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numerical analysis of CsSnBr3; perovskite solar
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Among emerging photovoltaic technologies, perovskite solar cells (PSCs) are getting increasingly more
research attention for being efficient and cheap. Using SCAPS-1D simulation software, this work uses
CsSnBrs as the absorber material, which is placed between the electron transport layer (ETL) made up of
PCgoBM, CdS, SnS,, and CdZnS, and the hole transport layer (HTL). The thickness of the absorber and
other factors like defect and doping densities are varied to indicate an optimized performance. The
optimized configuration, FTO/SnS,/CsSnBrs/MoOs/Au, demonstrates a power conversion efficiency
(PCE) of 19.58% relative to alternative structures. Three additional structures have been optimized, and
all four structures demonstrate ideal solar cell behavior, as confirmed by variations in series and shunt
resistance, current-voltage (J-V), quantum efficiency (QE) characteristics, and generation and recombi-
nation rates. The structures exhibit optimal efficiency at room temperature. Additionally, a machine
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learning-assisted analysis has been employed to identify the device design parameters having the
and SHAP
interpretability confirm that absorber doping, ETL donor density, and HTL acceptor density
predominantly control the Voc, Jsc, FF, and overall PCE. The integrated SCAPS-ML framework provides

highest influence on the performance. Correlation mapping, regression modeling,
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1. Introduction

The rising energy demand is leading to the swift depletion of
conventional resources, which creates issues, such as contami-
nants in the environment and CO, emissions.'™ Perovskite
solar cells (PSCs) have garnered considerable research interest
for future solar cell technologies because of their remarkable
optoelectronic characteristics.” These factors include a suitable
bandgap, a significant absorption coefficient, minimal exciton
binding energy, and efficient charge transportation for achiev-
ing power conversion efficiency (PCE) values exceeding 25%.°®
While lead (Pb)-based PSCs demonstrate superior efficiencies
to Pb-free alternatives, the related toxic effects and sustain-
ability issues present significant challenges.’ In response to
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deeper physical insights and accelerates the optimization of CsSnBrz-based perovskite solar cells.

these issues, Pb-free perovskites have been promoted to sup-
port the advancements in performance.”™" In the past few
years, there has been a notable surge in the performance of
PSCs, with certain devices nearing or exceeding 30% efficiency
for a single cell. However, one major barrier still exists: these
advancements are mostly theoretical in nature.'>"?

Among the alternatives to Pb, certain perovskite materials
have surfaced as remarkable candidates for absorption, which
is attributed to their exceptional electrical and optical
characteristics.">"™ Tin (Sn)-based perovskites show a lot of
potential because they exhibit better optical and electrical
characteristics, increased charge mobility, and smaller
bandgaps.'®!” Following this pathway, the generic perovskite
material CsSnBr; demonstrates superior optoelectronic proper-
ties for use in PSCs. It is characterized by significant absorption
in the visible light range and a small recombination rate, both
essential for boosting the efficiency of solar cells."®'® The
bandgap of a material is adjusted through external forces like
hydrostatic stress, resulting in the manipulation of electrical
and spectral properties.”® For example, the addition of reduced
graphene oxide (rGO) into CsSnBr; has been reported to
improve structural and optical characteristics. The
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incorporation of rGO enhances the photon absorption, surface
roughness, and crystalline quality of the main absorber, which
affords an improvement in the power conversion efficiency of
5.27% for the optimized devices.>"** A conjugation method at
room temperature utilizing ethanol and acidic ingredients has
demonstrated the ability to yield extremely durable cubic-phase
CsSnBr; perovskites.”® Dar et al. conducted a numerical inves-
tigation of CsSnBr; utilizing SCAPS-1D software. They inte-
grated various conventional electron transport layers (ETLs)
and hole transport layers (HTLs) to demonstrate the superiority
of this material in attaining a maximum power conversion
efficiency (PCE) of 20.02% in the configuration ITO/WS,/
CsSnBr;/Cu,0/Au.>* Kheswa et al. investigated materials using
ZnO as the ETL and reduced graphene oxide (rGO) as the HTL,
achieving an overall efficiency of 26.92%.%° The bilayer struc-
ture MAPDI;/CsSnBr; was investigated to improve its perfor-
mance by extending spectral coverage and minimizing heating
effects, which attained a peak PCE of 29.87%.?° In terms of
experimental studies, the research study conducted by Fang
et al. achieved a PCE of 1.5% using the FTO/TiO,/CsSnBr;/
MoO;/Al configuration of PSCs.>” Furthermore, Gupta and
colleagues investigated a solar cell made of CsSnBr; and found
that the FTO/TiO,/CsSnBr;/spiro-OMeTAD/Au configuration
exhibited the highest PCE of 2.1%.>® An exceptionally elevated
efficiency was further observed by another experimental study
carried out by Chen et al. on ITO/TiO,/CsSnBr;/Spiro-OMeTAD/
Au.”® Therefore, there are other carrier transport materials that
are yet to be considered when combining CsSnBr; absorber
materials. Based on these studies, more carrier transport
materials have yet to be studied for integration with the
CsSnBr; absorber material. Perovskite materials have a wide
variety of crystal structures that can greatly determine their
optoelectronic characteristics and device behaviour. The stan-
dard perovskite has the formula ABX;, with A, B, and X
representing a monovalent cation, a divalent metal cation,
and a halide anion, forming a three-dimensional set of
corner-sharing BX, octahedra.®® This design has been exten-
sively studied because it has a high carrier mobility, a tunable
bandgap, and excellent light absorption. In addition to this
classical geometry, other perovskite-derived geometries, includ-
ing A;BX; and A,BB’Xs double perovskites, have also recently
been of interest. Specifically, A,BB'Xs with two distinct metal
cations at the B-site is promising as it is more stable in the
environment and less toxic than Pb-based equivalents, which
are more toxic and less stable.*’ Also, variants with vacancy
orders and low-dimensional perovskites have been explored to
enhance moisture resistance and structural stability, but they
usually have worse carrier transport properties. Recent
advancements in perovskite solar cells have focused on improv-
ing their efficiency, stability, and environmental compatibility,
with reported efficiencies near or more than 30% in tandem
configurations and continuous progress in lead-free
materials.>® In this context, Sn-based ABX; perovskites such
as CsSnBr; have emerged as promising alternatives due to their
suitable bandgap, high absorption coefficient, and structural
similarity to Pb-based perovskites, achieving competitive
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Despite these advancements, systematic studies
integrating advanced simulation and data-driven approaches
for optimizing Pb-free CsSnBr;-based devices remain limited.

PSCs usually have an absorber layer between an ETL and an
HTL to get the most out of them.>* Usually, the ETL and HTL
are made from n-type and p-type materials, respectively, with
the help of a doping mechanism. When the photon energy from
light hits the HTL, it makes it easier to get holes out, and when
light hits the ETL, it gets the photoelectrons out of the absorber
material.*> Due to their outstanding electrical characteristics,
strong chemical stability, superior processability, and versati-
lity, titanium dioxide (TiO,) and 2,2',7,7'-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9’-spirobifluorene  (Spiro-OMeTAD)
are predominantly utilized as the electron transport layer and
hole transport layer, respectively, for PSCs.>**° However, the
addition of CdS improves energy level alignment and facilitates
efficient charge transport from the perovskite layer to the ETL,
resulting in efficiencies exceeding 15%.%° A study by Khan et al.
investigated CdZnS as an ETL within the CMTS/CsGel;/CdZnS
structure, achieving a peak PCE of 25.78%."! Other ETL materi-
als like SnS, have been utilized in Pb-free perovskite solar cells,
achieving PCEs of 29.75% and 33.61% with different absorber
materials, showcasing their versatility.”” In the same line, Xie
et al. reported that PCBM can be used as an ETL in PSCs,
showing improved efficiency with a PCE advancement to
19.31%.*> However, there remains a notable lack of integrated
SCAPS-machine learning (ML) frameworks specifically tailored
for Pb-free CsSnBr; PSCs, highlighting a critical research gap
that this study aims to address.

This work presents a comprehensive comparative analysis of
multiple electron transport layers (PCe,BM, CdS, SnS,, and
CdZnS) in Pb-free CsSnBr; PSCs, combined with an integrated
machine learning framework enhanced by SHAP-based inter-
pretability. Additionally, the thicknesses, doping densities, and
defect densities of various layers have been systematically
varied to identify the optimal structures. The influences of
resistance and temperature, quantum efficiencies, and cur-
rent-voltage curves have been examined for the optimized
structures to sum up the total package.

2. Materials and methodology

2.1. CsSnBr;-based PSC structures

The initial structure was made with the standard n-i-p configu-
ration of the PSC. This study involved the effective application
of fluorine-doped tin oxide (FTO) as the front contact material
in the simulation work. In the primary configuration, CsSnBr;
served as the absorber layer, while PC¢,BM, CdS, SnS,, and
CdZnS were utilized as ETLs. MoO; functioned as the HTL, and
Au was employed as the back metal contact (BMC). Initially, the
FTO substrate underwent a cleaning process to eliminate any
surface contaminants, after which the ETL (PC¢,BM, CdS, SnS,,
and CdznS) was deposited onto the FTO.** After the ETL
deposition, a vacuum evaporation method was used to grow a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) PSC structure with the suggested materials. (b) Energy band alignment of the absorber material with other materials.
Table 1 Initial numerical data for the FTO, absorber, ETL, and HTL
Material property FTO CdzZnS PC¢oBM  SnS, Cds CsSnBr;  MoO;
Thickness (nm) 200 100 50 150 50 500 100
Bandgap, E, (eV) 3.5 3.2 1.8 1.85 2.4 1.75 3.0
Electron affinity, x (eV) 4 4.2 4.2 4.26 4.18 4.17 2.3
Relative dielectric permittivity, &, 9 9.12 4 17.7 10 9.93 18
Conduction band effective density of states, No (em ™) 2.2 x 10"® 15 x10"® 1x10* 7.32x 10" 22x10"® 1x10" 1x 10"
Valence band effective density of states, Ny (cm?) 1.8 x 10 1.8 x 10" 2 x10*° 1 x 10" 1.9 x 10 1 x10"® 22 x 10"
Electron thermal velocity (cm s™%) 107 10’ 107 10’ 107 10’ 107
Hole thermal velocity (cm s~ ") 107 107 107 107 107 107 107
Electron mobility, u, (cm?> V' s 20 250 0.1 50 100 15 210
Hole mobility, u, (em® V™' s7%) 10 40 0.1 25 25 5.85 210
Donor density, Np (cm ™) 1x10"®  1x10' 1x107 9.85x 10" 1x10%® 0 0
Acceptor density, N, (cm™?) 0 0 0 0 0 1x10"® 1 x10®
Total density, N; (cm ™) 1 x 10" 1 x 10" 1x 10" 1 x 10" 1 x 10" 1x 10" 1 x 10"
References 48 49 50 51 51 52-54 55

thin layer of the CsSnBr; absorber.*> Again, a thin coating of
MoO; was made on the FTO substrate using a chemical bath
deposition (CBD) process for epitaxial growth.*® Using thermal
evaporation, a thin coating of Au was placed on top of the HTL
layer. This worked as the anode contact for collecting electrons
from the ETL layer and sending them to the load side.”
Fig. 1(a) presents a visual schematic of the simulated structures
with FTO/(PC¢,BM, CdS, SnS,, and CdZnS)/CsSnBr;/MoO;/Au
configurations. The PSC structure is also presented through
four distinct layers as ETLs in the energy band alignment
diagram in Fig. 1(b). From the diagram, it is clear that the
carriers have a smooth path to travel to reach their corres-
ponding electrode. The simulation with SCAPS-1D was con-
ducted using the input parameters outlined in Table 1. The
initially defined conditions for this study are listed in Table 2.
We used a density of interfacial defects of 10'® cm ™~ at the ETL/
absorber interface and absorber/HTL interface. This is a com-
mon supposition applied in SCAPS-1D modelling to assess the
top-level performance of solar cell structures under reduced
recombination losses. Nevertheless, in real-world equipment,
interfacial defect densities may differ by many orders of mag-
nitude due to fabrication conditions and material quality. An
increase in the defect density at the interface will generally add
more recombination centres, which will result in a decreased

© 2026 The Author(s). Published by the Royal Society of Chemistry

open-circuit voltage and efficiency. Hence, although a prede-
termined low figure is applied for the analysis of the baseline,
the potential impact on the performance of the equipment is
seriously recognized in the given work.

2.2. Energy band diagram of PSC structures

The alignment of energy bands in each material is essential for
optimal carrier transmission. The carrier transport layer,
including the ETL and HTL, pushes the movement of carriers
to their designated electrodes. The ETL enables the transfer of
electrons while contemporaneously blocking holes. By contrast,
the HTL enhances hole mobility but lowers the flow of

Table 2 Boundary conditions and initial simulation parameters used in
the SCAPS-1D framework

Parameter Value

Temperature 300 K

Ilumination AM 1.5 G and 1000 W m 2
Series resistance (Rg) 0 Q cm?

Shunt resistance (Rgp) w0 Qcm?

Front contact work function 4.4 eV

Back contact work function 5.1 eV (Au)

Interface defect density 10" cm ™2

Simulation mode Ilumination

Mater. Adv., 2026, 7, 5271-5289 | 5273
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electrons. A spike-like alignment occurs when the conduction
band minimum of the ETL is slightly higher than that of the
absorber, creating a small potential barrier. This barrier helps
suppress the back-transfer of electrons and reduces interfacial
recombination, thereby improving device performance when
the spike is within the optimal range (~ 0-0.2 eV). Conversely, a
cliff-like alignment is formed when the conduction band of the
ETL is lower than that of the absorber, which eliminates the
barrier but may lead to charge accumulation and enhanced
recombination at the interface.*®*” Fig. 2(a)-(d) depicts the
energy band alignment for the proposed configurations of FTO/
ETL/CsSnBr;/MoOs/Au, incorporating PC¢,BM, CdS, SnS,, and
CdZnS as the electron transport layers. The electron affinity of
the corresponding ETL must be greater than that of the
absorber layer, whereas the electron affinity of the HTL should
be lower than that of the absorber layer to facilitate the effective
transfer of electrons and holes.* Favorable band alignment is
maintained by all the materials in the proposed constructions,
allowing the carriers to flow freely. This study employed highly
efficient and proven carrier transport layers in consideration of
the band alignment of the structures.

2.3. SCAPS-1D simulation software

Simulation tools are widely popular in the scientific community
for their diversified applications to enhance the performance of
solar devices.’® Different simulation programs, like SILVACO
ATLAS, AMPS, COMSOL, and SCAPS-1D, are used to study how
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well solar cells work as photovoltaic (PV) devices. SCAPS-1D is
widely utilized and more popular due to its ability to accom-
modate seven distinct levels.>**® This layer comprises a hetero-
structure system that is facile to utilize and regulate in both
light and dark environments. Professor M. Burgelman’s soft-
ware SCAPS-1D primarily relies on three fundamental equa-
tions: hole continuity, Poisson, and electron continuity
equations mathematically from eqn (1)—(5).
The Poisson equation is given below:

(05 ) = a) =)+ N7 () o

— Na™ (%) + pi(x) — n(x)].

In this case, ¢ represents the dielectric permittivity, g repre-
sents the charge density, N5~ and Np,' represent the acceptor and
donor densities, respectively, V represents the voltage, and p, and
n, represent the densities of holes and electrons, respectively.

The continuity equations for the holes and electrons are
given below:

dp 10Jy

Ox ¢ Ox +Gp — Ry (2)
1

on_LOh G- r, (3)

ox g Ox "

Here, J, and J, are the hole and electron current densities,
respectively, G, and G, are the generation of a hole and an
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Fig. 2 Energy band diagrams of the CsSnBrs-based perovskite solar cells with the configurations of (a) CdZnS, (b)PCgoBM, (c) SnS,, and (d) CdS.
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electron, respectively, and R, and R, are the recombination
rates of the hole and electron, respectively.

The movement of charge carriers, specifically holes and
electrons, within semiconductors can be described by the
following constitutive relationships:

]H = qnﬂnb + qD116n! (4)
Jp = qpiipe + gD0p. (5)

In this context, u, represents the hole mobility, while u,
indicates the electron mobility. Dy, D, and ¢ are the diffusion
coefficients of the electron, hole, and electric field, respectively.
on and Op are the gradients for electron and hole concentra-
tions, respectively.

The material absorption model was chosen as the square
root of (kv — Eg), which is a built-in model in the software
background. The main formula behind this procedure is the
Tauc law. The main significance of this law is its straightfor-
ward techniques to determine the amorphous and disordered
semiconductors’ absorption pattern.”® Eqn (6)-(8) show the
mathematical modelling of this formula as follows:

v

a(hv) = (oco + ﬁo%) A (6)

to = AV/Ey, ?)

:B() = (8)

B
E,

Here, ao, Bo, Eg, h, and v are the model constants, bandgap,
Planck constant, the incident photons,
respectively.

frequency of

2.4. Machine learning-assisted evaluation and analysis

Recent developments in perovskite solar cell (PSC) research
have demonstrated that numerical simulations alone often
have a limited scope for understanding the complex patterns
of structural, electrical, and optical parameters that govern
device performance.®® Numerical tools like SCAPS-1D can
model device physics accurately, but exploring high-
dimensional parameter spaces becomes computationally inten-
sive for determination. It does not readily reveal nonlinear
dependencies among variables in most of the simulations. To
overcome these limitations, machine learning (ML) algorithms
have been successfully integrated for Pb-free perovskites to
accelerate the process of optimization, identify dominant
features, and interpret degradation factors.™®> Motivated by
these advancements in the literature, the present work incor-
porates ML-driven regression tools to comprehensively evaluate
the performance of CsSnBr;-based PSCs and identify the most
influential physical parameters. The choice of machine learn-
ing models in this paper was informed by the objective to
balance predictive accuracy, interpretability, and computa-
tional efficiency. Linear regression and multiple linear regres-
sion were used to assess the linear relationship between the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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parameters of the equipment and the photovoltaic outputs.
These models are very interpretable but restricted in their
ability to capture nonlinear interactions. Ensemble-based
models (random forest and XGBoost) were introduced to
resolve this weakness, as they are highly effective in capturing
nonlinear relationships and the interaction of features. The
techniques find application in material and device optimiza-
tion problems, in which several interdependent physical para-
meters are involved in determining performance. Moreover,
their resilience to noise and capacity to work with relatively
small data sets render them suitable for the SCAPS-generated
data. A dataset was generated by systematically varying the
absorber doping concentration (N,), absorber defect density
(Ny), ETL donor concentration (Np), HTL acceptor density (Na),
and absorber thickness in SCAPS-1D simulations. For each
parameter combination, key PV output metrics, including
open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor (FF), and power conversion efficiency (PCE), were
recorded. The dataset was divided into training and testing sets
using an 80:20 ratio, and model performance was further
validated using a k = 5-fold cross-validation to ensure robust-
ness and generalization. Four widely used regression models
were implemented to predict these PV performance para-
meters: linear regression, multiple linear regression (MLP),
random forest regressor, and XGBoost regressor. The purpose
of this comparative modelling was to assess the predictive
accuracy of different ML algorithms and determine which
model most effectively captured the nonlinear device physics
inherent in CsSnBr;-based PSCs. SHapley Additive exPlanations
(SHAP) analysis was employed to further interpret the contribu-
tion of each feature and reveal physically meaningful relation-
ships between device parameters and PV performance.

3. Results and discussion

3.1. Effect of the thickness of the ETL and HTL on the
efficiency of the PSCs

The primary objective of the ETL is to extract electrons from the
absorber surface while preventing the recombination of holes.
Fig. 3(a)-(d) shows how the PCE of the solar cell structure
changes when the ETL and HTL thicknesses are varied. The
thicknesses of the HTL and ETL were varied from 50 nm to
250 nm and from 30 nm to 200 nm, respectively. The PCE of the
FTO/CdZnS/CsSnBr;/MoO;/Au structure increases from 14.1%
to 14.3%. For the FTO/PCg,BM/CsSnBr;/MoO;/Au structure, the
PCE increases from 12.7% to 13.67%. In the case of the FTO/
SnS,/CsSnBr;/MoO;/Au  structure, the PCE improves from
14.98% to 16.53%. Lastly, for the FTO/CdS/CsSnBr;/MoO;/Au
structure, the PCE increases from 14.48% to 15.27%. These
findings demonstrate that there are only slight differences in
the PCE across various thickness combinations of the HTL and
ETL layers. The PCE is not very sensitive to an increase in the
layer thickness, although small changes in the efficiency are
observed. This means that the thickness variations of the ETL
and HTL do not have a huge impact on the overall efficiency of

Mater. Adv,, 2026, 7, 5271-5289 | 5275
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Fig. 3 Effect of changes in the ETL and HTL thicknesses on the efficiency of the solar cell structures of (a) CdZnS, (b) PCgoBM, (c) SnS,, and (d) CdS.

the system with respect to the materials being investigated.
This is why those parameters are not included in the main
optimization of the device structures.®®

3.2. Effect of the acceptor and defect densities of the absorber
on the efficiency

The acceptor density of the absorber facilitates the splitting of
charge carriers upon exposure to light.*** Conversely, a high
level of defects tends to increase recombination centres, where
electrons and holes recombine, thereby hindering the generation
of useful electrical current.®>®® Fig. 4(a)~(d) demonstrates the
effect of variations in the acceptor density (N,) and defect density
(™) of the absorber on the PCE of the solar cell architectures. The
values of N, and N, were varied from 10'” cm™ to 10*° cm™ and
from 10" cm ™ to 10" em 2, respectively. All structures exhibit
increased efficiency at lower acceptor densities, with the excep-
tion of the configuration using SnS, as the electron transport
layer. When SnS, serves as the electron transport layer, the device
demonstrates a different pattern within the defect density upto
10" em . Other devices do not highly appear to depend on a
change in the N; of the absorber. The decreased reliance on the
N¢ may be attributed to the inherent defect tolerance of the
absorber material.

3.3. Effect of the donor and defect densities of the ETL on the
efficiency

The donor density (Np) refers to the concentration of donor
atoms or molecules in a material that contributes to the
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generation of free electrons and enhances the electron mobility
within the layer.”® A high donor density typically improves
electron transport, which may lead to enhanced and efficient
charge collection.’® This phenomenon leads to a better PCE of
the simulated structures. Fig. 5(a)-(d) illustrates the alterations
in the PCE corresponding to changes in the donor and defect
densities of the ETL. The Np and N, of the ETL were varied from
10 em ™ to 10%° em ™ and from 10'? em ™3 to 10'® ecm 3,
respectively, to examine their impact on device performance.
CdZnS and CdS exhibit similar behaviour, with the peak PCE
observed after an Ny of 10'° cm ™. This result demonstrates
independence from variations in the defect density. The opti-
mal efficiency of the structures comprising PCs,BM and SnS, is
observed at an N, carrier concentration of less than 10** ecm 3,
showing minimal dependence on the donor density of the ETL.

3.3. Effect of the acceptor and defect densities of the HTL on
the efficiency

Fig. 6(a)—(d) illustrates the variation in the acceptor and defect
densities of the HTL, with the N, ranging from 10'® cm ™ to
10%° cm® and the N, varying from 10" cm  to 10'® em ™7, in
order to assess their impact on the efficiency of the PSCs. Our
findings indicate that an increase in the N, of the HTL
correlates with an improvement in the PCE. A greater PCE is
achieved, particularly when the N; is maintained within an
optimal range. Among the materials evaluated, SnS, exhibits
the highest overall efficiency of 17.33%, which results in
elevated PCE values and is attributed to its wider range of

3
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defect and acceptor densities. All structures exhibit a consistent
phenomenon of achieving higher PCEs at elevated values of the
HTL N, and are not influenced by the changes in the N; of the
HTL. This finding justifies the exclusion of specific parameter
ranges from the structural optimization process to ensure
accurate and reliable performance analysis.

Optimization of the absorber thickness

The absorber layer thickness is an important parameter of PSCs
because it directly affects light absorption, carrier generation,
and recombination dynamics.®* In this study, the Jsc and PCE
are found to rise with increasing absorber thickness to 1500 nm.
The trend is largely explained by the ability of photons to be
better absorbed and more electron-hole pairs to be generated at
the higher thicknesses. A thicker absorber layer absorbs more
light, which may increase the photocurrent.***” However, if the
thickness surpasses the diffusion length of the charge carriers, it
may result in elevated recombination losses, as the carriers may
not reach the electrodes within the required timeframe.* Addi-
tionally, thicker layers contribute to an increased optical path
length and absorption. However, they also result in higher series
resistance, which may lead to a decrease in the voltage and
overall efficiency.®® Fig. 7(a)~(d) illustrates the variations in the
Voc, Jsc; FF, and PCE as a function of the absorber layer
thickness. The absorber layer thickness was varied from
800 nm to 1500 nm to assess its impact on performance
parameters. All proposed structures exhibit a similar trend

5278 | Mater. Adv., 2026, 7, 5271-5289

across the four performance parameters. The Vo and FF exhibit
a nearly constant curve. However, the Jsc and PCE values increase
with the thickness of the layer. The trend matches the result
from a previous study.”® Given the expense and production
abilities, the optimal thickness of the absorber layer is estab-
lished to be 1500 nm for all four configurations.

3.4. Effect of the series resistance and shunt resistance

Both series (Rs) and shunt resistance (Rg,) have a remarkable
effect on the device performance because they control the
gradients and contours of the current-voltage curves’. The
defects in the material, especially those arising during produc-
tion, along with back contact, may contribute to series and
shunt resistances. The relation between the current density and
these resistances can be understood from eqn (9).

©)

V+JR V+JR
J:JL_J()|:CXp(e( +J S))_1:|_ + JRg

AKyT Rsn

In this case, J,Ji and J, are the short-circuit, induced and
reverse saturation currents, respectively, e is the electric
change, V is the voltage, Ky is the Boltzmann constant, T is
the temperature, and Rgy, is the shunt resistance.

The impact of the series and shunt resistance on the power
conversion efficacy was examined by concurrently varying these
resistances, and the findings are shown in Fig. 8(a)-(d). The
series resistance was varied from 1 Q cm? to 6 Q cm?, while the
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shunt resistance was varied from 10 Q cm” to 10° Q cm?
Based on the figures, lower series resistance and higher shunt
resistance correlate with increased efficiency in the structures
studied. For all four structures, when Rgy, surpasses 10> Q cm?,
the PCE remains constant. Once Rgy, reaches a specific thresh-
old, generally determined by the fundamental features of the
device and materials, a further increase in R, has yield
negligible effects on efficiency. Increased series resistance
results in less power supply to the device, leading to a decline
in performance.

3.7. Impact of the temperature on performance metrics

Light is the primary component for the functioning of the solar
cell, and it needs to be consistently positioned in a proper place
to receive sunlight. This results in the temperature (7) of the
solar cells being higher than the temperature of the surround-
ing environment. The influence of the temperature on the solar
cell performance was examined by varying the operating tem-
perature from 300 K to 450 K. Fig. 9(a)-(d) illustrates the
alterations in the Vg, Jsc, FF, and PCE as a function of
temperature fluctuation. As the temperature increases, it
induces reverse saturation current (J,), which primarily con-
tributes to a reduction in Vo due to their inverse relationship,
as illustrated by the following eqn (10):

AKBT{In(l +JS—C)},
q Jo

KgT
where A is the ideality factor and % is the thermal voltage.
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The values of the FF and PCE decline as the temperature
rises, which can be attributed to the reduction in shunt
resistance. The Rg;,, decrease mainly occurs due to the increase
in leakage current inside the cell. A reason for the reduction in
the PCE may be the increased charge recombination rate at
higher temperatures, which stems from a decline in charge
recombination resistance.

3.8. J-V and QE characteristics curve

The short-circuit current density (Jsc) represents the highest
possible current produced by a solar cell pursuant to light,
while the open circuit voltage indicates the highest potential
disparities achievable by the device, which is affected by the
inherent electrical field and recombination losses within the
cell.”® Fig. 10(a) depicts the correlation between the short-
circuit current and open circuit voltage for the proposed
structures under optimal conditions. At 0 V, all architectures
exhibit the maximum current, which rapidly declines at 1.3 V,
except when PC4,BM is used as the electron transport layer. For
the FTO/PCg,BM/CsSnBr;/MoO;/Au structure, the current
approaches zero at 1.18 V, although it demonstrates the highest
current density of 17.39 mA cm™~> among all configurations.
Quantum efficiency (QE) is the effectiveness with which
incoming photons are transformed into charge carriers,
thereby contributing to the photocurrent. Fig. 10(b) demon-
strates the variation in the quantum efficiency as it correlates
with changes in the light wavelength. The wavelength of light
was varied from 300 nm to 800 nm to assess the effectiveness of
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Fig. 9 Effect of the temperature on the performance parameters, (a) Voc, (b) Jsc, (c) FF, and (d) PCE, of the suggested structures.
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optimized structures.

the structures in absorbing light. At a wavelength of 300 nm,
the quantum efficiency is approximately 60% for the structures,
but it shows a considerable improvement at longer wave-
lengths. At a wavelength of 350 nm, all proposed structures
demonstrate almost 100% quantum efficiency and sustain over
80% efficiency up to 700 nm. Beyond 700 nm, the quantum
efficiency sharply diminishes and ultimately approaches zero.

3.9. Generation and recombination rates

Charge carrier generation transpires when a photon with
energy beyond the bandgap of the absorber material strikes
it. It necessitates the carriers’ shift from the valence band to the
conduction band. Conversely, recombination in solar cells
occurs via the production of electron-hole pairs, hence dimin-
ishing the overall quantity of charge carriers. Fig. 10(c) illus-
trates the generation rates of the optimal PSCs in relation to the
substance thickness. In the FTO/CdZnS/CsSnBr;/MoQOs/Au
configuration, the peak generation rate of 10*> cm ™ s~ ' occurs
at 1.6 um, which is also seen in the rest of the devices,
suggesting that all devices exhibit enhanced light absorption
at higher depths within the substance. The variation in the
peak generation depth arises from changes in the optical
absorption properties, layer thicknesses, and chemical makeup
of the absorber layers in each device.”®

Fig. 10(d) depicts the recombination rates of the final
optimized structures with the material thickness. Two major
peaks in the recombination rates are seen at depths of 0.15 pm
and 1.6 pm. Most of the time, the structures show relatively

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lower and unchanged recombination rates of less than 10**
em* s7%. The recombination rate decreases at higher depths,
either because there are fewer defects or because the material
inside the larger part of the absorber is more uniform. This
trend shows how important it is to pay attention to the quality
of materials and interfacial engineering in order to reduce
recombination losses, especially at surfaces and interfaces.”*

3.10. Comparison with previous studies

Researchers are widely investigating perovskite solar structures
to establish a solid foundation for the modern industry.*®”>
Further improvements could lead to ground-breaking technol-
ogy that may play a crucial role in mitigating the energy crisis in
the next century. A significant number of studies have already
been conducted by researchers around the world. In this
regard, CsSnBr;-based PSCs can play an important role. The
PCE of CsSnBrz-based PSCs has reached a good level, as
reported in the literature. To understand the efficiency of our
simulated structures, a brief comparison with relevant previous
studies is presented in Table 3. The particular absorber mate-
rial, i.e., CsSnBr; perovskite, is comparatively excellent for both
experimental and theoretical studies due to its competitive
durability. A study by L. Cau et al.”® revealed that a facile,
low-cost, room-temperature method, namely, coprecipitation
using ethanol and salicylic acid, stabilizes CsSnBr; perovskites
by preventing Sn>* oxidation through surface coordination,
which leads to exceptional oxygen and moisture resistance for
over 10 days. Studies on CsSnBrz-based PSC structures have

Mater. Adv,, 2026, 7, 5271-5289 | 5281


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00347h

Open Access Article. Published on 29 April 2026. Downloaded on 6/15/2026 12:25:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 3 Comparison of relevant previous studies with this study
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Type Structure Voc (V) Jsc (mA em™?) FF (%) PCE (%) Year Ref.

T FTO/CdZnS/CsSnBr;/MoO;/Au 1.30 16.85 88.04 19.29 2025 This work
T FTO/PC,BM/CsSnBr;/MoO;/Au 1.17 17.39 80.06 16.29 2025 This work
T FTO/SnS,/CsSnBr;/MoO,/Au 1.30 17.37 86.74 19.58 2025 This work
T FTO/CdS/CsSnBrz;/MoO;/Au 1.30 17.20 86.93 19.43 2025 This work
T FTO/ZnO/CsSnBr;/WSe,/Se 1.39 25.81 88.18 31.62 2025 53

T ITO/WS,/CsSnBr,/V,05/Ni 1.42 19.39 89.87 24.69 2025 75

T Al/FTO/SnS,/CuSbS,/Ni 1.39 25.09 88.54 31.09 2025 76

T FTO/TiO,/CsSnBr3;/P3HT/Au 1.31 18.01 75.80 17.94 2023 77

T ITO/WS,/CsSnBr;/Cu,O/Au 1.42 19.39 89.87 24.69 2025 78

T ITO/PCBM/CsSnBr;/Cu,O/Au 1.23 19.16 83.72 19.73 2024 79

T ITO/PCBM/CsSnBr;/Cu,BaSnS,/Au 1.33 17.43 83.21 19.25 2025 80

T ITO/IGZO/CsSnBr;/Cu,O/Au 1.33 19.17 85.65 21.88 2024 81

T FTO/Sn0O,/CsSnBr;/Cul/Au 1.19 16.94 84.19 17.06 2023 52

P FTO/TiO,/CsSnBr;/MoO;/Al 0.38 11.96 34.00 1.50 2021 82

p FTO/TiO,/CsSnBr;:SnF,/Spiro-OMeTAD/Au 0.40 9.10 56.00 2.04 2016 83

P ITO/TiO,/CsSnBr;/Spiro-OMeTAD/Au 0.85 21.23 58.00 10.46 2016 84

*T = Theoretical and P = Practical.

progressed over the past decade, encompassing both fabrica-
tion techniques and performance optimization. In the case of
deposition of this material, the epitaxial growth of lead-free
CsSnBr; films on silicon via pulsed laser deposition creates a
high-mobility P-type with a type-II heterojunction, efficiently
enabling a self-powered photodetector with a high switch ratio
(>10%* and millisecond-level response times, which is stated by
A. Wang et al. from ref. 74. In summary, these studies are the
potential proof to test and reveal the potential of CsSnBr;
perovskites for future applications.

4. Machine learning-based
calculations

4.1. Correlation matrix analysis

Fig. 11 presents the correlation matrix with the linear relation-
ships between the device’s material parameters and PV perfor-
mance output obtained from the SCAPS-1D-generated dataset.
A dominant positive correlation is observed between the absor-
ber acceptor density (absorber N,) and open-circuit voltage, Voc
(r ~ 0.79). It is an indicator that enhanced p-type doping
strengthens the internal electric field and raises the quasi-
Fermi level splitting.®®® However, the same parameter exhibits
a strong negative correlation with the short-circuit current
density, Jsc (r & —0.91), which signifies that excessive doping
increases trap-assisted recombination, reducing the number of
photogenerated carriers reaching the electrodes.

The robust positive relationship between the Voc and FF
(r ~ 0.86) indicates that an increase in the voltage directly aids
in charge collection and lower resistive losses. This trend
corresponds with the properties of Sn-based perovskites and
is consistent with previous studies indicating that V¢ is heavily
affected by recombination behaviour.?” The absorber thickness
exhibits an association with the PCE (r = 0.29) because a
thicker CsSnBr; layer increases photon absorption without
negatively affecting the voltage FF. HTL N, also demonstrates
a positive correlation with the efficiency (r ~ 0.30). This finding
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indicates that adequate hole transport improvement moder-
ately enhances the PCE. In contrast, the ETL donor density (ETL
Np) shows a weak negative correlation (r & —0.39) with device
efficiency. This may imply that excessive n-type doping in the
ETL may distort the band alignment and elevate recombination
at the ETL/CsSnBr; interface. Together, the heatmap in Fig. 11
reveals the parameters absorber N, HTL N,, absorber thick-
ness, and ETL Ny, as the most critical parameters for boosting
the CsSnBr; PSC’s electrical performance.

4.2. Machine learning model accuracy evaluation

Fig. 12 compares the predictive accuracy of four regression
models, namely, linear regression (LR), multilayer perceptron
(MLP) regression, random forest (RF), and XGBoost (XGB),
against SCAPS-simulated photovoltaic parameters. The plots
in Fig. 12 clearly show how differently each regression model
behaves when trying to predict the photovoltaic parameters of
the simulated PSCs. Each row represents one algorithm, and
the contrast between them highlights how well or how poorly

Feature Correlation Heatmap
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Fig. 11 Feature correlation heatmap for the machine learning dataset,
highlighting the degree of dependency between device design parameters
and output metrics.
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Fig. 12 Predictive accuracy plots for the performance parameters of ML models: (a) linear regression, (b) MLP regression, (c) random forest, and

(d) extreme gradient boost models.

they can follow the nonlinear physics that govern device
performance. The scatter points in the LR and MLP regression
plots display noticeable dispersion around the ideal reference
line, particularly for Voc and FF. This indicates their insuffi-
cient ability to capture nonlinear relationships among para-
meters such as absorber doping, defect density, and ETL/HTL
charge transport characteristics. In real devices, changes in the
absorber doping, defect density, recombination rates, and
interface quality all interact with one another in nonlinear
ways. Because linear regression cannot follow these combined
effects, its predictions fall widely above and below the ideal 1:1
line, making it the weakest performer. The neural network
model performs slightly better than linear regression, but its
predictions are still noticeably scattered, especially for the Voc
and FF. Importantly, MLPs are designed to learn nonlinear
patterns; their accuracy depends heavily on the depth of the
network, the number of neurons, and the training pattern. If
the network is too simple or does not fully learn subtle

© 2026 The Author(s). Published by the Royal Society of Chemistry

patterns-such as slight variations in the mobility or trap
density-it will miss important physical behaviors. This is
observed in the uneven prediction clusters that do not align
perfectly with the reference line.

The random forest model shows a significantly improved
alignment, with most points for Vg, Jsc, FF, and 7 (eta) clusters
closely following the reference line. This improvement arises
from its capability to model nonlinear and multidimensional
parameter interactions using ensemble decision trees. A sig-
nificant improvement appears in the next set of plots. The RF
model predicts values that lie very close to the simulated results
because RF uses many individual decision trees, and these trees
individually capture different parts of the nonlinear relation-
ships. When combined, the trees collectively learn the complex
interactions between parameters such as absorber thickness,
ETL/HTL properties, and recombination paths. The tight clus-
tering around the reference line shows that the model handles
multidimensional, nonlinear behaviour much more effectively.
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Among all models, the XGB regressor exhibits the highest
predictive fidelity. This model works by building trees one at a
time, where each new tree corrects the errors remaining from
the previous ones. The scatter points for all four performance
metrics lie almost perfectly on the reference line. This phenom-
enon demonstrates minimal error and exceptional generaliza-
tion capability. The superiority of XGBoost arises from its
gradient-boosted decision tree architecture, which sequentially
refines weak learners and minimizes both bias and variance.
XGBoost consistently emerges as the most accurate model for
nonlinear PV modeling. Fig. 12 finally confirms that XGBoost is
the most reliable algorithm for accurately predicting CsSnBr;
solar cell performance to capture even subtle dependencies
between electrical parameters and PV output for our study.

4.3. SHAP interpretability analysis

While SHAP analysis identifies the absorber doping concen-
tration as the most influential parameter, it is important to
assess whether this reflects true physical behaviour or arises
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from dataset bias.”® In this study, the dominance of the absorber
doping is not solely a data-driven outcome but is strongly
supported by device physics. The absorber doping concentration
directly affects the built-in electric field, carrier separation
efficiency, and recombination rate, thereby significantly influen-
cing key photovoltaic parameters such as Vp¢, FF, and PCE.
Fig. 13 provides a comprehensive SHAP-based interpretation of
how different physical parameters influence the predicted photo-
voltaic outputs (Voc, Jsc, FF, and PCE), with the absorber
acceptor density (N,) emerging as the most dominant contribu-
tor across all metrics. For Vqc, higher absorber N, consistently
produces positive SHAP values, showing that stronger p-type
doping enhances the internal electric field and improves charge
separation, while HTL N, acts as the second-most important
factor by facilitating hole extraction and lowering interfacial
recombination. In the case of Js;, the SHAP trends reverse;
absorbed N, shifts toward negative contributions, indicating
that excessive p-type doping intensifies bulk recombination
and reduces photocurrent, whereas the absorber thickness and

High
Absorber Na * ’I ‘ o‘
HTL Na "e E
5}
>
Absorber Thickness o
S
2
Absorber Nt E
ETL Nd
t Low
-0.10 -0.05  0.00 0.05 0.10
SHAP value (impact on model output)
High
Absorber Na . ’ [ <
ETL Nd s
i o
Absorber Thickness <ol e e
E
2
Absorber Nt @
HTL Na
- Low
-2 -1 0 1 2
SHAP value (impact on model output)
High
Absorber Na s WD oo Laaaad o ]
HTL Na - O‘I Be o 3
5}
s
Absorber Nt engup v
2
ETL Nd ﬁ
Absorber Thickness
T Low
-4 -3 -2 -1 0 1 2 3
SHAP value (impact on model output)
\ High
Absorber Na L %ﬂ" \* “*-
ETL Nd E
+ L | E
HTL Na “H P 1+ e 2
2
Absorber Thickness L + P 8
Absorber Nt o }’-
Low
-1.0 -0.5 0.0 0.5 1.0

SHAP value (impact on model output)

Fig. 13 Effect of variations in the electrical properties on the performance parameters, (a) Voc (V), (b) Jsc (MA cm™2), (c) FF (%), and (d) PCE (%),

determined using SHAP plots.
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ETL donor density (Np) contribute positively by improving light
absorption and electron extraction. For the FF, the absorber N,
again plays the leading role, as moderate doping smooths charge
transport pathways and minimizes resistive losses, while HTL N,
further strengthens hole mobility and interface quality. The PCE
analysis shows a similar pattern, as the absorber N, remains the
strongest determinant, followed by ETL N and HTL N,, reflect-
ing the combined importance of balanced carrier extraction in
both transport layers. However, the SHAP distributions reveal
that overly high doping levels eventually push contributions into
the negative domain due to increased recombination. The
absorber thickness has a positive but moderate influence, con-
sistent with the enhancement of optical absorption up to an
optimal level. Overall, the SHAP results clearly demonstrate that
device performance may be tuned by balancing the absorber
doping, transport layer carrier densities, and absorber optical
depth. The above-mentioned parameters offer strong physical
interpretability and nearly align with behaviours predicted by
SCAPS simulations.

5. Conclusions

This study investigates and optimizes CsSnBr;-based perovskite
solar cells to evaluate their efficiency as an absorber material. Four
unique ETL materials are employed to construct the structures,
considering the alignment of energy bands. Upon examining the
influence of the acceptor and defect densities of the absorber, the
thicknesses of the electron transport layer (ETL) and hole trans-
portlayer (HTL), the donor and defect densities in the ETL, and the
acceptor and defect densities in the HTL, it is evident that these
factors exert a minimal impact on the efficiency of the devices.
Taking into account the efficiency and manufacturing capabil-
ities, an optimized thickness of 1500 nm is selected for the
absorber in all structures. The improved devices exhibit enhanced
efficiency when the series resistance is minimal and the shunt
resistance is maximal. The structures exhibit optimal efficiency at
ambient temperature. The optimized structures exhibit an ele-
vated carrier production rate and a decreased carrier recombina-
tion rate. Although this study is based on numerical simulations,
efforts have been made to validate the obtained results through
benchmarking with previously reported experimental and theore-
tical studies. Machine learning analysis further validates the
simulation outcomes by identifying absorber N, as the most
critical factor influencing all PV metrics, followed by the ETL Np,
HTL N,, and absorber thickness. The strong agreement between
SCAPS results and ML-derived feature importance demonstrates
that the hybrid SCAPS-ML approach is a powerful tool for guiding
the future optimization and design of CsSnBr; and other lead-free
PSCs. Post optimization, the configuration of FTO/SnS,/CsSnBr;/
MoO;/Au exhibits the maximum efficiency of 19.58% compared to
other structures.
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