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impedance spectroscopy via numerical simulation
and machine learning
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Anti-perovskite solar cells (APSCs) are garnering substantial attention due to their promising potential in the

renewable energy sector and their distinctive characteristics. This research investigates the structural,

optical, and electrical properties of Sr3BiI3 using Density Functional Theory (DFT) and further evaluates its

photovoltaic (PV) performance in Sr3BiI3-based lead-free APSCs through the SCAPS-1D simulator. The

device architectures employ Sr3BiI3 absorbers and explore the impact of different electron transport

layers (ETLs) including WS2, IGZO, PCBM, and SnS2, alongside with the multiple hole transport layer

(HTL). The impacts of layer thickness, defect density, doping concentration, series and shunt resistances,

operating temperature, and impedance response (evaluated through Nyquist plots) are systematically

examined for all ETLs. The power conversion efficiency (PCE) of devices optimized with WS2, IGZO,

PCBM, and SnS2 as ETL and CBTS as HTL were determined to be 30.20%, 30.12%, 29.18%, and 30.31%,

respectively. To further improve device optimization, machine learning models, particularly Random

Forest, were trained on SCAPS-1D simulation results. The application of machine learning models

reduces experimental duration and eliminates the need for extensive resources in the design and

prediction of PV performance in solar cells. The model forecasts performance with an impressive

correlation coefficient (R2) of 0.989 for PCE. To enhance interpretability, methods such as correlation

heatmaps, feature importance, and SHAP analysis were employed to assess the impact of critical

parameters on device efficiency. The suggested framework provides a reliable and efficient method for

forecasting the most significant factors and their influence on the performance of Sr3BiI3-based APSCs.
1. Introduction

The increasing focus on solar energy highlights the essential
role of renewable resources in the enduring sustainability and
progress of human civilization. Within the solar energy sector,
perovskite solar cells (PSCs), have emerged as a key technology,
with efficiencies of up to 27% in single-junction designs.1 This
exceptional performance establishes PSCs as formidable rivals
to conventional silicon solar cells (SCs). Equally remarkable is
their swi advancement toward commercialization, a milestone
that has attained slightly over a decade from their establish-
ment. The extensive industrial use of PSCs is impeded by
various problems, including the devices' stability under light
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exposure in ambient circumstances and the toxicity of its
constituent elements.2,3

Anti-perovskite-derived materials are oen dened by the
crystal structure A3BX3, in which “A” and “B” signify big and tiny
metallic cations, respectively, and “X” represents a halogen
anion.4 Recently, signicant focus has been placed on lead-free
A3BX3 perovskites owing to their remarkable characteristics.
These materials have a direct bandgap, which is particularly
benecial for optoelectronic applications.5 Their exceptional
light absorption and mechanical resilience render them suit-
able for several applications. Lead-free perovskites demonstrate
exceptional optical characteristics, including a high dielectric
constant, a notable refractive index, and robust optical
conductivity, positioning them as viable choices for sustainable
and efficient optoelectronic devices.6,7 Strontium-based anti-
perovskites, exemplied by Sr3BiI3, have drawn interest as
potentially useful materials for SC applications.8 Their cubic
crystal structure promotes advantageous band edge transitions,
improving their optical characteristics and making them
appropriate for industrial applications. The structural
© 2025 The Author(s). Published by the Royal Society of Chemistry
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resemblance of Sr3BX3 (with B = Sb, Bi, As; X = halides) to
halide anti-perovskites enhances light absorption, thus aug-
menting photovoltaic (PV) efficiency.9 Despite its toxicity with
arsenic, like lead, it is nevertheless employed in many tech-
nologies such as SCs, detectors, and superconductors due to its
exceptional performance. GaAs-based SCs are recognized for
their effective encapsulation methods that reduce the dangers
of hazardous material leakage.10 Bismuth-containing double
perovskites, exemplied as A2AgBiX6 (where A= K, Cs, Rb and X
= Cl, I, Br), are increasingly acknowledged for their promise in
optoelectronic applications and solar energy systems.11,12 In this
context, strontium bismuth halides, specically Sr3BiI3, have
emerged as promising lead-free anti-perovskite materials that
integrate environmental safety with superior optoelectronic
performance. Structurally, Sr3BiI3 crystallizes in a distorted anti-
perovskite-related lattice, wherein the integration of Bi3+ ions
into the Sr–I framework augments lattice stability, reduces
defect formation, and produces a direct band gap of 1.1–1.2 eV,
optimally suited for solar energy absorption. Furthermore, its
tolerance factor (∼0.96) guarantees a stable cubic anti-
perovskite phase that is impervious to phase segregation and
structural distortion.13–15 The robust Bi–I covalency facilitates
shallow defect states and diminishes nonradiative recombina-
tion, whereas the compatible ionic radii of Sr2+ and Bi3+

enhance structural uniformity and oxidation resistance
successfully addressing the inherent instability that constrains
Sn-based anti-perovskites.16,17 From an electronic standpoint,
Sr3BiI3 exhibits advantageous band alignment with commonly
utilized transport materials: its conduction band aligns effec-
tively with WS2, IGZO, and SnS2 as ETLs, while its valence band
corresponds suitably with CBTS and NiO as HTLs. This align-
ment facilitates balanced charge extraction, diminishes inter-
facial recombination, and improves overall device efficiency.18

Moreover, the material's reduced exciton binding energy and
elevated thermal stability promote effective carrier separation
and extended operational longevity under light.19 The features
of chemical durability, improved band structure, and environ-
mental compatibility provide Sr3BiI3 an attractive and sustain-
able absorber for next-generation lead-free APSCs.

Numerous studies have examined strontium-based anti-
perovskites owing to their advantageous optoelectronic and
structural characteristics, rendering them viable candidates for
high-efficiency and environmentally friendly solar cell applica-
tions. Rahman et al.20 utilized SCAPS-1D simulations to inves-
tigate the inorganic Sr3NCl3-based PSC, revealing its signicant
potential for solar energy application due to its direct band gap
of 1.649 eV, superior optical absorption, and strong crystalline
stability, all of which enhance PV performance. In a separate
investigation, the device conguration of FTO/ZnO/Sr3PCl3/
Cu2O/Ni demonstrated remarkable PV performance, featuring
an FF of 89.9%, a VOC of 1.3 V, a JSC of 22.79 mA cm−2, and a PCE
of 26.67%, underscoring the signicant potential of strontium-
based compounds for solar energy conversion.21 Additionally,
Ghosh et al.22 used SnS2 as ETL with Sr3PI3, attaining a PCE of
27.32%. The Sr3PI3 material exhibited superior dielectric char-
acteristics and notable absorption peaks within the solar
photon energy spectrum, affirming its appropriateness as
© 2025 The Author(s). Published by the Royal Society of Chemistry
a non-toxic, high-performance material for semiconductor and
solar cell applications.23 Building on this basis, Sr3BiI3 has lately
emerged as a notably promising lead-free anti-perovskite due to
its ductility, elevated dielectric constant, and exceptional elec-
trical conductivity, which together improves charge transfer and
diminishes recombination losses. In comparison to other lead-
free options such Cs3Sb2I9, FASnI3, MASnI3, and MASnBr3,
Sr3BiI3 exhibits a more equitable compromise among efficiency,
stability, and environmental safety.24–26 Despite Cs3Sb2I9 being
entirely non-toxic and chemically stable, its indirect band gap
(∼2.0 eV) and low-dimensional layered architecture hinder
carrier transport and restrict light absorption, leading to
diminished power conversion efficiencies and inconsistent
performance.27 Conversely, Sn-based perovskites like FASnI3
MASnI3, and MASnBr3 have direct band gaps (1.3–1.5 eV) and
signicant absorption; yet their instability resulting from Sn2+

oxidation to Sn4+ induces trap state formation, non-radiative
recombination, and swi deterioration in ambient circum-
stances.28 Conversely, Sr3BiI3 demonstrates structural and
thermal stability, an almost optimum direct band gap (∼1.74
eV), and exceptional environmental durability, while circum-
venting the oxidation-induced instability characteristic of Sn-
based perovskites. The inherent benets position Sr3BiI3 as
a next-generation lead-free anti-perovskite absorber, effectively
reconciling efficiency, stability, and sustainability, thereby
facilitating the development of durable, high-efficiency, and
environmentally friendly APSCs.

This study presents a comprehensive analysis of the opto-
electronic properties of Sr3BiI3 using DFT, highlighting its
potential as anti-perovskite absorber layer to optimize device
congurations and enhance efficiency. The objective is to attain
optimal efficiency by integrating HTL with diverse ETLs
including WS2, IGZO, PCBM, and SnS2, utilizing SCAPS-1D
soware. The primary focus of this research is to investigate
the potential for performance improvement with Sr3BiI3-based
APSCs, as there is a lack of research on this material. Four
unique device topologies using various ETL combinations were
examined to enhance the efficiency of Sr3BiI3-based APSCs. The
research further examines the inuence of ETLs on band
alignment, thickness, defect density, doping density, interface
defects, series and shunt resistance (Rs and RSh), quantum
efficiency (QE), operating temperature, and current–voltage (J–
V) behavior. The results validate the potential of Sr3BiI3-based
APSCs as a viable option for next-generation PV technology.

2. Computational specifications
2.1. DFT and SCAPS 1D

This study employed rst-principles calculations grounded in
DFT with the CASTEP module of the Materials Studio 2017
package29 to examine the mechanical, structural, electrical, and
optical aspects of the Sr3BiI3 anti-perovskite. The initial cubic
unit cell of Sr3BiI3 was created and displayed with VESTA so-
ware,30 and this optimized structure provided the basis for all
subsequent simulations. The Generalized Gradient Approxi-
mation (GGA) utilizing the Perdew–Burke–Ernzerhof (PBE)
functional was utilized for the treatment of exchange–
RSC Adv., 2025, 15, 43702–43726 | 43703
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correlation interactions. The Koelling–Harmon relativistic
method, in conjunction with Vanderbilt's ultraso pseudo-
potentials (USP), was utilized to precisely characterize the
electron–ion interactions. Structural relaxations were accom-
plished via the Broyden–Fletcher–Goldfarb–Shanno (BFGS)
reduction method until convergence in energy, force, and stress
was attained.31 The plane-wave cutoff energy was established at
350 eV, and Brillouin zone sampling was performed utilizing
a 10 × 10 × 10 Monkhorst–Pack k-point mesh to guarantee
well-converged outcomes. The convergence criteria for atomic
relaxation in CASTEP comprised a total energy tolerance of 2 ×

10−5 eV per atom, a maximum atomic movement of 5 × 10−4 Å,
a maximum force of 0.05 eV Å−1, and a stress threshold of
0.02 GPa. The elastic constants (Cij) were obtained by the nite
strain method, and their anisotropic variations were examined
through 2D and 3D surface contour plots of elastic moduli
produced with the ELATE soware.32 SCAPS-1D simulations
were employed to model the device-level performance of Sr3BiI3-
based APSCs.33 This widely used one-dimensional device
simulator solves Poisson's equation, charge continuity, and
carrier transport equations, enabling the evaluation of carrier
dynamics, recombination mechanisms, and transport proper-
ties under standard AM 1.5 illumination.34,35 These simulations
provided critical insights into band alignment at interfaces,
carrier extraction efficiency, recombination kinetics, and defect-
related limitations. Additionally, optimization evaluations
regarding layer thickness, doping concentration, and defect
density were performed to identify strategies for improving
device performance. This integrated DFT and device-level
modeling methodology enabled a comprehensive under-
standing of the intrinsic material characteristics and optoelec-
tronic device performance of Sr3BiI3 anti-perovskite, laying the
groundwork for its potential application in PVs and other
optoelectronic technologies.
2.2. Machine learning

Machine learning techniques were utilized to forecast and
optimize the PV performance of Sr3BiI3-based APSCs utilizing
Python, selected for its versatility and comprehensive support in
articial intelligence and scientic computing.36,37 The
computational framework incorporated Pandas, NumPy, and
Scikit-learn (v1.4) libraries within the Google Colab environ-
ment, facilitating quick data preprocessing, feature engi-
neering, and model creation. Among the several regression
algorithms analyzed, the Random Forest (RF) exhibited the
most formidable predictive performance and resistance to
overtting, attributable to its ensemble architecture and
capacity to capture intricate nonlinear relationships among PV
parameters. The dataset, produced via SCAPS-1D simulations,
methodically altered intrinsic and extrinsic parameters of the
absorber and charge transport layers yielding a total of 13 986
data points. Of them, 80% (11 189 samples) were allocated for
training, whilst 20% (2797 samples) were designated for model
testing and validation. Ten principal material and device
parameters were utilized as input features, encompassing
absorber thickness, acceptor density, defect density, band gap,
43704 | RSC Adv., 2025, 15, 43702–43726
electron affinity, dielectric permittivity, electron and hole
mobilities, interface defect density, and operating temperature.
The target outputs included VOC, JSC, FF, and PCE. A systematic
workow was employed for model implementation, as outlined
in Algorithm 1, encompassing environment initialization,
dataset acquisition, data cleansing, imputation of missing
values (mean for numerical andmode for categorical data), one-
hot encoding of categorical variables, dataset partitioning (80 :
20), and feature standardization utilizing StandardScaler. The
preprocessed dataset was utilized to train RFR model, and its
predictive accuracy was assessed through various statistical
metrics, including the coefficient of determination (R2), Mean
Absolute Error (MAE), Mean Squared Error (MSE), Root Mean
Squared Error (RMSE), and Mean Absolute Percentage Error
(MAPE). A two-fold cross-validation method was utilized to
enhance robustness and generalization, hence reducing model
bias and variation. The sequential execution is delineated as
follows:

Algorithm 1: Execution of the proposed machine learning
model.

Step 1: Establish the computational environment.
Step 2: Import the dataset generated by SCAPS.
Step 3: Address absent data by statistical imputation.
Step 4: Implement one-hot encoding for categorical

variables.
Step 5: Divide the dataset into input features (X) and target

variables (Y).
Step 6: Divide the dataset into 80% for training and 20% for

testing groups.
Step 7: Standardize features utilizing StandardScaler.
Step 8: Train the model utilizing the Random Forest.
Step 9: Forecast target variables (VOC, JSC, FF, PCE).
Step 10: Assess themodel utilizing R2, MAE, MSE, RMSE, and

MAPE measures.
Step 11: Conclude following validation and performance

evaluation.
This systematic methodology facilitated precise prediction

and interpretability of device performance, while allowing for
the discovery of critical physical parameters that inuence the
PV efficiency of Sr3BiI3-based APSCs.

3. Result and discussion
3.1. Examination of DFT result

3.1.1. Structural characteristics of the Sr3BiI3 compound.
The structural properties of Sr3BiI3, classied under the cubic
space group Pm�3m (no. 221),38 are illustrated in Fig. 1(a) and (b).
The primary structural unit is the cubic unit cell, with a total of
seven atoms. Each unit cell of three Sr atoms, one Bi atom, and
three I atoms. The atomic conguration within the cell adheres
to specic Wyckoff positions: Sr atoms are located at the 3c (0.5,
0.5, 0) sites, the P atom is situated at the 1b (0.5, 0.5, 0.5) site,
and Br atoms are found at the 3d (0.5, 0, 0) sites. This atomic
arrangement illustrates the very symmetrical structure of the
cubic lattice.

The complete structural optimization revealed an equilib-
rium lattice constant of 6.845 Å, aligning well with previous
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The crystal structure of Sr3BiI3-based anti-perovskite-derived materials is shown in (a) polyhedral and (b) ball-and-stick models.
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theoretical studies.8,39 Optimized structural data offers
a dependable basis for the subsequent investigation of the
material's electrical and optical characteristics.

3.1.2. Band structure, density of states, and charge density
of the Sr3BiI3 compound. The band structure of Sr3BiI3 was
calculated to obtain a more profound understanding of its
electrical features, as depicted in Fig. 2(a). The computed E-k
diagram distinctly illustrates that at the Fermi level (EF), there
exists a clear demarcation between the valence band (occupied
states) and the conduction band (unoccupied states), hence
affirming the semiconducting characteristics of the material.
The valence band maximum (VBM) and conduction band
minimum (CBM) are situated at the identical high-symmetry
point (G-point) in the Brillouin zone, conrming the existence
of a straight band gap. The predicted band gap value of 1.164 eV
is within the ideal range documented in the literature,8,39 indi-
cating that Sr3BiI3 is highly promising for PV and optoelectronic
applications, where direct transitions facilitate effective light
absorption. The current calculations exclude spin–orbit
coupling (SOC) effects, which are signicant for materials with
heavy elements such as Bi. The absence of SOC in this study
simplies calculations and facilitates clearer insights into the
Fig. 2 Electronic properties of Sr3BiI3 anti-perovskite showing (a) band

© 2025 The Author(s). Published by the Royal Society of Chemistry
intrinsic properties of Sr3BiI3, despite SOC expected inuence
on the band structure and optical properties. Without consid-
ering SOC effects, the model emphasizes primary electronic
interactions, thereby eliminating complexities from spin inter-
actions and facilitating the interpretation of the material's
fundamental semiconducting behavior.

The density of states (DOS) analysis presented in Fig. 2(b)
offers supplementary information. The valence band edge is
mostly determined by I 4d orbitals, with slight contributions
from Bi 5d states, whereas the conduction band edge is
predominantly derived from Sr 3d orbitals, with lesser
involvement of I 5p states. The overlapping orbital contribu-
tions suggest hybridization among the electronic states of Sr, Bi,
and I, which is crucial for maintaining the crystal structure via
robust bonding interactions. The electron charge density
distribution of Sr3BiI3, examined along the (100) crystallo-
graphic plane, offers essential information into its bonding
characteristics and electrical structure. The contour map
(Fig. 2(c)) clearly delineates areas of electron concentration and
depletion, with calcium atoms encircled by dense, spherical
charge distributions. This symmetry indicates robust Sr–I ionic
interactions, with minimal orbital overlap or electron
gap, (b) DOS, and (c) charge density distribution.

RSC Adv., 2025, 15, 43702–43726 | 43705
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delocalization among Sr, Bi, and I atoms. These observations
verify that the bonding structure is primarily ionic rather than
covalent. The charge density is consistently distributed across
the lattice, regardless of orientation, indicating the isotropic
electrical nature of the material. This uniformity highlights the
stability of the electrostatic environment, which is particularly
benecial for maintaining structural integrity. Moreover, the
uniform charge distribution augments the applicability of
Sr3BiI3 for functional uses, including solar energy absorbers,
dielectric layers, and optoelectronic devices, where uniform
electrical and structural characteristics are critical.

3.1.3. Optical characteristics of the Sr3BiI3 compound. The
optical response of semiconducting materials is intrinsically
connected to their electronic band structure, especially the
forbidden energy gap, which is crucial for enhancing device
performance. The capacity of a material to absorb photons in
optoelectronic and PV applications is directly determined by its
bandgap energy.40 A comprehensive examination of the optical
properties of Sr3BiI3 is crucial to evaluate its viability as a func-
tional material, given that optical characteristics can be
adjusted for certain purposes. A thorough analysis was con-
ducted utilizing various frequency-dependent optical functions,
such as the complex dielectric function, refractive index,
reectivity, optical conductivity, absorption coefficient, and
energy loss function. The complex dielectric function 3(u) =

31(u) + i32(u) offers essential insights into the material's reac-
tion to incoming electromagnetic (EM) radiation.41 The real
component, 31(u), indicates the medium's capacity to store and
transmit energy, whereas the imaginary component, 32(u),
signies photon absorption and electronic transitions. Fig. 3(a)
illustrates that 31(0) at the static limit is approximately 14.24,
signifying a signicantly elevated dielectric constant indicative
of substantial polarizability. The positive range of 31 indicates
wave propagation, but the negative values exceedingly approx-
imately 6.8 eV denote absorption phenomena linked to the
plasmon frequency (up). The signicant low-energy peak of 31 is
located within the visible spectrum, highlighting the material's
potential applicability in optoelectronic devices. Likewise, 32(u)
has a peak about 6.22 eV, ascribed to interband electronic
transitions from the valence band to the conduction band. At
elevated photon energies, 32 progressively decreases and
disappears around 17.4 eV, indicating a reduced absorption
capacity in this range.

The absorption coefficient spectrum, shown in Fig. 3(b),
indicates that absorption in the visible and infrared ranges
(below 3 eV) is comparatively minimal, affirming broad yet
moderate photon harvesting within this range. Notable
absorption features appear in the ultraviolet (UV) spectrum
above approximately 3.5 eV, peaking around 8–9 eV and
exhibiting oscillatory peaks extending to 20 eV. This robust UV
absorption suggests possible applications in UV optoelectronics
while simultaneously facilitating solar photon capture in the
visible range.

The refractive index spectra elucidate light–matter interac-
tions in Sr3BiI3, as illustrated in Fig. 3(c). The static refractive
index, n(0) (n(0) = O31(0)) is roughly 3.79 for the real component
and 0.41 for the imaginary component. As energy increases,
43706 | RSC Adv., 2025, 15, 43702–43726
n(u) initially exhibits a minor reduction before thereaer rising
to attain maximum of 2.74 and 1.57 at photon energies of 1.5 eV
and 7.04 eV, respectively. These peaks indicate robust photon–
electron interaction, signifying spectrum regions with increased
optical activity.

The reectance spectrum of Sr3BiI3 underscores its optical
exibility, demonstrated in Fig. 3(d). At zero frequency, the
static reectivity is around 0.34, indicating moderate reection
at low photon energies. As energy increases, reectivity
declines, subsequently displaying a signicant peak (∼0.33)
about 7.4 eV, then declining to practically zero at approximately
18 eV. This trend indicates that Sr3BiI3 exhibits more trans-
parency at elevated photon energies, which is advantageous for
PV applications as diminished surface reection improves light
absorption.

The optical conductivity spectrum, depicted in Fig. 3(e),
offers additional insight into transport caused by radiative
interactions. The real component of conductivity initiates an
increase from approximately 1.12 eV to a peak of 4.16 at 6.56 eV,
subsequently diminishing towards zero beyond 18 eV, indi-
cating insulating characteristics at elevated photon energy. The
imaginary component demonstrates an inverse trend, aligning
with the dielectric response of the materials. The energy loss
function (L) spectrum, which measures energy dissipation by
high-velocity electrons, reveals negligible losses in the infrared
and visible areas, therefore facilitating efficient light trans-
mission and absorption across the solar spectrum.42

Fig. 3(f) illustrates the energy loss function, where a prom-
inent peak is observed at approximately 15.1 eV, linked to
plasma resonance resulting from collective electron oscilla-
tions, succeeded by a steep decrease at elevated energies. This
veries that plasmonic effects in Sr3BiI3 predominantly mani-
fest in the UV spectrum, much outside the scope of viable solar
energy applications. The ndings indicate that Sr3BiI3
possesses a high dielectric constant, moderate refractive index,
robust UV absorption, and low reectivity, rendering it a viable
candidate for advanced optoelectronic and PV applications,
where efficient photon capture and minimal energy dissipation
are essential for optimal performance.
3.2. Examination of SCAPS-1D results

3.2.1. Design and analysis of solar cell device architecture.
The development of efficient and reliable lead-free APSCs
necessitates meticulous consideration of device architecture
and material choice. This paper proposes and evaluates the
architecture of a Sr3BiI3-based anti-perovskite device utilizing
a n–i–p conguration, optimized for long-wavelength photon
absorption and improved charge separation. Fig. 4(a) illustrates
the conceptual design of the primary solar cell. The structure
consists of several functional layers, with Sr3BiI3 acting as the
absorber material. This material selection is especially bene-
cial, as its heterostructure facilitates effective photon absorp-
tion and charge retention. The n–i–p conguration enhances
sensitivity to long-wavelength radiation relative to traditional
semiconductors. Prolonged illumination allows photons to
penetrate deeper into the cell, promoting the formation of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The optical response of Sr3BiI3 anti-perovskite was systematically analyzed through its (a) dielectric function, (b) absorption behavior, (c)
refractive index, (d) reflectivity, (e) optical conductivity, and (f) electron energy loss spectrum.
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electron–hole pairs (EHPs) both within and outside the deple-
tion region.42 The expansion of the depletion width immediately
improves the creation, separation, and collection of EHPs,
hence enhancing the quantum efficiency (QE) of the device.
Fig. 4(a) and (b) illustrates the comprehensive device
© 2025 The Author(s). Published by the Royal Society of Chemistry
architecture and the energy band alignment of the Al/FTO/ETL/
Sr3BiI3/HTL/Ni structure, with CBTS, CFTS, CuI, CuSCN,
MASnBr3, Sb2S3, and SnSe functioning as HTL, Ni and Al serving
as the rear and front metallic contacts, and WS2, IGZO, PCBM,
and SnS2 identied as potential ETLs. Tables 1 and 2
RSC Adv., 2025, 15, 43702–43726 | 43707
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Fig. 4 Examining the (a) crystal structure and (b) energy band alignment of Sr3BiI3 with various ETL materials.
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encapsulate the simulated input values, whereas Table 3
delineates the parameters employed to model interface defect
layers. The SCAPS-1D simulator was utilized to assess device
performance, facilitating a systematic analysis of anti-
perovskite solar cell architectures under standard operating
conditions.

3.2.2. HTL and ETL selection. This study assesses the
effectiveness of SCs utilizing four ETLs (WS2, IGZO, PCBM, and
SnS2) in conjunction with different HTLs, as depicted in
Fig. 5(a)–(d). It emphasizes the impact of each ETL on critical PV
metrics, including VOC, JSC, FF and PCE across various HTLs in
Sr3BiI3-based SCs. Out of 28 unique combinations, we identied
the four most efficient architectures for comprehensive exami-
nation. Fig. 5(a) clearly illustrates the variance of VOC through
the assessed ETL-HTL combinations. Among the ETLs, PCBM
attained the peak VOC of 0.874 V, whereas IGZO demonstrated
the lowest VOC at 0.591 V. Fig. 5(b) illustrates that the JSC values
for all devices, excluding the CuSCN HTL, varied from 37.352 to
40.203 mA cm−2, with the combination of CuSCN and IGZO ETL
yielding the lowest JSC of 34.804 mA cm−2. Concerning the FF,
IGZO demonstrated the lowest value at 59.33%, whereas SnS2
displayed the highest FF at 86.32%, as illustrated in Fig. 5(c).
Signicantly, SnS2 ETL exhibited a superior performance
compared to all other ETLs. Fig. 5(d) illustrates a performance
comparison of the FTO/ETL/Sr3BiI3/HTL/Ni device design,
indicating that ETLs like WS2, IGZO, and SnS2 consistently
Table 1 Absorber, ETL, and FTO layer modeling and simulation parame

Parameters FTO Sr3BiI3 W

T (nm) 100 1000 5
Eg (eV) 3.60 1.164 1
3 (eV) 9.0 14.24 1
c (eV) 4.0 4.22 3
Nv (cm

−3) 1.8 × 1019 2.09 × 1019 1
Nc (cm

−3) 2.2 × 1018 8.43 × 1018 2
mn (cm2 V−1 s−1) 100 80 1
mh (cm2 V−1 s−1) 25 25 1
ND (cm−3) 1 × 1019 0 1
NA (cm−3) 0 1 × 1018 0
Nt (cm

−3) 1 × 1015 1 × 1014 1

43708 | RSC Adv., 2025, 15, 43702–43726
attained power conversion efficiencies exceeding 30%, while the
PCBM-based ETL achieved a reduced efficiency of 29.18%. This
investigation analyzed seven unique HTLs, identifying the most
excellent combinations with four unique ETL congurations.

When combined with the CBTS HTL, all ETLs exhibited
strong performance, with PCEs varying from 29.18% to 30.31%.
CBTS is distinguished as a potential hole transport layer for
APSCs due to its optimal bandgap, elevated absorption coeffi-
cient, superior conductivity, and advantageous valence band
alignment, all of which promote its efficiency in hole transport
and hence improve PV performance.

3.2.3. Band adjustment and lattice mismatch of Sr3BiI3
absorber with a variety of ETLs. Fig. 6(a)–(d) displays the band
alignment of different heterostructures utilizing the Sr3BiI3
absorber. This picture depicts the maxima of the valence band
(EV), the minima of the conduction band (EC), and the quasi-
Fermi levels for electrons and holes (Fn and Fp). Fn and EC
sustain a harmonious relationship, but Fp corresponds with EV
throughout various sorts of ETLs. When CBTS serves as HTL, Fn
and EV maintain a consistent energy level throughout all ETLs,
resulting in Fn intersecting with EC, so impeding the transport
of both holes and electrons between the ETLs and the HTL. A
rear contact (Ni), possessing a 5.5 eV work function (WF), effi-
ciently captures holes from the HTL, whereas front electrode
(Al), possessing a work function of 4.1 eV, adeptly collects
electrons.
ters for PV devices.8,43–45

S2 IGZO PCBM SnS2

0 50 50 50
.8 3.05 2 2.24
3.6 10 9 10
.9 4.16 3.9 4.24
.8 × 1019 5 × 1018 2.5 × 1019 1.8 × 1019

.2 × 1018 5 × 1018 2.5 × 1019 2.2 × 1018

00 15 0.2 50
00 0.1 0.2 50
× 1018 1 × 1019 1 × 1018 1 × 1019

0 0 0
× 1015 1 × 1015 1 × 1015 1 × 1015
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07289a


Table 2 Input parameters for different HTLs.46–48

Parameters CBTS CFTS CuI CuSCN MASnBr3 Sb2S3 SnSe

T (nm) 100 100 100 100 100 100 100
Eg (eV) 1.9 1.87 3.1 2.96 2.15 1.7 1.2
3 (eV) 5.4 9 6.5 10 8.2 7.08 10
c (eV) 3.6 3.3 2.1 1.7 3.39 3.7 4.2
Nv (cm

−3) 1.8 × 1019 2.8 × 1019 1 × 1019 1.8 × 1018 1 × 1018 1 × 1019 4.75 × 1018

Nc (cm
−3) 2.2 × 1018 2.2 × 1018 2.8 × 1019 2.2 × 1019 1 × 1018 2 × 1019 2.8 × 1018

mn (cm2 V−1 s−1) 30 21.98 100 100 1.6 9.8 150
mh (cm2 V−1 s−1) 10 21.98 43.9 25 1.6 10 100
ND (cm−3) 0 0 0 0 0 0 0
NA (cm−3) 1 × 1019 1 × 1020 1 × 1020 1 × 1020 1 × 1018 1 × 1018 1 × 1018

Nt (cm
−3) 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015 1 × 1015
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A crucial determinant of device efficiency is the lattice
compatibility between the absorber and transport layers. The
lattice mismatch (d) is determined using eqn (1).49

d ¼ 2jas � aej
ðas þ aeÞ (1)

where, as and ae signify the lattice constants of the substrate
and epitaxial thin lm, respectively, and d indicates the extent of
lattice mismatch.

Table 4 delineates the lattice constants and mismatch
percentages of Sr3BiI3 in relation to several ETL materials.
Signicantly, Sr3BiI3 demonstrates the minimal lattice
mismatch with SnS2 at 24.5%, whereas alternative ETLs present
considerably greater mismatches. These ndings underscore
the signicance of lattice engineering in the design of
heterojunction-based anti-perovskite devices. Table 5 consoli-
dates the performance outcomes for the Al/FTO/ETL/Sr3BiI3/
CBTS/Ni structure for four distinct ETL setups. These simula-
tions elucidate the structural compatibility and electrical
interactions at the absorber–ETL interface, paving the door for
enhanced optimization of lead-free anti-perovskite solar cell
topologies.

3.2.4. Assessing the joint impact of defect density (Nt) and
absorber layer thickness on PV performance. The thickness of
the anti-perovskite absorber layer signicantly inuences solar
cell efficiency. A thin layer leads to inadequate light absorption,
whereas a thick layer obstructs charge carrier mobility, impeding
efficient transfer to the electrodes.50 Optimal thickness is essen-
tial for enhancing solar cell performance. Thicker absorber layers
are associated with a higher number of defects, which can
diminish carrier diffusion length and elevate recombination
rates. This ultimately leads to reduced overall performance by
shortening the lifespan of charge carriers and facilitating
recombination prior to their arrival at the electrodes.

This work systematically changed the active layer thickness
from0.2 to 2.0 mm,maintaining theNt between 1010 and 1018 cm−3.
Table 3 Properties of the interface in the suggested heterojunction sola

Interface Defect types se (cm
2) sh (cm2)

HTL/Sr3BiBr3 Neutral 10−19 10−19

Sr3BiBr3/ETL

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 7(a)–(d) illustrate substantial reductions in VOC as Nt

increases, with VOC diminishing from 0.9409 to 0.5460 V for
WS2, from 0.9275 to 0.5427 V for IGZO, from 1.0389 to 0.6702 V
for PCBM, and from 0.9860 to 0.5433 V for SnS2. The relation-
ship between VOC and Sr3BiI3 layer depth suggests that while
wider layers typically harbor more aws that hinder perfor-
mance, thinner layers frequently demonstrate enhanced effi-
ciency due to less recombination.51 According to the ndings,
when the absorber depth falls between 0.6 and 1.2 mm, and Nt

stays below 1014 cm−3, VOC undergoes only a minor decrease,
suggesting that the carrier diffusion length and lifetime remain
comparatively steady under these circumstances. Among the
ETLs, the PCBM structure demonstrated the greatest VOC, whilst
the IGZO structure revealed the lowest VOC, highlighting the
essential inuence of material selection and absorber layer
characteristics on SC performance.

Concerning JSC, Fig. 8(a)–(d) illustrate that augmenting the
Sr3BiI3 layer thickness beyond 0.8 mm, while keeping Nt below
1014 cm−3, markedly improves JSC. This enhancement is
ascribed to the augmented surface space of the active layer,
which optimizes light absorption and produces a higher
quantity of charge carriers.52 Nonetheless, if Nt over a specic
threshold, JSC commences to diminish owing to increased
recombination losses. The optimized PSC structures with all
ETLs attained approximately 40.19 mA cm−2 for JSC, signifying
highly efficient charge collection under ideal conditions.

Fig. 9(a)–(d) illustrates that the FF diminishes with an
increase in both Nt and absorber layer depth. Particularly, FF
decreased from 87.25% to 64.16% for WS2, from 87.27% to
68.76% for IGZO, from 86.32% to 40.27% for PCBM, and from
87.15% to 68.87% for SnS2 as Nt escalated. The FF maintains
relative stability within this range, mirroring the patterns in
VOC. In APSCs with inorganic ETLs, intermediate defect densi-
ties may improve FF, potentially because specic defects act as
passivation sites that alleviate the impact of deeper trap states.
r cells

Er Energetic distribution Density of defect (cm−2)

0.6 Single 1010 to 1017
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Fig. 5 Investigation of the variations in (a) VOC, (b) JSC, (c) FF, and (d) PCE in Sr3BiI3 solar cells with different transport layers.
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Fig. 10(a)–(d) demonstrates a notable decline in PCE as the
thickness and Nt of the Sr3BiI3 layer increases.

The PCE for structures utilizing WS2, IGZO, PCBM, and SnS2
ETLs diminished from 33.59% to 8.70%, 33.12% to 9.13%,
36.48% to 2.38%, and 35.12% to 9.26%, respectively. The
PCBM-based structure had the most signicant decline in PCE,
showing heightened sensitivity to increased Nt and layer
thickness. The results indicate that PCE is more advantageous
when the absorber layer depth exceeds 1 mm, if Nt remains
under 1014 cm−3. The results highlight the synergistic impact of
photoactive layer thickness and Nt on PSC performance, pin-
pointing an ideal thickness of around 1 mm and Nt near 1014

cm−3 as the most advantageous combination for enhancing
light absorption and carrier transport efficiency.
3.3. Enhancing SC efficiency by the optimization of carrier
concentration (NA) in the absorber layer

To examine the impact of NA on the absorber's PV properties,
the Sr3BiI3 layer's NA was altered between 1010 to 1019 cm−3.
Fig. 11 illustrates the variation of PV characteristics in relation
to differing NA levels. As NA rose, the VOC stayed largely stable at
43710 | RSC Adv., 2025, 15, 43702–43726
a nearly constant amount. The hole's Fermi energy level
decreases when the absorber layer's NA rises, thereby leading to
an increase in VOC, in accordance with previous ndings.53

The increase in NA also leads to a rise in the built-in poten-
tial, further augmenting the enhancement of VOC. The
enhancement in charge separation is another aspect contrib-
uting to the rise in VOC. In all four device congurations, the JSC
demonstrated negligible uctuation as the NA climbed to 1018

cm−3. Nonetheless, except for the SnS2 ETL, the performance of
JSC in the remaining three devices commenced a drop once NA

above this level. However, when the Sr3BiI3 layer's NA went
above 1015 cm−3, the PCE improved. The devices exhibited
maximum VOC values of 0.9157 V, 0.8699 V, 0.9575 V, and
0.8898 V; JSC values of 40.196 mA cm−2, 40.199 mA cm−2, 40.193
mA cm−2, and 40.203 mA cm2; FF of 86.246%, 86.294%,
85.099%, and 86.34%; and peak PCE values of 30.22%, 30.17%,
29.25%, and 30.37% for the four devices. Table 5 provides
a comparative overview of the PV characteristics of devices
employing WS2, IGZO, PCBM, and SnS2 ETLs.

3.3.1. Examination of ETL layer thickness, doping
concentration (ND) and Nt for enhanced SC efficiency. The
transmittance of APSCs can be improved, and recombination
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Modeled band alignment of APSCs employing different ETLs: (a) WS2, (b) IGZO, (c) PCBM, and (d) SnS2 with Sr3BiI3 as the absorber.

Table 4 Comparison of lattice mismatch for ETL layers with Sr3BiI3
absorber

Layers

Lattice parameters

Lattice mismatcha (Å) b (Å) c (Å)

Sr3BiI3 6.845 6.845 6.845 —
SnS2 8.76 8.76 9.82 24.5%
WS2 10.1 10.1 10.4 38.4%
IGZO 3.65 3.65 5.89 60.9%
PCBM 3.15 3.15 12.32 73.9%

Table 5 A comprehensive comparison of PV parameters for various
ETL materials in SCs

Device model VOC (V) JSC (mA cm−2) FF (%) PCE (%)

Al/FTO/SnS2/Sr3BiI3/CBTS 0.8733 40.203 86.32 30.31
Al/FTO/WS2/Sr3BiI3/CBTS 0.8711 40.1964 86.24 30.20
Al/FTO/IGZO/Sr3BiI3/CBTS 0.8685 40.1992 86.26 30.12
Al/FTO/PCBM/Sr3BiI3/CBTS 0.8738 40.1936 83.08 29.18
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currents diminished, by selecting a suitable ETL. This study
altered the thickness of the WS2, IGZO, PCBM, and SnS2 ETLs
between 25 nm and 300 nm, keeping other factors constant.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 12(a) illustrates the inuence of ETL thickness on PV
characteristics. Aside from PCBM, variations in the depth of the
ETL exhibited negligible impacts on the VOC, FF, and PCE. The
uniformity of the ETL layer thickness throughout a broad
spectrum demonstrates the adaptability of the lm production
technique, which may be modied for implementation in the
suggested device topologies.54 Nonetheless, when the ETL
thickness augmented, transmittance diminished, leading to
a signicant reduction in performance, in accordance with
prior studies.17 The PCE for the PCBM ETL decreased from
29.18 to 26.59%, FF from 83.11 to 82.92%, JSC from 40.20 to
36.78 mA cm−2, and VOC from 0.8735 to 0.8718 V. For the WS2
and SnS2 ETLs, JSC and VOC exhibited relative stability, with
measurements of 40.18 mA cm−2 and 0.8711 V for WS2, and
40.19 mA cm−2 and 0.8727 V for SnS2, respectively. PCE and FF
exhibited minor variations, oscillating between 30.190% and
30.174% and 86.2399% and 86.2159% for WS2, and between
30.28% and 30.25% and 86.30% and 86.27% for SnS2, respec-
tively. For IGZO, performance measurements exhibited a minor
decline, with VOC dropping from 0.8699 V to 0.8696 V, JSC from
40.20 mA cm−2 to 39.75 mA cm−2, FF from 86.29% to 86.24%,
and PCE from 30.181% to 29.826%. The ideal ETL thickness for
WS2, IGZO, PCBM, and SnS2 ETLs was established at 50 nm.
RSC Adv., 2025, 15, 43702–43726 | 43711
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Fig. 7 Examining the impact of Nt and Sr3BiI3 thickness on VOC in various ETL configurations: (a) WS2, (b) IGZO, (c) PCBM, and (d) SnS2.
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Fig. 12(b) illustrates the variation in PV properties as
a function of ND for all ETLs. For IGZO, VOC remained relatively
stable at ND levels below 1017 cm−3 but declined marginally to
0.7949 V and subsequently climbed to 0.8713 V when ND went
up to 1020 cm−3 from 1018 cm−3. Both JSC and FF had marginal
increases, ascending from 40.1775 to 40.19811 mA cm−2 and
from 86.141 to 86.3305%, respectively, before settling at 1018

cm−3 for JSC and 1019 cm−3 for FF. For WS2 and PCBM, VOC
diminished from 0.87416 to 0.87170 V and from 0.9499 to
0.8733 V, respectively, whereas JSC augmented from 39.0637 to
40.1928 mA cm−2 and from 13.6356 to 40.1535 mA cm−2. FF
progressively rose from 29.2191 to 86.330% and from 19.3737 to
86.3208%, whereas PCE enhanced from 9.9778 to 30.2467% and
from 2.5095 to 30.2695% as ND uctuates between 1012 to 1020

cm−3. For SnS2, performance metrics remained steady until the
ND increased from 1010 to 1017 cm−3, following which a little
decline was succeeded by a marginal increase. The Device-IV
utilizing SnS2 as ETL exhibited optimal performance at ND =

1019 cm−3.
The value of Nt leads to the entrapment of photogenerated

carriers, initiating Shockley–Read–Hall (SRH) recombination.55

An augmentation in carrier concentration diminishes the
average free path, consequently enhancing recombination
43712 | RSC Adv., 2025, 15, 43702–43726
rates. The efficiency of the SCs is markedly diminished by SRH
recombination linked to elevated bulk defects. The PV charac-
teristics were predominantly stable up to a Nt of 1018 cm−3,
except for the PCBM ETL, where minor alterations were noted.
To enhance device performance in actual production environ-
ments, it is crucial to keep Nt # 1015 cm−3, as illustrated in
Fig. 12(c). Thus, the ideal Nt has been determined to be 1015

cm−3, enabling effective material to use and photon trans-
mission in the ETL layer.

3.3.2. Enhancing PV performance by optimizing the Nt at
the absorber/ETL interface. The performance of APSCs is
signicantly inuenced by recombination losses at the inter-
faces between the Sr3BiI3 absorber and the ETL. The losses are
chiey attributable to aws that entrap charge carriers, thereby
diminishing their mobility and heightening the probability of
recombination.56 The impact of interface Nt at the Sr3BiI3/ETL
interface was assessed by varying Nt from 1010 cm−2 to 1017

cm−2, as illustrated in Fig. 13. It is evident from the Fig. that
when Nt grows, the performance metrics of the PSC deteriorate
due to an elevated recombination rate, leading to a decline in
PCE.

The PSC exhibited optimal performance at a Nt value of 10
14

cm−2, designated as the reference value for further assessment
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Examining the impact of Nt and Sr3BiI3 thickness on JSC in various ETL configurations: (a) WS2, (b) IGZO, (c) PCBM, and (d) SnS2.
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in later stages. The selection of the Nt range was determined
considering VOC, since it exhibits greater sensitivity to Nt than
JSC.57 Eqn (2) can be utilized to establish the VOC limit resulting
from interface recombination:

VOC ¼ 1

q

�
4c � bKT ln

�
qNVRv

JSC

��
(2)

where Rv denotes the interface recombination velocity, the
ideality factor and effective barrier height are indicated by b and
4c.

3.3.3. Examining the impact of resistance and temperature
on SC performance. Series resistance (RS) and shunt resistance
(RSh) are essential in inuencing the performance of APSCs.
Fig. 14(a) demonstrates that RS originates from contacts,
transport layers, and interfaces, with the examined values
ranging from 0 to 7 U cm2. It does not inuence VOC and has
a negligible effect on JSC, which is mostly determined by light
absorption and the inherent quality of the material. Nonethe-
less, RS markedly diminishes both FF and PCE, with linear
reductions of around 30% and 10%, respectively. The FF decline
© 2025 The Author(s). Published by the Royal Society of Chemistry
is associated with solder bond degradation, whereas the PCE
loss stems from power dissipation and diminished current ow.
Therefore, reducing RS is crucial for optimal performance.
Conversely, Fig. 14(b) demonstrates that RSh arises from leakage
channels, including pinholes and recombination losses. The
change from 10 to 107 U cm2 signicantly impacts device
performance. As RSh increases, VOC escalates from 0.4 V to
0.86 V, although JSC remains relatively constant. Increased RSh

diminishes leakage and recombination, enhancing voltage
stability and efficiency. At elevated RSh (>104 U cm2), both JSC
and VOC reach saturation, constrained by intrinsic material
limitations that inhibit additional improvements. Signicantly,
FF enhances markedly from 25% to 86%, and PCE increases by
approximately 25%, underscoring the crucial function of RSh in
mitigating power losses. Enhancing RSh facilitates improved
current conduction, increased peak power output, and perfor-
mance that approaches theoretical maxima. Minimizing RS and
increasing RSH are essential for attaining high-efficiency
APSCs. Temperature signicantly inuences APSCs, as these
devices are generally utilized outside and are consistently
RSC Adv., 2025, 15, 43702–43726 | 43713
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Fig. 9 Examining the impact of Nt and Sr3BiI3 thickness on FF in various ETL configurations: (a) WS2, (b) IGZO, (c) PCBM, and (d) SnS2.
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subjected to AM1.5G sunshine. Consequently, their tempera-
ture can rapidly exceed ambient temperature. Recent studies in
optoelectronics utilizing anti-perovskites have shown
enhancements in device stability and performance under
elevated temperatures.58 Fig. 14(c) shows the temperature varied
from 300 K to 475 K to evaluate its effect on the output
parameters of APSCs.

The VOC decreases as the temperature rises because higher
temperatures cause the reverse saturation current (J0) to
increase, which exhibits an inverse correlation with VOC. Eqn (3)
exemplies this relationship:59

VOC ¼ AKT

qv

�
ln

�
1þ JSC

JO

��
(3)

where the ideality factor is indicated as A, and
KT
qv

indicates the

thermal voltage. As temperature escalates, fault concentrations
inside the material concurrently grow, hence exacerbating the
decline in VOC. Moreover, both FF and PCE diminish at elevated
temperatures, presumably due to a decline in RSH. It clearly
demonstrates that the optimal PCE is achieved at 300 K,
43714 | RSC Adv., 2025, 15, 43702–43726
equivalent to room temperature. This discovery corroborates
earlier research, suggesting that ambient temperature is
optimal for PSC efficacy.

3.3.4. J–V and QE analysis of SC performance under
various conditions. The J–V and QE attributes offer critical
insights into the PV performance of the Al/FTO/ETL/Sr3BiI3/
CBTS/Ni combination, wherein WS2, IGZO, PCBM, and SnS2
serve as ETLs. Fig. 15(a) demonstrates how the choice of ETL
affects the device's overall efficiency. Among the evaluated
ETLs, SnS2 exhibited signicantly higher current density values.
The current density for WS2 was around 40.1964 mA cm−2, for
PCBM it was 40.1936 mA cm−2, and the peak current density of
40.203 mA cm−2 was attained with SnS2. This indicates that
SnS2 improves the efficiency of charge carrier transport from the
absorber layer to the electrodes, a vital element in maximizing
the overall performance of APSCs. The photocurrent produced
by the device is frequently evaluated by both internal and
exterior QE.60 Internal QE denotes the ratio of EHPs generated
to the amounts of photons absorbed in the device's operational
layer, serving as a direct indicator of photocurrent generation.61
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Examining the impact of Nt and Sr3BiI3 thickness on PCE in various ETL configurations: (a) WS2, (b) IGZO, (c) PCBM, and (d) SnS2.
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Fig. 15(b) displays the QE curves for all four structures,
demonstrating the correlation between QE and wavelength. The
QE covers a wavelength somewhere between 300 to 1200 nm,
beginning at around 100% and gradually diminishing to 0% as
the wavelength approaches 1070 nm. The noted decline in QE
aligns with the J–V characteristic ndings, further corroborating
the impact of ETL selection on the PV efficacy of the devices.

3.3.5. Nyquist plot. Impedance spectroscopy (IS) was con-
ducted to examine the interfacial charge dynamics and recom-
bination characteristics of APSCs utilizing different ETLs.
Fig. 16 illustrates the Nyquist plots that depict the frequency-
dependent impedance response of the devices, recorded
across a frequency spectrum from 1 Hz to 1 MHz. Each semi-
circular arc denotes the charge recombination properties, with
the diameter of the semicircle reecting the recombination
resistance (Rrec) of the system. The WS2-based device demon-
strated a signicantly bigger semicircle, signifying elevated Rrec
© 2025 The Author(s). Published by the Royal Society of Chemistry
and decreased recombination rates relative to alternative ETLs.
This enhancement is ascribed to the optimized defect density in
the anti-perovskite absorber layer, attained by regulated halide
composition and improved crystallization. The mitigation of
deep-level trap states and better lm uniformity reduces non-
radiative recombination, facilitating extended carrier lifetimes
and enhanced charge transfer efficiency at the ETL/anti-
perovskite interface. Comparable enhancements in recombi-
nation behavior by defect reduction have been documented by
Jeon et al.,62 substantiating the efficacy of compositional and
structural optimization for the improvement of charge trans-
port. The increased Rrec in the optimized anti-perovskite struc-
ture signies effective defect passivation, diminishing
electronic disorder and stabilizing the Fermi level within the
absorber.

This passivation improves the intrinsic electric eld, effec-
tively reducing interfacial recombination losses. Conversely, the
RSC Adv., 2025, 15, 43702–43726 | 43715
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Fig. 11 Analyzing the influence of NA in Sr3BiI3 absorber layer on PV
device efficacy.

Fig. 13 Fluctuation in Sr3BiI3/ETL interface Nt and its effect on SC
efficiency.
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PCBM-based ETL device exhibited a reduced semicircle, indi-
cating diminished recombination resistance and expedited
charge extraction. This phenomenon is ascribed to its advan-
tageous interfacial energy alignment and diminished charge
buildup. According to Jiang et al.,63 systems characterized by
reduced trap densities and enhanced interface quality consis-
tently demonstrate elevated Rrec and clearer Nyquist character-
istics, establishing a direct correlation between microstructural
optimization and macroscopic performance. At elevated
frequencies, capacitance effects indicate charge accumulation
at interfacial layers, but at reduced frequencies, the impedance
Fig. 12 Thorough examination of (a) thickness, (b) ND, and (c) Nt in SCs

43716 | RSC Adv., 2025, 15, 43702–43726
response is affected by ionic migration and hysteresis related to
halide ion mobility. Comparable low-frequency inductive char-
acteristics were also observed in previous research.64,65 The IS
analysis veries that decreasing defect density and rening
interface engineering signicantly improve recombination
resistance, mitigate non-radiative losses, and promote efficient
charge transfer. These ndings corroborate the material opti-
mization technique and closely correspond with existing liter-
ature, highlighting the essential function of defect passivation
in enhancing the performance of APSCs.
with multiple ETLs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Impact of (a) series, (b) shunt resistance, and (c) temperature on performance metrics.

Fig. 15 Comparable (a) J–V and (b) QE characteristics of all device setups.
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3.3.6. Assessment and verication of SCAPS-1D outcomes
in light to prior research. This section provides a comparison of
optimum SC architectures. The optimum conguration identi-
ed through a series of trials was FTO/SnS2/Sr3BiI3/CBTS, with
the maximum efficiency of 30.31%. Table 6 presents a compar-
ison of diverse anti-perovskite-based devices published from
2021 to 2025. It indicates that despite the proposal and exami-
nation of many device topologies utilizing different ETL and
HTL materials, the PCE has always remained below 30% owing
to poor JSC values. The diminished JSC values are chiey ascribed
to the extensive bandgap, which constrains the cutoff wave-
length and diminishes spectrum usage.66 The incorporation of
SnS2 markedly enhanced spectrum utilization, resulting in a JSC
of 40.203 mA cm−2 and a matching PCE of 30.31%, as illus-
trated in Table 4. This indicates that the integration of SnS2 as
ETL, CBTS as HTL, and Sr3BiI3 as photoactive layer produces
optimal performance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
This optimized conguration surpasses alternative SC
architectures in efficiency. The light-absorbing layer is essential
in inuencing the overall efficiency of the SC. This study
emphasizes that, through systematic experimentation in
choosing the suitable ETL, HTL, and their optoelectronic
characteristics, the SC architecture is rendered more effective
and efficient than other APSCs, despite concurrent investiga-
tions by other researchers into the Sr3BiI3 light-absorbing layer.
4. Machine learning (ML) integration

Machine learning (ML) serves as an effective instrument in the
optimization of material properties and device performance
within the domain of APSCs. The capacity to analyze extensive
and intricate datasets facilitates the identication of critical
factors inuencing solar cell efficiency, yielding signicant
insights for device optimization without necessitating
RSC Adv., 2025, 15, 43702–43726 | 43717

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07289a


Fig. 16 Impedance characteristics of Sr3BiI3-based APSCs utilizing
diverse ETL materials: a Nyquist plot examination.
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exhaustive experimental trials. This study utilized the Random
Forest (RF) algorithm, a powerful machine learning method
adept at managing high-dimensional datasets and effectively
addressing non-linear relationships among input variables.75,76

Random Forest is advantageous in this context due to its resil-
ience to overtting, capacity to model complex interactions, and
ability to manage large datasets with multiple features, making
it an ideal choice for predicting the performance of APSCs.
Alternative machine learning algorithms, including linear
regression and support vector regression, were evaluated but
deemed to add unnecessary complexity, potentially resulting in
overtting and diminished model performance.77 Linear
regression may inadequately represent complex non-linear
relationships among features, whereas support vector regres-
sion, in high-dimensional contexts, frequently experiences
overtting, which diminishes the model's predictive accuracy.
This corresponds with the principle of “Kolmogorov
Complexity,” indicating that an increase in data complexity
Table 6 Comparative analysis of PV parameters of PSC with previous w

Types Device architecture JSC (mA cm−

E TiO2/CsPbBr3/Spiro-OMETAD 6.820
E ITO/CdS/Sb2Se3/Au 25.50
E CsPbI3/FAPbI3 17.26
T Al/FTO/SnS2/Ba3NCl3/Au 38.26
T Ag/FTO/CdS/(Ca3AsI3/Ca3PI3)/V2O5/Ni 25.61
T FTO/SnS2/Ca3NCl3/MoO3 22.89
T FTO/SnS2/Ba3SbI3 27.51
T ITO/SnS2/Ba3PF3 26.74
T Al/FTO/WS2/Sr3PCl3/Au 20.02
T ITO/LBSO/Cs2TiBr6/CNTS/Au 26.63
T FTO/n-TiO2/p-CsSnI3/p-P3HT 34.70
T FTO/ZnO/Sr3NCl3/MASnBr3 19.777
T Al/FTO/SnS2/Sr3BiI3/CBTS/Ni 0.8733
T Al/FTO/WS2/Sr3BiI3/CBTS 0.8711
T Al/FTO/IGZO/Sr3BiI3/CBTS 0.8685
T Al/FTO/PCBM/Sr3BiI3/CBTS 0.8738

43718 | RSC Adv., 2025, 15, 43702–43726
does not guarantee enhanced model accuracy unless the
model's complexity is suitably modied.78 Prior research indi-
cates that dataset simplication or complexity reduction can
improve model accuracy and generalizability, which justies
the selection of Random Forest for its balanced complexity-
performance approach.79,80 This study utilized a dataset gener-
ated by the SCAPS-1D simulator, comprising ten input features
and four target variables. A total of 13 986 samples were utilized
for the training and testing of the machine learning model. The
extensive and varied dataset facilitated the model's ability to
encompass a broad spectrum of data variations, thereby
enabling the identication of signicant relationships between
material properties and device performance.

Fig. 17 presents the Pearson correlation coefficient map,
which depicts the relationships among the ten input variables
and the four target variables: VOC, JSC, FF, and PCE. This map
illustrates the strength of correlations, offering insight into the
impact of each feature on solar cell performance.

A signicant positive correlation exists between VOC and the
absorber's bandgap (r= 0.69), whereas negative correlations are
noted with interface defect (r=−0.23) and bulk defect density (r
= −0.14), highlighting the critical role of band structure and
energy-level alignment. The parameters of thickness, dielectric
permittivity, electron mobility, hole mobility, and temperature
exhibit weak or negligible correlations, indicating their indirect
or coupled effects on performance. JSC demonstrates a signi-
cant negative correlation with band gap (r = −0.97), high-
lighting the trade-off between photon absorption and short-
circuit current. FF exhibits a positive correlation with band
gap (r = 0.44) and electron affinity (r = 0.30), indicating the
inuence of energy-level alignment and diminished recombi-
nation. PCE exhibits negative correlations with defect density (r
= −0.22) and interface defects (r = −0.28), highlighting the
adverse impact of recombination on efficiency. This under-
scores the importance of optimizing defects, band gap, and
energy-level alignment to improve PSC performance.

A Random Forest with 100 decision trees was utilized to
capture intricate non-linear interactions and mitigate
ork (E = experimental, T = theoretical)

2) VOC (V) FF (%) PCE (%) Ref.

1.307 68 6.08 67
0.43 59.30 6.50 68
1.22 74 15.60 69
0.94 79.91 28.81 20
1.33 85.33 29.16 46
1.36 90.36 28.13 47
0.91 85.16 21.29 70
0.97 89.25 23.15 71
1.063 83.03 17.70 72
1.123 82.94 24.82 73
0.972 78.21 26.40 74
1.56 88.84 27.34 48
40.203 86.32 30.31 This work
40.1964 86.24 30.20 This work
40.1992 86.26 30.12 This work
40.1936 83.08 29.18 This work

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07289a


Fig. 17 Pearson correlation coefficient map.
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overtting.81 Post-training, the predictions of PV parameters
compared with actual data, and scatter plots, as depicted in
Fig. 18, demonstrated a robust correlation between predicted
and actual values, hence affirming the model's reliability.

The model's predictive capabilities were assessed using
multiple evaluation measures, including MAE, MSE, RMSE, and
MAPE, as illustrated in Fig. 19. RMSE quanties the difference
between expected and actual values, whereas MSE calculates the
mean of the squared differences, attributing greater signi-
cance to larger errors and rendering it sensitive to outliers.82,83

Conversely, MAE calculates the average absolute deviation
without squaring the errors, resulting in reduced sensitivity to
outliers. Additionally, the R2 is a signicant metric that quan-
ties the proportion of variance in the dependent variable
handled by the independent variables.84 Increased R2 values
indicate enhanced model t.

The estimated R2 values for each target variable were VOC =

0.986, JSC = 0.978, FF = 0.973, and PCE = 0.989. The results
demonstrate a robust correlation between projected and actual
outputs, affirming the model's efficacy in capturing perfor-
mance trends.
4.1. Feature signicant analysis

4.1.1. Relative importance of each feature. The feature
importance analysis, performed with Scikit-learn, elucidates the
relative signicance of several parameters in ascertaining the
© 2025 The Author(s). Published by the Royal Society of Chemistry
PCE of Sr3BiI3-based APSCs. Fig. 20(a) and (b) illustrates that the
three most signicant properties are thickness, defect density,
and band gap, which collectively have a considerable effect on
solar cell performance. Defect density is the paramount factor,
since elevated defect densities result in greater recombination
losses, hence substantially diminishing efficiency. This corre-
sponds with the recognized notion that imperfections in anti-
perovskite materials function as recombination hotspots,
obstructing charge carrier passage and collection. The band gap
is a crucial parameter, since it determines the material's
absorption spectrum and its compatibility with the energy levels
of ETLs and HTLs. A band gap that strays from the ideal range
leads to diminished light absorption and ineffective charge
separation, ultimately constraining device performance. The
thickness of the absorber layer is equally signicant, affecting
the balance between light absorption and recombination. An
excessively thin layer may fail to absorb adequate light, whereas
an excessively thick layer heightens recombination losses,
hence diminishing efficiency.72

Conversely, hole mobility demonstrated less inuence on
the model's predictions, ranking as the least signicant of the
assessed features. The ndings underscore the pivotal inuence
of material characteristics, including defect density, thickness,
and band gap, on the optimization of efficient APSCs. The
results emphasize the necessity of concentrating on these
factors during the optimization process, since they are
RSC Adv., 2025, 15, 43702–43726 | 43719
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Fig. 18 Al/FTO/SnS2/Sr3BiI3/CBTS/Ni cell performance evaluation: a ML comparison of predicted and actual results for (a) VOC, (b) JSC, (c) FF, and
(d) PCE.

Fig. 19 Comparative assessment of error metrics for key PV
parameters.
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universally acknowledged as vital to device performance in anti-
perovskite materials research. This examination of feature
signicance is essential for improving predictive models, facil-
itating a more focused strategy for material and device opti-
mization, so augmenting both the precision and
comprehensibility of machine learning-based solar cell design.
43720 | RSC Adv., 2025, 15, 43702–43726
4.1.2. Shapley additive explanations (SHAP) analysis. This
research evaluates the inuence of individual features on the
model's output through the SHAP plot, as demonstrated in
Fig. 21. It offers a clear visualization of the physical parameters
that signicantly inuence the target variable, serving as
a valuable tool for model interpretation.85,86 The X-axis illus-
trates SHAP values, which quantify the inuence of each feature
on the prediction, where positive values denote an enhance-
ment and negative values signify a decrease. The Y-axis orga-
nizes input features according to their relative signicance,
offering a clear representation of their contributions. The defect
density is themost critical factor, exerting a substantial negative
impact on the model, indicating that increased defect density
diminishes predicted performance.

Interface defects and band gap signicantly inuence the
model, with increased values of these parameters resulting in
reduced performance. This underscores the necessity of mini-
mizing defects and optimizing the band gap. Conversely, attri-
butes including thickness, electron mobility, dielectric
permittivity, and hole mobility exhibit negligible inuence on
themodel's output, as indicated by their SHAP values, which are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 (a) Bar and (b) radar chart representations of ML algorithm elucidate the relative significance of parameters influencing the efficiency of
the Al/FTO/SnS2/Sr3BiI3/CBTS/Ni device.
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concentrated near zero. This indicates that although these
parameters contribute to overall performance, their impact is
less signicant than that of defect-related features. SHAP
analysis offers critical insights into the primary factors inu-
encing photovoltaic performance, enabling researchers to
prioritize material optimizations in the design and fabrication
of more efficient solar cells. Minimizing defect density and
optimizing the band gap can lead to substantial enhancements
in performance and cost efficiency.
4.2. Model evaluation using ROC curve and confusion
matrix

The Random Forest classication model was utilized to validate
the SCAPS-1D simulation results and to offer new insights into
Fig. 21 Material property importance in model performance is derived f

© 2025 The Author(s). Published by the Royal Society of Chemistry
the factors inuencing the PV behavior of Sr3BiI3-based APSCs.
The model's performance was assessed through the Receiver
Operating Characteristic (ROC) curve and the confusion matrix,
as shown in Fig. 22(a) and (b). The ROC curve demonstrated an
area under the curve (AUC) value of 0.99215, indicating the
model's outstanding capacity to differentiate between high- and
low-efficiency solar cell categories. The pronounced curvature in
the top-le corner signies elevated sensitivity and specicity,
accompanied by a minimal incidence of false classications.

The confusion matrix (Fig. 22(b)) illustrates the model's
precision, accurately identifying 132 true negatives (low-
efficiency) and 66 true positives (high-efficiency), with no false
positives and only two false negatives. The notable classication
stability highlights the model's reliability and robustness in
rom SHAP values.

RSC Adv., 2025, 15, 43702–43726 | 43721
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Fig. 22 Performance evaluation of the RF Model through (a) ROC curve and (b) confusion matrix.
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forecasting solar cell performance. The RF model provides
insights that are not immediately apparent, extending beyond
the results obtained from SCAPS-1D, in addition to its classi-
cation accuracy. The internal feature evaluation process of the
model identied defect density, absorber thickness, and ETL
doping concentration as the key parameters affecting device
efficiency. The RF model demonstrated non-linear and syner-
gistic interactions among these parameters. Specically,
elevated ETL doping levels improve carrier extraction efficiency
only when the HTL layer is adequately thin, whereas excessive
absorber thickness reduces performance due to heightened
recombination losses. The model also suggested a defect
density threshold, below which additional reductions yield
negligible performance improvements, indicating an inherent
limitation of the material. The ndings enhance the interpre-
tive understanding of how structural and electronic parameters
collectively inuence device behavior, rather than simply con-
rming simulation results. The Random Forest model exhibits
high predictive accuracy (AUC = 0.99215) and provides new
insights into the interdependent relationships among material,
structural, and electronic parameters inuencing the photo-
voltaic efficiency of Sr3BiI3-based APSCs. This approach rede-
nes machine learning from a verication tool to a predictive-
diagnostic framework, informing future optimization strate-
gies for high-performance, lead-free APSCs.
5. Conclusion

This research examines the optoelectronic properties and PV
efficacy of Sr3BiI3-based APSCs utilizing DFT and SCAPS-1D
simulation outcomes. The maximum PCE of 30.31% was
attained using the Al/FTO/SnS2/Sr3BiI3/CBTS/Ni conguration
among four solar cell congurations. An in-depth examination
43722 | RSC Adv., 2025, 15, 43702–43726
of the features of the absorber and ETL indicated that the SnS2-
based ETL design displayed superior J–V characteristics,
although both SnS2 and IGZO ETLs showed enhanced quantum
efficiency relative to other ETL congurations. The research
examined the impact of total Nt at the ETL/absorber interface,
revealing that the SnS2-based ETL structure exhibited enhanced
performance, whilst the PCBM-based ETL demonstrated the
lowest PCE. The examination of the Nyquist plot yielded
signicant insights into the impedance and charge transfer
characteristics of diverse ETL-based devices. The bigger semi-
circles in the WS2 ETL design demonstrated elevated imped-
ance and impeded charge transport, while the smaller
semicircles in the PCBM ETL conguration exhibited dimin-
ished impedance and improved charge transport characteris-
tics. The amalgamation of Random Forest machine learning
and conventional simulation techniques enabled us to forecast
solar cell performance with exceptional precision. The model
predicted PCE with 98.9% accuracy, utilizing critical parameters
including absorber thickness, defect density, and ETL charac-
teristics. The ndings offer signicant insights into experi-
mental fabrication, namely in optimizing ETL selection, defect
density, and absorber layer properties to improve charge
transport and minimize recombination losses. The integration
of modeling and machine learning provides a robust founda-
tion for expediting the advancement of efficient, lead-free anti-
perovskite solar cells and enhancing their economic feasibility
in large-scale applications.
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