1.535 eV. Comprehensive optical analysis
revealed favorable characteristics, highlighting the potential of
BaSnS3 for photovoltaic applications. In addition to the DFT
analysis, the photovoltaic potential of BaSnS3 was further
explored using SCAPS-1D simulations. Four device congura-
tions were considered including ITO/ZnS/BaSnS3/Pt, ITO/SnS2/
BaSnS3/Pt, ITO/C60/BaSnS3/Pt, and ITO/LBSO/BaSnS3/Pt. Among
them, the structure with ZnS as the ETL demonstrated the most
promising performance, achieving a power conversion efficiency
(PCE) of 25.93%, an open-circuit voltage (VOC) of 1.1368 V, and
a short-circuit current density (JSC) of 26.65182 mA cm−2. The
absorber layer thickness was varied between 0.4 and 1.2 mm, with
the optimal performance observed at 1.0 mm. The electron
transport layer (ETL) thickness showed a minimal impact on the
efficiency across the range of 0.03–1.1 mm; therefore, 0.05 mmwas
selected for further investigation. The effect of bulk defect
density (Nt) on the device performance was also analyzed, span-
ning the range of 1 × 1015 to 1 × 1019 cm−3, providing insights
into the defect-tolerance behavior. Additional analyses addressed
the inuence of series resistance, shunt resistance, and oper-
ating temperature on the device parameters. An increase in
shunt resistance led to improvements in VOC, JSC, FF, and PCE,
whereas a higher series resistance reduced FF and PCE, while
having minimal impact on VOC and JSC. A temperature variation
from 300 K to 450 K resulted in a linear decline in VOC, FF, and
PCE, with JSC remaining relatively stable. The investigation also
included the Mott–Schottky and capacitance characteristics,
along with quantum efficiency (QE) and current density–voltage
(J–V) proles, offering comprehensive insights for researchers
working on single perovskite-based photovoltaic devices. These
simulation outcomes can be extended to evaluate other perov-
skite absorber materials and can serve as a foundational refer-
ence for experimentalists aiming to fabricate high-efficiency
solar cells with optimized device architectures.
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