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The growing demand for renewable energy necessitates the development of sustainable, high-
performance, eco-conscious solar cells. This research proposes a novel lead-free dual-absorber
perovskite solar cell (DAPSC) utilizing CazSbls as the top absorber and BazSbls as the bottom absorber
layer. The device structure, Al/FTO/SnS,/CasSbls/BazSbls/CBTS/Au, was analyzed by employing SCAPS-
1D to evaluate photovoltaic performance under standard AM1.5G illumination. The dual-absorber
configuration exhibited a considerably improved power conversion efficiency (PCE) of 36.03%, short-
circuit current density (Jso) of 32.18 mA cm™2, open-circuit voltage (Vo) of 1.305 V, and fill factor (FF) of
85.84%, outperforming single-absorber perovskite solar cells. We further employed a Random Forest
Regression (RFR) model to forecast the proposed device performance. We found that the machine
learning (ML) model achieved excellent predictive performance with an average coefficient of
determination (R%) of 0.9635, mean absolute error (MAE) of 0.4506, and root mean square error (RMSE)
of 0.6253. Moreover, feature importance analysis validated by SHAP (Shapley Additive exPlanations)
summary plots and correlation matrices revealed that operating temperature and absorber layer
parameters (doping, thickness, and defect level) were the most critical factors influencing photovoltaic
performance, while electron and hole transport layer properties also played significant roles. These
outcomes reveal that the proposed lead-free DAPSC model presents enhanced performance, stability,
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1. Introduction

Since global energy demand has increased and non-renewable
resources have declined steeply, the search for alternative,
reliable renewable energy sources has intensified. Among
various renewable energy resources such as tidal, bio-based,
ocean, hydro, geothermal, and wind energy, solar energy is
evolving because of its reliability, durability, and minimal
environmental impact.** Although silicon-based solar cells
drive the photovoltaic market, their performance is approach-
ing theoretical limits, and their reliance on rigid, costly
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and environmental compatibility for photovoltaic applications.

fabrication techniques restricts flexible and emerging
applications.>” Despite notable progress in conventional solar
cell materials like Si, CdTe, CIGS, GaAs, Sb,Se;, CMTS, and
FeSi,, PSCs have quickly gained attention for their outstanding
photo-electronic performance, reaching single-junction effi-
ciencies surpassing 27% and challenging traditional silicon-
based technologies.*** Perovskite materials can harvest
a higher number of photons than conventional semiconductors
even when the absorber layer (AL) is thinner than 1000 nm.*>**
Among organic-inorganic perovskites, the most widely studied
compositions are represented by the general formula MABXj;,
which denotes materials with a distinctive crystal structure
where MA refers to the methylammonium cation (CH;NH;"), B
reflects a divalent metal cation like tin (Sn) or lead (Pb) and X
corresponds to a halide anion, commonly iodine (I), bromine
(Br) or chlorine (Cl).*>™*” Since 2009, inorganic perovskite solar
cells (IOPSC) have attracted major focus because of their
impressive electronic properties.***

PSCs have demonstrated notable efficiencies, including
26.7% for MAPDI; (ref. 20 and 21) and 17.42% for MAPbBr;,>
while lead-free alternatives such as MASnBr; and MASnI; have
been reported with power conversion efficiencies of 31.97% and
31.51% respectively.”*** Many PSCs still rely on lead, and the

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00497k&domain=pdf&date_stamp=2026-03-09
http://orcid.org/0000-0002-9916-793X
http://orcid.org/0000-0002-7739-2837
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00497k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016015

Open Access Article. Published on 10 March 2026. Downloaded on 4/25/2026 6:15:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

environmental and stability concerns associated with it have
encouraged research into safer lead-free PSCs (LFPSCs) that
combine strong light absorption, high defect tolerance, suitable
band gaps, robust mechanical stability, and favorable electron-
hole mobility, making them promising for photovoltaic
applications.”*?® Perovskites of the A;BX; family, A as larger
inorganic cation, B as smaller metal cation, and X as anion,
have shown great promise for solar energy harvesting, with re-
ported Pb-free PSC efficiencies of 28% (SrsSbl;),* 28.15%
(Sr3PI3),* 13.52% (CasAsBr;) and 22.47% (CazPlL3),* 31.7%
(Mg3AsBr;),*> 20.87% (Ca,Sbl;)** and 30.49% (Ba,Sbl;).*

The bandgap of a single absorber limits the range of sunlight
it can capture, allowing low-energy photons to pass through and
high-energy photons to lose excess energy as heat, which
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constrains efficiency below the Shockley-Queisser theoretical
maximum.*® To overcome this limitation, we investigated
a novel dual absorber perovskite solar cell (DAPSC) using
Ca;Sbl; as the top absorber and Ba;Sbl; as the bottom absorber,
offering a lead-free alternative with improved environmental
safety and enhanced stability. A detailed study integrating
simulation and machine learning (ML) for CazSbls/BasSbls-
based inorganic lead-free dual-absorber PSC has not yet been
reported, establishing this combined framework as a vital step
toward next-generation photovoltaic development.

In this study, we present a novel Ca;SblI;/Ba;Sbl;-based lead-
free DAPSC design, incorporating SCAPS-1D simulations in
combination with an RFR-based ML model. Single absorber
simulations indicate that each material can independently
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Fig. 1 LFPSC model with different AL (a) CazSbls, (b) BasSbls, (c) proposed CazSblz/BazSbls-based DAPSC model.
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Fig. 2 Simulation process flow employed in SCAPS-1D to extract
photovoltaic parameters.

deliver strong performance, while the optimized dual-absorber
structure confirms further gains in the key performance
metrics. SnS, was selected as the ETL due to its ease of
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fabrication, reduced hysteresis effects.***®* CBTS was employed
as the HTL for its efficient hole transport, effective charge
accumulation, and favorable band alignment that ensure stable
and efficient operation.*® The RFR-based ML model was applied
further to the SCAPS-1D simulated data of the proposed DAPSC
design to accurately estimate device performance and deter-
mine the relative significance of key input parameters. Addi-
tionally, Pearson correlation and SHAP values analysis reveal
clear linear dependencies between input variables and output
responses, highlighting the main factors governing device
performance. This combined approach of simulation and ML
establishes a novel framework for advancing lead-free DAPSCs,
offering an innovative route to expedite the growth of high-
performance and environmentally sustainable photovoltaic
applications.***!

2. Device structure and methodology

2.1 Inorganic LFPSC model featuring the A;BX; structure

In this work, we conducted SCAPS-1D simulations on a PSC that
is entirely inorganic and lead-free, structured according to the
A;BX; arrangement. Within this structure, the ‘A’ site is filled by
divalent alkaline earth metal (Ca®*, Ba®>"), the ‘B’ site hosts
a trivalent p-block element (Sb®*), and the ‘X’ site consists of
a halide anion (I7), offering a stable framework for excellent
photon absorption and carrier mobility in solar cell
applications.*** We explored three different LFPSC configura-
tions to evaluate and optimize device performance, as illus-
trated in Fig. 1a-c and 2. The first structure, as depicted in
Fig. 1a, Al/FTO/SnS,/Caz;Sbl;/CBTS/Au, used CazSbl; as the

Table 1 Input attributes of FTO, ETL, absorber, and HTL of the LFPSC model**5*>*

Parameters FTO SnS, Ba;Sbl, Ca;Sbl, CBTS
Thickness (nm) 50 50 1000 300 100

&r 10 10 6.02 5.8 5.4

Eg (eV) 3.6 2.24 1.384 1.598 1.9

x (eV) 4.5 4.24 4.25 4.153 3.6

N (em™?) 2.0 x 10"® 2.2 x 10"8 9.613 x 10"® 9.91 x 10'® 2.0 x 108
N, (em™3) 1.8 x 10" 1.8 x 10" 1.164 x 10" 1.74 x 10*° 1.8 x 10"
te (em?> Vs 20 30 50 50 30

pn (em®> v 's™ 100 45 50 50 10

Np (em™?) 1x 10" 1 x 10" 0 0 0

N (em™® 1 x 10" 1 x 10" 1 x 10" 1 x 10*? 1 x 10"
Ny (em™) 0 0 1 x 10" 1 x 10 1x 10"
Reference 53 and 54 53 and 54 54 33 53

Table 2 Input factors for the interface layers®®

Input parameters HTL/absorber Absorber/ETL
Type of defect Neutral Neutral
Cross-sectional area for electron/hole capture (cm?) 1x107" 1x107"
Distribution of energy Single Single

Device operating temperature (K) 300 300

E, (eV) 0.6 0.6

Defect level at interface (cm™?) 1 x 10" 1 x 10"
Reference 53 53
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Fig. 3 Energy band diagram of the simulated (a) CasSbls single-absorber, (b) BasSbls single-absorber and (c) dual-absorber CazSbls/BazSbls-

based PSC. Energy band schematics of (d) BasSbls, (e) CasSblsz, and (f) CaszSblz/BasSbls-based PSC.
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single absorber layer, with SnS, as ETL and CBTS HTL. Fig. 1b
shows the model Al/FTO/SnS,/Ba;Sbl;/CBTS/Au, which incor-
porates Ba;Sbl; as the absorber while keeping the same ETL
and HTL. The proposed novel dual-absorber PSC configuration
Al/FTO/SnS,/Ca;Sbl;/Ba;Sbl;/CBTS/Au, as shown in Fig. 1c,
combines Ca;Sbl; as the top absorber and BasSbl; as the
bottom absorber, enabling broader spectral absorption,
improved charge separation, and enhanced overall efficiency. In
our analysis, aluminum (Al) was used for the front electrode
(work function: 4.2 eV), FTO was incorporated for the trans-
parent window layer, and gold (Au, work function of 5.4 eV)
formed the back electrode.

2.2 Device structures using SCAPS-1D

In this research, SCAPS-1D, developed by Prof. Marc Burgelman,
was employed to simulate solar cell devices.*** We have

Fig. 4
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selected this simulation software because of its established
accuracy and widespread use in perovskite solar cell research,
with consistent results in earlier studies.*®*** We analyzed the
behavior of multilayer LFPSC in SCAPS-1D by solving relevant
semiconductor equations, including Poisson's equation, elec-
tron and hole continuity equations, and drift-diffusion trans-
port models.>® By solving equations to define the device
structure, SCAPS-1D computes key photovoltaic performance
parameters, including short-circuit current, open-circuit
voltage, fill factor, and overall conversion efficiency.>** In this
study, we examined three different device structures, as shown
in Fig. la-c, among which the dual-absorber configuration
demonstrated outstanding performance. Our proposed dual
absorber model consisted of a window layer (FTO), an ETL
(SnS,), two stacked absorbers (Ca;Sbl; as the wide energy gap
top layer and BasSbl; as the narrow energy gap bottom layer),
a hole transport layer (CBTS), and a back contact made of gold

7
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G27777777772772 27 7 A
I 7777 77 s A
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\

Impression of AL thickness on (a) PCE, (b) FF, (c) Vo and (d) Jsc of the DAPSC model.
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(Au). The simulations were executed using conventional
test parameters, such as AM1.5G solar spectrum exposure at
300 K temperature and an incoming light intensity of
1000 W m >,

The simulation of the PSC was executed in SCAPS-1D by first
constructing the layered structure: Al/FTO/ETL/LFPSC/HTL/Au.
For each layer, key physical properties, such as energy
bandgap, thickness, carrier concentration, defect levels, and
mobility, were assigned based on literature and preliminary
optimization as shown in Tables 1 and 2. The electrical contacts
were defined with appropriate work functions and batrrier types
to realistically model charge injection and collection. Interface
layers were carefully modeled to include defect states and
recombination processes and to capture losses that occur at
layer boundaries. To evaluate the impact of material and device
parameters, deliberate variations were implemented to the
factors such as dopant concentration, defect densities, struc-
tural thicknesses, resistance components, and device opera-
tional temperature. The key performance metrics PCE, Vo, Jsc,
FF, J-V characteristics, and quantum efficiency spectra were
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examined to assess device achievement and guide the optimi-
zation of the dual-absorber PSC configuration.

2.3 Machine learning for predicting DAPSC performance

In this research, an RFR model was employed to forecast PSCs'
performance for its capacity to process high-dimensional
datasets while minimizing overfitting and preserving inter-
pretability. The ML model was designed and evaluated on the
SCAPS-1D generated dataset, including critical performance
indicators such as PCE, V., Js, and FF, and implemented
through the scikit-learn library in Python.”® The RFR model was
assessed using the determination coefficient (R*), root mean
squared error (RMSE) and Mean Absolute Error (MAE),*® where
R? indicates proportion of variance in the data captured by the
model, RMSE measures the average size of forecast errors in the
same units as the target and MAE exhibits the mean absolute
difference between predicted and simulated values. Finally, the
influence of each parameter in the photovoltaic behavior of the
optimized DAPSC was examined using Pearson correlation and
Shapley Additive exPlanations values, enabling identification of
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the most impactful parameters. Hyperparameter optimization
was conducted to improve the model's predictive accuracy by
adjusting key parameters, including the number of trees,
minimum leaf size, tree depth, bootstrap sampling, feature sub-
sampling, and learning rate, ensuring accurate and reliable
performance.>”*®

3. Results and discussion
3.1 Energy band analysis of LFPSC model

Fig. 3 shows the energy levels, where E. = conduction band, E, =
valence band, F, = electron quasi-Fermi level, and F}, = hole
quasi-Fermi level. The energy distributions across the different
layers of the PSC configuration, as illustrated in Fig. 3a-f,
highlight that proper alignment facilitates effective charge
transfer and significantly influences the solar cell efficiency.***
Single-absorber PSCs are depicted in Fig. 3a, b and d, e, where
Ca;Sbl; and Ba;Sbl; are used as active light-harvesting layers.
The Ca;Sbl; with a wide bandgap of 1.598 eV effectively absorbs
high-energy photons, while electrons and holes are transported
via the SnS, (ETL) and CBTS (HTL), respectively. BazSbl; with

Fig. 6
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a narrower bandgap of 1.384 eV, captures lower-energy photons
such as red and near-infrared light. Beyond their complemen-
tary bandgaps, CazSbl; and BazSbl; were chosen due to their
common material family, similar electronic properties, and re-
ported stability. Their defect tolerance and well-aligned energy
levels facilitate efficient charge transfer and reduced recombi-
nation in a dual-absorber configuration. From SCAPS-1D
simulation analysis, the CazSbl; single-absorber LFPSC deliv-
ered a V.. = 1.37 V, PCE = 29.13%, J,. = 24.50 mA cm 2, and FF
= 87.01%, whereas the Ba,;Sbl; single-absorber LFPSC obtained
a V,. of 1.21 V, PCE of 33.31%, Js. = 32.17 mA cm 2, and FF =
85.81%. The proposed optimized lead-free dual-absorber PSC
configuration (CazSbl; as top AL, Ba;Sbl; as bottom AL), as
demonstrated in Fig. 3c and f, employs a graded bandgap
design that allows sequential absorption of high- and low-
energy photons.®® This staggered band alignment enhances
charge separation, reduces recombination, and improves
current collection. The proposed DAPSC design showed
improved results: V,. = 1.30 V, PCE = 36.03%, J;c = 32.18 mA
cm 2, and FF = 85.84%. These outcomes promise the benefits
of the dual-absorber strategy, showing broader spectrum

Impact of AL defect density on device metrics: PCE (a), FF (b), Vo (c) and Jsc (d) of the proposed DAPSC model.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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utilization, higher efficiency, and enhanced stability compared
with single-absorber configurations.®

3.2 Effect of AL thickness on the proposed DAPSC

As demonstrated in Fig. 4a-d, varying the AL thicknesses
(CasSbl; as AL-1 and Ba;Sbl; as AL-2) from 0.3 to 2 pm, the
device gained optimal performance at AL-1 = 0.30 pm
combined with AL-2 = 1.00 um. The changes shown in Fig. 4
support that AL thickness plays an important role in device
performance, stressing the necessity of AL selection in dual-
absorber PSC design. The resulting DAPSC structure exhibited
PCE = 36.03%, Jsc = 32.17 mA cm ™2, V,. = 1.304 V, and FF =
85.83%, retaining top AL doping density of 1 x 10'® em > and
bottom AL doping density of 1 x 10'® em™3. So, the perfor-
mance of dual-absorber PSC is highly influenced by AL thick-
ness. A thicker top absorber boosts light absorption by allowing
more high-energy photons to be captured and thereby
enhancing the J. Similarly, optimization of the bottom
absorber thickness ensures effective absorption of lower-energy
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photons transmitted through the top layer, improving the
overall PCE. However, an overly thick layer can contribute to
higher series resistance and reduced charge collection effi-
ciency, which may slightly suppress FF (%) and V. (V). So, an
optimal balance between the two absorber layers is essential to
balance light harvesting and charge transport, achieving
improved device efficiency.®® From this point onward, all
subsequent analyses of the proposed DAPSC structure were
carried out by implementing absorber thicknesses of 0.30 um
for Ca;Sbl; (top layer) and 1.00 pm for Ba;Sbl; (bottom layer).
These results highlight the key impact of careful adjustment of
AL thickness in achieving reliable, improved performance of
dual-absorber PSCs.**

3.3 Impact of AL doping density on the proposed DAPSC
model

The influence of AL doping was examined by varying Ca;SbI;
(top AL) and Ba,Sbl; (bottom AL) concentrations from 1 x 10"
to 1 x 10'® em™>. The outcomes presented in Fig. 5a-d shows
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that, at lower doping (1 x 10"%/1 x 10'® em?), the cell reached
a PCE = 35.37%, Joc = 32.17 mA cm ™2, V,. = 1.304 V and FF =
84.28%. Increasing top AL doping to 1 x 10'® cm™> when
bottom AL is set at 1 x 10*® em ™, we found slightly reduced J,.
(31.21 mA em™~?) but improved FF (85.87%), yielding a still-high
PCE of 34.98%. We noticed at high doping level (1 x 10"%/1 x
10'® em™3), V.. peaked to 1.307 V and FF to 87.49%, but J,.
dropped sharply to 28.78 mA cm™ >, reducing efficiency to
32.92%. When the bottom layer doping increased, performance
improved further. At 1 x 10"%/1 x 10'® em™?, the cell delivered
36.03% PCE, J,. = 32.17 mA cm 2, Vo, = 1.305 V and FF =
85.83%. The highest efficiency of 37.48% was recorded at 1 x
10%%/1 x 10'° em ™3, with Jo. = 32.17 mA cm ™2, V. = 1.310 V and
FF = 88.89%. However, heavy doping is less practical due to
increased recombination and instability. So, while very high
doping yields record efficiency, the optimum balance occurs at
CazSbl; (1 x 10" em ?)/BasSbl; (1 x 10" cm ), where the
device achieves PCE = 36.03%, Jsc = 32.17 mA cm 2, V. =
1.305 V, and FF = 85.83%, ensuring both high efficiency and
stability.
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3.4 AL defect density impact

The role of absorber layer defect level in device properties was
explored by varying defect concentrations in both the Ba;Sbl;
absorber as well as the CasSbl; absorber, as presented in
Fig. 6a-d. The device metrics stayed largely unchanged for
defect levels between 1 x 10" ecm™ and 1 x 10™ em™3, with
stable outputs of approximately V,. = 1.31 V, J,c = 31.2 mA
cm™2, FF = 85-86%, and PCE = 35%. However, when the
Ba;Sbl; bottom layer defect density increased to 1 x 10'® cm ™,
performance deteriorated sharply, with PCE reduced to around
28% and corresponding decreases in V,. and Jg. This loss is
linked to enhanced carrier recombination and reduced lifetime.
In contrast, higher defect densities in the top layer produced
minimal influence, validating that device efficiency is predom-
inantly governed by defect states in the bottom AL.

3.5 Effect of SnS, as ETL

The influence of SnS, (ETL) thickness and donor density on
device outputs was evaluated as outlined in Fig. 7a-d and 8. The

Effect of ETL thickness and defect density on (a) PCE, (b) FF, (c) Vi and (d) Jsc of the proposed DAPSC model.
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results depict that ETL thickness is the dominant factor, while
donor density has only a marginal effect. For thin ETL (0.03-
0.10 um), the device maintained a high efficiency (36.03%) with
stable values of V. (1.30 V), Js (32.18 mA cm 2), and FF
(85.84%). Increasing the thickness to 0.50 pm led to a slight
drop in efficiency caused mainly by reduced Jg, while V.
remained unchanged. By altering the donor level from 1 x 10"°
em > to 1 x 10" em ™, we observed negligible changes in all
photovoltaic parameters. The V,. remained constant, and only
small fluctuations in Ji. and FF were noted.

Furthermore, the performance of the device was investigated
by changing the SnS, (ETL) thickness along with its defect level.
We found that defect density has little effect on thin ETL but
strongly impacts thicker layers. For very thin ETLs (0.03-0.05
um), PCE (~36%), Jsc (~32.18 mA cm™2), V,. (1.30 V), and FF
(~85.8%) remain stable across defect densities up to 1 x 10'°
cm?, indicating good tolerance to imperfections. At 0.10 pm
thickness, a slight efficiency drop appears with higher defects,
while at 0.50-1.00 pm the effect is severe. These findings indi-
cate that ETL thickness primarily controls charge transport and
device performance, whereas donor density has a minimal
impact. Therefore, we observed in this study that the device
achieved optimized performance at ETL thickness of 0.05 um,
doping level of 1 x 10" ecm ™, and defect level of 1 x 10"* cm ™2,
reaching a PCE of 36.03% with V,. = 1.30 V, J,. = 32.18 mA
cm 2, and FF = 85.84%.
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Fig. 9 HTL doping effect on the proposed lead-free DAPSC model.
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3.6 Influence of CBTS as HTL

In our analysis, we carefully investigated how HTL acceptor
concentration influences the introduced lead-free dual-
absorber PSC model performance. We noticed in Fig. 9 that
PCE was affected by acceptor levels, increasing from approxi-
mately 35.7% at 1 x 10" to 1 x 10'® cm ™ t0 36.81% at 1 x 10"°
em ™’ and a rise in FF ranging from 85.1% to 87.50%. We also
observed that the highest performance was consistently ob-
tained at a dopant density of 1 x 10" em™*, demonstrating the
dominance of acceptor density in enhancing device
performance.

The impression of CBTS defect levels on device results was
explored for HTL thicknesses from 0.03 to 1.00 pm. From
Fig. 10a—d, across all thicknesses and defect densities (1 x 10"
to 1 x 10'® cm™?), the PCE remained constant at 36.03%, Js. =
32.18 mA cm 2, V,. = 1.30 V, and FF = 85.83-85.84%. The
analysis indicates that device performance is largely unaffected
by CBTS defect density within this range, reflecting device
stability and resistance to moderate defect densities.

3.7 Interface layer defect density analysis

Fig. 11 shows the consequences of interface defects in deter-
mining the performance of three heterojunction configura-
tions: CBTS/Ba;Sbl;, Ba;SbI;/Ca;Sbl; and CazSbI;/SnS,. At
a lower defect density of 1 x 10" em ™, our proposed lead-free
DAPSC model exhibits high performance with a PCE of 36.03%,
Voo 0f 1.30 V, Js. of 32.18 mA cm 2, and FF of 85.84%, indicating
minimal influence of defects at this level. Performance declines
as defect density rises, and CBTS/Ba;SbI; shows the steepest
drop to 16.25% PCE at 1 x 10'® em™?, while Ba;Sbl;/Ca;Sbl;
reduces to 14.63%. We observed that Ba;SbI;/SnS,, however,
maintains a higher PCE of 23.71% and Js. above 31 mA cm™2 at
the same defect density, demonstrating its superior tolerance to
interfacial defects. These trends show that interface quality
strongly affects carrier extraction, and choosing defect-resilient
interfaces is crucial for stable device operation.®

3.8 Temperature response

The temperature-dependent performance of three PSC config-
urations, single-absorber Al/FTO/SnS,/Ba;Sbl;/CBTS/Au, single-
absorber Al/FTO/SnS,/Ca3Sb1;/CBTS/Au, and the proposed lead-
free dual-absorber PSC model Al/FTO/SnS,/Caz;Sbl;/BazSbls/
CBTS/Au—was explored through 300-500 K as illustrated in
Fig. 12. The proposed dual-absorber PSC presents higher initial
performance, achieving a PCE = 36.03% at 300 K, with j;. =
32.18 mA cm 2, Voo = 1.30 V, and FF = 85.84%. As the
temperature rises to 500 K, PCE gradually decreases to 30.09%,
FF to 82.30%, and V. to 1.14 V, while ;. remains steady. In
comparison, the single-absorber Ca;Sbl; device shows a lower
initial PCE (29.13%) and declines more steeply to 22.54% at 500
K, whereas the Ba;Sbl; single-absorber PSC starts at 33.31% and
reduces to 24.71%. The proposed all-inorganic PSC (Al/FTO/
SnS,/Ca;Sbl;/Ba;Sbl;/CBTS/Au) integrates stable ETL and HTL
that further mitigate typical degradation mechanisms. The
temperature-dependent  simulations manifest electrical
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Fig. 10

performance trends and do not directly capture chemical or
structural degradation such as phase transitions, ion migration,
or decomposition. Although experimental validation is
required, the presented dual-absorber configuration is antici-
pated to ensure superior thermal, moisture, oxygen, and illu-
mination stability compared to conventional LFPSCs. These
results imply that the proposed configuration effectively
combines the complementary advantages of CazSbI; and
Ba;Sbl; absorbers, providing both higher efficiency and
enhanced thermal stability. The performance trends emphasize
its promise as a robust, improved-efficiency, lead-free PSC
design suitable for practical applications under varying envi-
ronmental and temperature conditions.

3.9 Series & shunt resistance analysis

We analyzed the impact of series resistance (R;) on three lead-
free PSC architectures as shown in Fig. 13a: Al/FTO/SnS,/
CazSbI;/CBTS/Au, Al/FTO/SnS,/BazSbl;/CBTS/Au, and dual-
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Effect of (CBTS) HTL thickness as well as defect on (a) PCE, (b) FF, (c) Ve and (d) Js. of the proposed lead-free DAPSC model.

absorber Al/FTO/SnS,/Ca;Sbl;/BasSbl;/CBTS/Au. Increasing Ry
up to 10 Q@ cm? led to reduced PCE and FF, when V,,, along with
Jse, Temained almost steady, confirming that resistive losses
mainly degrade the fill factor. Among the devices, the dual-
absorber cell retained the highest efficiency, falling from
36.03% to 26.46%, whereas Ca;Sbl; and BazSbI; dropped to
23.52% and 23.74%, respectively. These results show that the
dual-absorber structure offers better tolerance to resistive
losses.

We also investigated how Ry, affects leakage and recombi-
nation, as shown in Fig. 13b. Low Ry, caused severe efficiency
loss, with Ca;SbI; collapsing to PCE = 1.38% at 10 Q cm?.
Performance improved as R, increased, stabilizing near PCE =
29% above 10° Q cm?. Ba;Sbl; showed a similar trend, reaching
PCE = 33.31% when Ry, = 10* Q cm?. The dual-absorber device
proved most resilient, sustaining PCE = 23.2% at Ry, = 100 Q
ecm” and recovering to PCE = 36.03% at higher Ry, values.
Beyond 1 x 10°> Q cm?, it stabilized with V,. = 1.305 V, J,. =

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Device stability analysis under different interface defect
densities of the proposed lead-free DAPSC configuration.

32.18 mA cm ™, and FF = 85.84%. The results suggest that the
proposed dual-absorber PSC is more stable under shunt varia-
tion with enhanced resilience to resistive losses, proving it
a reliable lead-free design for practical applications.®**

3.10 Q-E and J-V analysis

The QE trends as represented in Fig. 14a demonstrate the
improved performance of the dual-absorber PSC. The single
absorber CazSblIj-based PSC delivers strong QE within the
visible region; however, its response drops sharply beyond
650 nm due to its wider bandgap. In contrast, the Ba;Sbl;-based
PSC exhibits better QE response up to 900 nm, which captures
lower-energy photons more effectively. The CazSblI;/BazSbl;-
based PSC device exhibits a complementary QE response,
maintaining greater QE within the visible spectrum and
extending infrared absorption up to 900 nm. This broadened
QE response resulting from complementary bandgap alignment
elevates photon harvesting and carrier generation, thereby
clarifying the higher J,. (mA cm™?) of the dual-absorber PSC.%

The j-V behavior in Fig. 14b validates the enhanced results of
the proposed optimized lead-free DAPSC device. The proposed
optimized model gains the highest J,. (32.18 mA cm ?),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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consistent with its extended QE response, while maintaining V.
= 1.305 V, higher than BasSbl;. The fill factor (FF) is also
maximized, indicated by the most rectangular j-V curve,
reflecting reduced recombination and improved charge trans-
port. Consequently, the dual-absorber PSC achieves the largest
area under the J-V curve, corresponding to the highest power
conversion efficiency (PCE).

3.11 Performance evaluation with reported studies

The performance of the proposed optimized lead-free Ca;SbI;/
Ba;Sbl;-based dual-absorber PSC was examined by comparing it
with various previously reported devices, as shown in Table 3.
While the single-absorber Ca;SbI; and BajzSbIz-based PSC
model in this work achieved efficiencies of 29.13% and 33.31%,
respectively, the dual-absorber PSC structure Al/FTO/SnS,/
Ca;Sbl;/Ba;Sbl;/CBTS/Au delivered an impressive efficiency of
36.03%, supported by a high J,. of 32.18 mA cm 2, V,. of
1.305 V, and FF of 85.84%. This clearly reflects the strength of
the optimized lead-free DAPSC design, which ensures superior
charge generation, balanced transport, and excellent device
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stability for advanced photovoltaic device applications.” To the
best of our knowledge, experimentally demonstrated CsSnI;-
based LFPSC currently obtains efficiency around 12.96% as
shown in Table 3, while the proposed Ca;Sbl;/BasSbl;-based

13174 | RSC Adv, 2026, 16, 13162-13182

PSCs have not yet been realized experimentally. So, the perfor-
mance of the proposed DAPSC is therefore regarded as a theo-
retical upper bound obtained under idealized simulation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative assessment of our proposed PSC and earlier studied devices

Device configuration PCE (%) Jse (MA cm™?) FF (%) Voe (V) Ref.
CsPbI;/FAPDI; (experimental) 15.60 17.26 74.00 1.22 68
CdTe/FeSi, (experimental) 27.35 49.78 83.68 0.6566 69
¢-Ti0,/CsSnl;/Spiro-OMeTAD/Au (experimental) 12.96 23.20 65.00 0.86 70
FTO/ZnS/CsPl;/Sr3PBr3/Au (simulation) 23.86 25.01 88.38 1.06 71
Ag/FTO/CAS/(Ca,Asl,/Ca,Pl,)/V,05/Ni (simulation) 29.16 25.613 85.33 1.334 72
FTO/SnS,/Ca;zSbl,/Sr;Sbl;/Spiro-OMeTAD/Au (simulation) 32.74 34.17 83.77 1.14 73
Cs,TiBre/La,NiMnOg (simulation) 33.71 43.83 83.85 0.9171 74
CH;NH,PbI;/CsPbI;(Simulation) 33.54 27.45 90.49 1.34 75
Al/FTO/SnS,/Ca;SbI;/CBTS/Au 29.13 24.50 87.01 1.37 This work
Al/FTO/SnS,/BazSbl;/CBTS/Au 33.31 32.17 85.81 1.2068 This work
Al/FTO/SnS,/Ca;Sbl,/Ba,;SbI,/CBTS/Au 36.03 32.18 85.84 1.305 This work

Table 4 Predictive performance analysis of the proposed DAPSC
structure

Performance

metrics R? score MAE score RMSE score
PCE (%) 0.9586 0.7495 0.9476

FF (%) 0.9747 0.5550 0.7698

Jse (MA cm’z] 0.9326 0.4900 0.7736

Voe (V) 0.9879 0.0078 0.0100

conditions and used as a reference point for future experi-
mental exploration.

3.12 Machine learning approach to predict DAPSC
performance

RFR-based ML framework was utilized in this research to esti-
mate the performance of the proposed optimized lead-free
Ca;Sbl;/BasSbl;-based DAPSC model, assess its predictive
accuracy, and explore the influence of key input parameters on
the proposed device response.”””®

3.12.1 Model validation and prediction. To examine the
prediction accuracy of the model, we used key statistical indi-
cators- the coefficient of determination (R?), root mean square
error (RMSE) and mean absolute error (MAE).”**® These evalu-
ation metrics were applied to the performance parameters, PCE,
Voes Jsey and FF, using a SCAPS-1D simulated dataset. The
dataset simulated from the Ca;Sbl;/Bas;SbI;-based PSC model
comprises 768 samples; 80% of these were used for model
training, and the remaining 20% were used for testing
purposes. In the RFR model, the randomized search strategy
was employed for hyperparameter optimization, including the
number of estimators (100-200), the minimum samples per
split (2-7), maximum tree depth (5-10), minimum samples per
leaf (1-4), and also maximum features (‘sqrt’ or ‘log2’). The final
configuration, number of estimators = 200, maximum depth =
10, minimum samples per split = 2, minimum samples per leaf
=1, maximum features = ‘sqrt’, was adopted to balance model
complexity and generalization, offering flexibility for precise
forecasting while controlling over-adaptation. Additionally, the
5-fold cross-validation was incorporated further to ensure the
stability of the estimate and reduce overfitting. The obtained

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

results, as demonstrated in Table 4, confirm that the ML model
can reliably anticipate device behavior and provide insights for
performance optimization of the PSC device.*"**

The ML model yielded an average R> = 0.9635, MAE =
0.4506, and RMSE = 0.6253 across all output parameters as
summarized in Table 4. The scatter plots assessing SCAPS
simulated data and ML-predicted values for each parameter
displayed in Fig. 15a-d indicate that most data points closely
follow the diagonal line. This outcome ensures strong correla-
tion between simulated and predicted values, supporting the
high precision of the proposed lead-free PSC predictive
framework.

3.12.2 Feature importance analysis. We considered nine
different input parameters in the ML model as illustrated in
Fig. 16 and 17. The feature importance and SHAP analysis based
on the input parameters confirm the trustworthiness and
consistency of the model.**®** The results reveal that operating
temperature, along with top and bottom AL properties (thick-
ness, doping, and defect levels), have the highest impact on
device performance, where HTL and ETL doping contribute to
a lesser extent. High absorber defects increase trap-assisted
recombination, lowering carrier lifetime, FF, and J,.. Elevated
temperature accelerates non-radiative recombination and ion
migration, impacting V,. and stability. Additionally, interfacial
properties of the ETL/absorber and HTL/absorber affect ion
migration and recombination. These effects emphasize why
absorber properties and temperature are key drivers of device
performance, providing a clear physical basis for the ML
predictions. Thus, the analysis validates the model's accuracy
and provides guidance for the targeted development and opti-
mization of the proposed lead-free DAPSC model.

3.12.3 Correlation matrix of input and output parameters.
Pearson correlation matrix analysis, as depicted in Fig. 18,
offers key insights into how physical parameters affect photo-
voltaic performance. It is noticed that the bottom AL thickness
moderately improves PCE (+0.33) while its defect density
negatively affects performance (—0.37), highlighting the fact of
defect reduction in efficiency improvement. The V,. shows
a strong positive influence on PCE (+0.73) and FF (+0.88), while
it is negatively affected by bottom AL defect density (—0.36).
Similarly, Ji. correlates positively with PCE and FF, and its
relationship with bottom AL thickness (+0.55) underscores the

RSC Adv, 2026, 16, 13162-13182 | 13175
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Fig. 15 Prediction accuracy of the proposed lead-free DAPSC model PCE (a), Vo (b), FF (c), and Jsc (d).

importance of optimizing the absorber layer. Conversely, top AL
thickness, top AL doping, and ETL donor density offer negli-
gible impact, suggesting limited influence in this device struc-
ture. So, this correlation analysis of the optimized lead-free
DAPSC model identifies key parameters that need to be priori-
tized for enhancing device performance.*

4. Limitations and future scope of the
proposed PSC

While the dual-absorber lead-free PSCs exhibit encouraging
simulated performance, some aspects remain to be explored

experimentally. The outcomes of this study are based on
idealized SCAPS-1D simulations; real device fabrication may

13176 | RSC Adv, 2026, 16, 13162-13182

reveal additional challenges such as interface imperfections
and environmental impacts. However, multilayer and tandem
perovskite devices have been successfully fabricated employing
techniques such as orthogonal solvent selection, sequential
deposition, interlayer engineering, and vapor-phase deposition
to prevent layer mixing while maintaining enhanced charge
transport.**®*® These fabrication procedures create a credible
pathway for constructing dual-absorber PSCs, establishing the
applicability of our proposed dual-absorber PSC framework.
Additionally, the RFR model, although effective for this dataset,
may not generalize to other materials or device architectures.
Future work should include experimental validation, explora-
tion of advanced ML approaches such as neural networks, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Pearson correlation matrix of the proposed DAPSC configuration.

interface engineering to further enhance the performance,
stability, and scalability of the lead-free dual-absorber PSCs.

5. Conclusion

This study introduces a novel design, extensive investigation,
and performance optimization of inorganic halide lead-free
dual-absorber Al/FTO/SnS,/Ca;Sbl;/Ba;Sbl;/CBTS/Au-based
PSC. The proposed optimized DAPSC structure consists of
Ca;Sbl;-based top absorber layer (with 1000 nm thickness and 1
x 10"® ecm™* doping concentration) and Ba;Sbl,-based bottom
absorber layer (with 300 nm thickness and 1 x 10'® ¢cm™®
doping concentration). SCAPS-1D simulations reveal that the
proposed optimized DAPSC design demonstrates performance
advancement compared to single-absorber devices, achieving
a peak PCE of 36.03%, V. of 1.305 V, J, of 32.18 mA cm 2, and
FF of 85.84%. Parametric studies elucidated that device oper-
ating temperature, absorber layer thickness, doping, and defect
density are critical determinants of device performance, while
ETL and HTL properties, interface defects, and series/shunt
resistances also influence stability and performance. The RFR-
based machine learning model supported accurate prediction
of photovoltaic performance with an average R* of 0.9635, MAE
of 0.4506, and RMSE of 0.6253, providing a promising frame-
work for optimizing the proposed dual-absorber, lead-free PSCs.
So, this study exhibits that M;Sbl;-based DAPSC offers a prom-
ising route toward effective, reliable, and eco-friendly, sustain-
able photovoltaic applications.
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