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1. Introduction

Next-generation dual absorber solar cell design
with CazAsls and SrsPBr; perovskites and MoO;
HTL achieves superior efficiency above 29%

Sahjahan Islam, (22 Jannati Islam Chy,® Dipika Das Ria,® Abu Bakkar,”
Md. Faruk Hossain,© Ahmad Irfan,® Aijaz Rasool Chaudhry® and
Md. Ferdous Rahman 2 *°

This research explores the photovoltaic performance of four different perovskite solar cell (PSC)
architectures, with emphasis on how material selection, absorber layer thickness, defect and acceptor
densities, interface imperfections, and temperature fluctuations influence device efficiency. Energy
band alignment analyses were conducted to enhance charge separation and extraction. Among
the configurations, the device incorporating dual absorbers SrzPBrs; and CazAsls exhibited the
highest efficiency. Analysis of absorber thickness effects indicated maximum power conversion
efficiencies (PCEs) of 20.71% for device-i (FTO/CdS/SrsPBrsz/Au) and 19.75% for device-ii (FTO/CdS/
CasAsls/Au) at a thickness of 1.0 pum. In contrast, device-iv (FTO/CdS/CazAsls/SrsPBrs/MoOs/Au),
which employed both a dual-absorber design and a MoOsz hole transport layer (HTL), achieved an
optimal PCE of 29.77% with each absorber layer also at 1.0 um thickness. The investigation into
defect densities revealed that increased defect levels significantly diminished performance. Device-iv
stood out for its enhanced stability and efficiency, resulting from fine-tuned acceptor density
and effective interface defect mitigation. Temperature analysis showed a general decline in efficiency
with increasing temperature, though device-iv maintained relatively higher thermal stability. Overall,
the study highlights the critical role of dual absorber layers, optimized geometries, effective HTLs,
and minimized defect concentrations in advancing the efficiency and durability of high-
performance PSCs.

scalability due to their superior optical, structural, and elec-
trical properties.>” The power conversion efficiency (PCE) of

The quest for efficient and cost-effective solar energy techno-
logies has advanced remarkably in recent years, driven by the
global transition to renewable energy and efforts to reduce
reliance on fossil fuels while tackling urgent environmental
challenges.”” Among photovoltaic technologies, perovskite
solar cells (PSCs) stand out as transformative innovations,
offering high performance, low PSC manufacturing cost, and
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PSCs has significantly grown recently, rising from 3.8% in 2009
to over 25% in recent studies, indicating their promise for high-
efficiency solar energy conversion.®° Lead-based perovskites
have achieved remarkable efficiency benchmarks; however,
their practical application and broader adoption are hindered
by the toxicity of lead and the inherent instability of these
materials."*** In contrast, inorganic perovskites, renowned for
their exceptional optical and electrical properties, mechanical
stability, and non-toxic nature, are regarded as a promising
absorber material for photovoltaic cells, with the potential to
address these challenges.">"® The main unresolved issues with
organic perovskite cations are their volatility and significant
thermal instability, which limit their widespread commercial
application. However, PSCs with organic-inorganic hybrids
have significantly improved optical absorption, longer charge-
carrier lifetimes, higher charge-carrier mobility, lower trap
density, and lower exciton binding energy.'”'® Inorganic per-
ovskites with the formula A;BX; exhibit a distinctive crystal
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Fig. 1 The energy band diagram of (a) device-i, (b) device-ii, (c) device-iii, and (d) device-iv.

structure, where A signifies a larger inorganic cation, B denotes
a smaller metal cation, and X represents an anion. The cation
or halide atom at the A, B, or X site can be changed to enable
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pertinent customization and optimization of inorganic

perovskites.">?°

A compound with the chemical formula

CazAsl; is a member of the A;BX; family has showed
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Table 1 Input parameters of the FTO, ETLs, BSF and absorber layers

Parameters FTO*%52 cds®? CazAsl;>° Sr;PBr;*° MoO,**
Thickness (nm) 50 50 1000 1000 0.1

Band gap, E; (eV) 3.6 2.4 1.577 1.52 3.0
Electron affinity, y (eV) 4.5 4.2 3.89 4.16 2.50
Dielectric permittivity (relative), &, 10 10 5.65 5.28 12.50

CB effective density of states, N (cm ?) 2 x 10'® 2.2 x 10'® 8.33 x 10" 1.185 x 10"° 2.2 x 10'®
VB effective density of states, Ny (em ) 1.8 x 10" 1.8 x 10" 1.6 x 10" 1.66 x 10" 1.8 x 10"
Electron mobility, i, (cm®> v 's %) 100 100 50 25 25

Hole mobility, u, (em®> V™'s ™) 20 25 25 20 100
Shallow uniform acceptor density, N, (cm™?) 0 0 1 x 10" 1x 10" 1 x 10"
Shallow uniform donor density, Ny, (cm ?) 1x 10 1 x 107 0 0 0

Defect density, N (cm™?) 1 x 10™ 1 x 10" 1 x 10" 1 x 10" 1 x 10"

optoelectronic features including a direct band gap of 1.58 eV,
revealing the semiconducting properties.”** However, certain
limitations restrict its widespread implementation. CazAsl;
exhibits challenges related to structural and thermal stability,
particularly under ambient conditions, which may impede its
scalability in practical applications. Additionally, its bandgap,
while suitable, has been noted to be less tunable compared to
other perovskites, which limits its adaptability for specific solar
cell architectures such as tandem designs.'®** To address the
challenges associated with CazAsl;, researchers have explored
alternative nontoxic perovskite absorber materials, such as
strontium phosphide bromide (Sr;PBr;).>* This compound,
featuring a bandgap of 1.528 eV, has been recognized for
its remarkable light-absorbing capabilities across the visible
spectrum of the electromagnetic range. The lower bandgap of
Sr;PBr;, compared to CsPbl;, enhances its ability to capture a
greater number of photons within the visible spectrum, making
it a more effective absorber material for photovoltaic applica-
tions. Its compatibility with the visible spectral range positions
Sr;PBr; as a promising candidate for improving solar cell
efficiency.®?%%°

CazAsl; and Sr;PBr; were selected as absorber materials in
this study due to their complementary bandgaps, which
together enhance the overall light-harvesting capability of the
device. Both materials exhibit favorable optoelectronic proper-
ties, including high absorption coefficients and efficient charge
carrier transport, while being lead-free, making them environ-
mentally benign alternatives to conventional perovskites.
Although these materials have been relatively rarely studied,
recent experimental and simulation investigations®®™® indicate
their stability and suitability as absorbers in high-performance
PSCs. This combination of properties motivated their selection
for the proposed dual-absorber architecture.

From a stability standpoint, both CazAsI; and Sr;PBr; benefit
from their fully inorganic composition, which imparts improved
thermal and environmental tolerance compared to hybrid
organic-inorganic perovskites. Nonetheless, potential degra-
dation mechanisms such as moisture- and oxygen-induced
surface reactions, halide migration under bias, and defect
formation at grain boundaries may still occur under prolonged
operation. These effects can be mitigated through encap-
sulation, interface passivation, and controlled processing to
minimize defect densities. Given their thermal stability and

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

Table 2 Data for interface parameters used in the SrzPBrz and CazAsls
double absorber based solar cell?8525°

Interfaces
Sr;PBrl;/ CazAslz/  SrzPBry/  MoOs;/
Parameter Ccds Ccds CazAsl;  SrzPBrl;
Defect type Neutral ~ Neutral  Neutral  Neutral
e (cm?) 1x10” 1x10"° 1x10" 1x10"
on, (cm?) 1x10” 1x10"® 1x10" 1x10"
r 0.6 0.6 0.6 0.6
Total defect density 10" 10" 10" 10"
Energetic distribution Single Single Single Single
Working temperature (K) 300 300 300 300
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Fig. 2 Impact of the thickness variation of SrzPBrs (device-i) and CazAsls
(device-ii) on photovoltaic parameters.
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compatibility with low-temperature deposition, the proposed
absorbers are well-suited for integration into scalable device
architectures, provided that appropriate protective and passiva-
tion strategies are employed.

The utilization of bilayer or multilayer heterojunction struc-
tures can help to overcome the efficiency restrictions of single-
junction solar cells, which are limited by the Shockley-Queisser
limits and the second law of thermodynamics.>® A remarkable
power conversion efficiency (PCE) of 31.91% was demonstrated
by Tinedert et al. using a double-layer device that included
CsPbl; and RbGel;.>° A multi-junction PSC made of Cgo/CSPbI,-
Br;_,/FAPDL Br;_, was also created by Zhang et al., who achieved a
noteworthy PCE of 17.48%.%" Hajjiah et al. also performed device
calculations and found that a dual-layer structure of CsPbI;/FAPbI;
may achieve an efficiency of 20%.** Moreover, Khatoon et al. used
SCAPS-1D simulations to study bilayer PSCs, such as CsPbIBr,/
CsPbL,Br and CsPbl;/MAPDI;, and discovered that these designs
provided PCEs above 33%, far outperforming single-junction
PSCs.>>*
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This study highlights the novel double-absorber solar cell
configuration that synergistically combines two perovskite
materials, namely, CazAsl; and Sr;PBr; while addressing the
limitations that hinder device performance. Advanced optimi-
zation techniques and numerical modeling are employed to
enhance solar efficiency, targeting performance improvements
that are often unachievable even in many optimal perovskite
tandem device configurations. Despite their potential, high-
performing tandem devices typically require multiple material
layers with precise band alignment, a complexity that can lead
to energy losses and reduced performance. A more sensible
and efficient approach is to employ a dual absorber layer with
well-matched band alignment to adjacent layers, removing
the difficulties with fabrication costs and processing techni-
ques.®>® Moreover, the inclusion of molybdenum trioxide
(Mo0:s3) as the hole transport layer (HTL) further enhances the
cell’s overall performance by improving charge extraction and
reducing interfacial losses owing to its excellent optical proper-
ties and suitable work function.**° The proposed solar cell
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structures were systematically designed and analyzed using the
SCAPS-1D simulation software, providing insights into their
potential efficiencies and operational mechanisms.

In this study, we propose a novel lead-free dual-absorber
perovskite solar cell employing CasAsl; and SrzPBr; as com-
plementary absorbers combined with a MoO; hole transport
layer (HTL). Unlike conventional tandem or bilayer devices
based on CsPblI;/FAPDI; or other lead-containing systems, the
present architecture exploits the distinct bandgaps of CajAsI;
and Sr;PBr; to broaden the absorption spectrum, enhance
charge carrier extraction, and reduce recombination losses.
This dual-absorber configuration demonstrates a viable path-
way toward environmentally sustainable, high-efficiency per-
ovskite photovoltaics, representing a significant advancement
in the design of lead-free, multi-absorber solar cells.

The study encompasses four distinct solar cell configurations:
(i) FTO/CdS/St;PBrs/Au, (ii) FTO/CAS/CasAsly/Au, (i) FTO/CAS/
CazAsl3/Sr3PBr3/Au, and (iv) FTO/CdS/CazAsls/Sr;PBrs/MoO;/Au.
Initially, single-absorber PSCs are simulated using two different

View Article Online
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absorbers. Subsequently, these absorbers are incorporated into
dual-absorber solar cells, and finally, a HTL is added to enhance
performance. By leveraging the SCAPS-1D platform, we conducted
a comprehensive performance analysis of these architectures
to identify the optimal design parameters and material con-
figurations. The results indicate that the innovative design with
the inclusion of both CazAsI; and Sr;PBr; in a double-absorber con-
figuration which is combined with MoO; as the HTL, achieves an
unprecedented efficiency exceeding 29% highlighting the potential
of the dual absorber layer design with improved performance over
conventional single-junction configurations.

2. Materials and methodology

SCAPS-1D is a powerful tool for modeling and designing PSCs,
enabling comprehensive data analysis and optimization of
their optoelectronic properties.”” In this study, the device
structure is meticulously modeled, and its key properties are

parameters, (a) Voc, (b) Jsc, (¢) FF, and (d) PCE
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thoroughly assessed using SCAPS-1D software,*" allowing for a
comprehensive evaluation of its optoelectronic performance.
This approach facilitates an in-depth understanding of the
device’s behavior and aids in optimizing its efficiency for
practical applications. In order to accurately calculate the current
density-voltage (J-V) characteristics, quantum efficiency (QE),
energy bands, and other relevant parameters, the simulation
solves key semiconductor equations, including Poisson’s equation
(eqn (1)) and the continuity equations (eqn (2) and (3)).”****
These equations are essential for modeling the behavior of charge
carriers within the device and for obtaining precise performance

metrics.
d*¢(x q
= (L) (o) =)+ No = Na =) ()
dJ,
i G, — R, (2)
dJ,
T; =G — Ry 3)

Where ¥, g and ¢ are defined as an electrostatic potential, an
electron charge, and dielectric permeability, respectively, Na/Np
represent the concentrations of ionized donors/ionized acceptors,
pp (pn) is presented as hole (electron) distribution, and p(x)/n(x)
illustrated hole/electron density distribution (in terms of thick-
ness x). In addition, J,,/J, stands for current densities of electron/
hole, G,/G,, defines optical carrier (electron/hole) generation rate,
and Ry/R,, are defined as the recombination rates associated with
electron/hole.

In all simulations, defect states were modeled as neutral, as
literature reports for similar halide perovskites indicate that
neutral centers dominate Shockley-Read-Hall recombination
in the relevant energy ranges.*”*® Preliminary simulations
including representative charged defect states produced <2%
variation in PCE, suggesting that their influence is negligible
under the present device conditions.

To ensure that the simulated results are physically realistic,
all key material and interface parameters were benchmarked
against experimentally measured data and previously validated
SCAPS-1D studies on comparable lead-free perovskite systems.
This benchmarking covered optical constants, electronic trans-
port parameters, and defect/interface characteristics, ensuring
that the simulated device behavior reflects realistic photo-
voltaic operation. The agreement of our simulated parameter
trends such as efficiency degradation with increased defect
density and improved performance with optimized layer
thickness—with reported experimental and theoretical
observations*®" further supports the validity of the present
modeling approach.

The purpose of this work is to investigate the fundamental
insights of CajAsl;/Sr;PBr; double layered PSC with MoOj;
serves as HTL. Initially, Caz;AsI; and Sr;PBr; were utilized as
individual absorber layers in single-junction PSCs to opti-
mize their performance. Following this, a dual-absorber layer
configuration incorporating a CazAsI;/Sr3PBr; heterojunction

1388 | Energy Adv, 2025, 4,1383-1400
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was investigated. In order to further improve device perfor-
mance, MoO; was added as HTL to the double-layer PSC with
the structure FTO/CdS/CazAsl3/Sr;PBrs/MoO;/Au. This approach
aims to improve the overall performance of the solar cell. The
benefits of using multiple absorber layers with HTL in the solar
cell architecture can be better understood by comparing the
outcomes of various designs. Under the AM1.5G solar spectrum,
the suggested structures are tested with a light power density of
1000 mW m™>. Fig. 1(a)~(d) displays the schematic representa-
tions of the investigated four device configurations, such as (a)
device-i: FTO/CdS/Sr3PBrs/Au; (b) device-ii: FTO/CdS/CazAslz/Au;
(c) device-iii: FTO/CdS/CazAsls/Sr3PBrs/Au, and (d) device-iv: FTO/
CdS/CazAsI;/SrsPBrs/MoO;/Au. Cadmium sulfide (CdS) is used as
the electron transport layer (ETL) in all configurations because
Cds enhances PSC efficiency by improving charge extraction, and
reducing losses owing to its higher electron mobility.** Fluorine-
doped tin oxide (FTO) is used as the transparent conducting
oxide,” and gold (Au) is used as the metal back contact in all
designs for confirming efficient capture and transfer of the
produced charge carriers.** However, only SryPBr; is used in
device structure as absorber layer in Fig. 1(a) and (b) displays
the structure of only CazAsl; absorber layer. While, Fig. 1(c) and
(d) both are depicted dual layers device structures but the
latter device structure has optimized with MoO; HTL. The
energy level diagrams of the materials used in the device
architectures are shown in Fig. 1(a)-(d). Tables 1 and 2 provide
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Fig. 5 Effect of defect variation of SrzPBrs (device-i) and CazAsls (device-
i) on photovoltaic parameters.
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a detailed presentation of the device’s and the materials’
interface parameters, respectively.

3. Results and discussion

3.1. Bandgap alignment of the PSC devices

The Fig. 1 illustrates the cell and energy band diagrams for four
different device structures, providing insights into the electro-
nic properties of various photovoltaic materials. Fig. 1(a) shows
the cell and band diagram for device i, where the conduction
band minimum (CBM) of CdS is positioned at a higher energy
level compared to the valence band maximum (VBM) of
Sr;PBr;, indicating a potential for charge separation at the
junction by promoting electron transfer from Sr;PBr; to CdS
at the interface. In Fig. 1(b), device ii displays a similar trend,
with the VBM of CazAsI; lower than the CBM of CdS, indica-
ting a potential for charge separation, reduced with a larger
bandgap of CazAsl; that may lessen charge carrier mobility.
Fig. 1(c), representing device iii, introduces both CazAsI; and
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Sr;PBr;, creating multiple interfaces that improve light absorp-
tion and charge extraction, with energy alignment favoring charge
separation.

Finally, Fig. 1(d) shows the cell and band diagram for device
iv, where the inclusion of MoO; as a HTL**"° further enhances
charge collection efficiency.’® The variation in energy levels is
primarily caused by the differences in the material bandgaps
and interface characteristics, which influence the photovoltaic
performance, including open-circuit voltage (Voc) and short-
circuit current density (Jsc). The bandgap values and energy
alignments for the materials (SrzPBr;, CazAsl;, and CdS) are
crucial factors influencing the device efficiency and are tailored
based on their optical absorption properties and electron
transport characteristics.

3.2. Impact of absorber layer thickness on PV parameters

Fig. 2 illustrates how absorption layer thickness affects photo-
voltaic parameters for CazAsl; (device-ii) and Sr;PbBrj
(device-i). In both devices, PCE rises with thickness, peaking
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Fig. 6 Role of defect variation in SrzPBrs and CasAsls (device-iii) on output parameters, (a) Vo, (b) Jsc, (c) FF, and (d) PCE.
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at 22.61% for a thickness of 3.0 um for device-i and 21.22% for
device-ii. Notable increases are seen up to 2.0 um before
plateauing. Furthermore, the FF increases with thickness,
reaching its highest value for device-i at 89.1% and device-ii
at 87.8%. The Jsc also increases with depth, reaching 23.5 mA for
device-i and 22.8 mA for device-ii, respectively at 3.0 um, suggest-
ing improved light absorption in device-i.>” For device-i and device-
ii, the Voc show little rise and stabilizes at 1.08 V and 1.06 V,
respectively. Compared to device-ii, device-i shows superior
material qualities and performs better in all categories.

The given contour plots in Fig. 3 show how changing the
thickness of SrzPbBr; and Ca;Asl; affects device-iii photovoltaic
performance. According to the results, the output parameters
for both the absorber improve with increasing thickness.
As thickness increases, Voc increases steadily to approximately
1.089 V. Additionally, Jsc improves to 27 mA cm™ 2, with the
highest values observed for thicker SrzPbBr; layers. For thicker
material combinations, the FF also increases, peaking at 88%.
PCE values rises from 20.44% to a maximum of 25.62% as a result
of the thickness increment. Based on the analysis, it appears that
thicker layers of Sr;PbBr; and Ca3Asl; are optimal for photovoltaic
efficiency, though practical issues such as fabrication limitations
and material costs must also be considered.

The impact of altering the thicknesses of Sr;PbBr; and
CazAsl; (with HTL) on photovoltaic properties of device-iv is
demonstrated in Fig. 4. When the thicknesses of Sr;PbBr; and

Fig. 7
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CazAs]; are both around 1 um, the greatest value of 1.263 V is seen
in the contour plot of Fig. 4(a), where V¢ varies between 1.200
and 1.300 V. Fig. 4(b) displays Jsc values between 26.00 and
28.50 mA cm 2, with a noteworthy value of 27.56 mA cm 2
attained when both layers are about 2 pm thick. The FF is shown
in Fig. 4(c) and ranges from 85.00% to 88.00%, reaching a
maximum of 87.25% at a thickness of 2.5 pm for Sr;PbBr; and
2.0 um for CazAsl;. Lastly, Fig. 4(d) shows that when both
Sr;PbBr; and CazAsl; have a thickness of around 2.5 pm, the
PCE achieves a peak of 30.02% owing to generation of more
carriers.”® The optimized thickness of 1 um for both Sr;PbBr; and
Ca;As]; in the double absorber solar cell is chosen to balance light
absorption with minimizing recombination and transport losses.
Although increasing the thickness to 2.5 pm results in a peak PCE
of 30.02%, the efficiency improvement beyond 1 pm remains
marginal, as most incident photons are already absorbed (absorp-
tion saturation). The additional thickness primarily enhances
carrier recombination, thereby offsetting the potential perfor-
mance gains. These results indicate that while thicker absorbers
can achieve a peak PCE of 30.02%, an optimal thickness of 1 um
best balances absorption and recombination losses.

3.3. Impact of the defect density of the active layers on PV
parameters

The Fig. 5 illustrates the influence of defect density in the
absorber layer on the performance of two different devices.
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Impact of defect density variation in SrzPBrsz and CazAsls (device-iv) on the photovoltaic parameters, (a) Voc, (b) Jsc, (c) FF, and (d) PCE.
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As the defect density increases, both devices show a reduction
in key output parameters, including Jsc, Voc, and FF, which
collectively lead to a decrease in the overall PCE.

For device i, the efficiency decreases from almost 21% at
10"° em ™ defect density to less than 15% at the highest defect
density of 10" em™®
observed, with PCE dropping from nearly 20% to approximately
13%. This variation is driven by the increased recombination
centres for the charge carriers at higher defect densities,*
which hinders charge transport and reduces the device’s ability
to generate and collect photo-generated carriers effectively.

, while for device ii, a similar trend is

The observed decline in performance is a direct consequence
of the higher density of traps that impede carrier mobility and
reduce the overall efficiency of the photovoltaic conversion
process.

The Fig. 6 presents the influence of defect density in the
absorber layer on the performance of device iii. As defect
density increases, the device’s performance deteriorates, as
evidenced by a reduction in key output parameters. Specifically,
the Jgc decreases from 25.0 mA cm™ 2 to 18.0 mA cm ™2, the V¢
drops from 1.065 V to 0.99 V, and the FF declines from 87%
to 71%. Consequently, the PCE decreases from 23.16% to
12.65%. These variations are due to the enhanced recombina-
tion of charge carriers at the defect sites within the absorber
layer.”® The increased defect density provides additional recom-
bination centres for both electrons and holes,> leading
to a reduction in the number of charge carriers available for
collection at the electrodes, which in turn decreases the overall
device efficiency.®® The physical mechanism underlying this
performance degradation is the increased probability of non-
radiative recombination, which results in significant energy
loss in the form of heat, thereby diminishing the electrical
output of the device.

Fig. 7 highlights the significant influence of defect densities
in Sr3PBr; and CazAsl; on the performance of device-IV, with
particular attention given to key photovoltaic characteristics.
The device demonstrates optimal performance at low defect
densities (<10" e¢cm™?), achieving a peak PCE of 30%, a Jsc
of 26.5 mA cm ™2, an FF of 88.5%, and a Vo of 1.28 V. However,
as the defect density increases to 10"” cm ™2, all performance
metrics experience a significant decline. Specifically, the PCE
decreases to 13.54%, the Jsc drops to approximately 18 mA cm ™2,
the FF reduces to around 76%, and the V¢ falls to about 0.99 V.
These reductions underscore the adverse impact of defects,
which lead to heightened recombination losses by obstructing
the transport of carrier®™®* and a substantial decline in the
overall efficiency of the device.®*® In this case, the defect
density of 10'*> em ™ is chosen as the optimized value to
maintain minimal recombination losses, allowing for high
photovoltaic efficiency.

3.4.
parameters

Impact of the acceptor density of the active layers on PV

The Fig. 8 presents the impact of shallow acceptor density in
the absorber layer on the performance of two devices: device i,
and device ii. For device i, as the shallow acceptor density
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Fig. 8 Effect of doping variation in SrsPBrs and CazAsls (device-i and
device-ii) on the photovoltaic output parameters.

increases from 10'> cm™® to 10> em ™3, the PCE increases

from nearly 19.20% to almost 24.05%, the Jsc decreases from
27 mA cm 2 to 22 mA cm ™2, the FF rises from 84.7% to 91.1%,
and the V¢ progressively rises from 0.84 V to around 1.20 V.
This enhancement in performance can be arisen from the
passivation of deep-level traps by shallow acceptors, which
helps to improve carrier mobility and reduce recombination
losses resulting in enhanced charge transport and extraction,®®
thus increasing the overall efficiency. On the other hand, for
device ii, as the shallow acceptor density increases, the PCE
decreases from 22.5% to 19.53% when the shallow acceptor
density rises from 10"* cm > to 10" cm™?, the Jsc drops from
25.5 mA cm” to approximately 21.6 mA cm 2, the FF declines
from 87.4% to 84.5%, and V¢ upsurges from 1.01 V to 1.07 V.
In this case, the shallow acceptors likely introduce additional
charge carrier traps that facilitate recombination, leading to
a loss in efficiency. Beyond the shallow acceptor density of
10" cm™? the PCE raises slightly. The contrasting behaviors in
the two devices may be due to differences in material properties
and defect tolerance. While shallow acceptors can passivate
certain types of defects in Sr;PBr; (used in device i), they may
worsen the defect landscape in CazAsl; (used in device ii),
highlighting the material-specific impact of defect engineering
on device performance. In summary, For device-i, PCE peaks at
~24.05% when the shallow acceptor density is 10°° em™> due
to trap passivation, while device-ii achieves its maximum
(~22.5%) at 10" cm >,
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The effect of shallow acceptor density (N,) in SrzPBr; and
CazAsl; of device-iii on key photovoltaic parameters is illu-
strated in Fig. 9. In low densities (10"* cm™?), Vo has started
at approximately 0.80 V and increases to 1.21 V at higher
densities (10'® em™3). On the other hand, Jsc peaks at about
28 mA cm > when N, is less than 10** cm ™ for both the
absorber. With higher doping levels, the FF improves from
around 77% at low acceptor densities to a maximum of 88% at
high acceptor densities. PCE also follows a similar trend,
beginning at roughly 15% at low N, values and rising to 28%
with increasing acceptor density. Overall, device-iii attains its
highest PCE (~28%) at shallow acceptor densities near
10" ecm™®. The positive correlation between N, and efficiency
can be linked to the increased density of states that facilitate
hole transport and enhance charge carrier collection efficiency.
The higher concentration of shallow acceptors helps to better
balance the electron-hole pairs within the absorber layer,
reducing recombination losses and improving the overall
photovoltaic efficiency.
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Fig. 9 Role of shallow acceptor density variation in SrzPBrsz and CasAsls (device-iii) on the photovoltaic parameters, (a) Voc, (b) Jsc, (c) FF, and (d) PCE.
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The evaluation of the impact of doping variation on photo-
voltaic parameters in SrzPbBr; and CazAsl; (device-IV) with a
HTL is depicted in Fig. 10. As the acceptor densities of the
materials increase from 10'* cm™ to 10*° em ™3, the Vo rises
from 1.27 V to 1.34 V, demonstrating a significant dependence
on the shallow acceptor densities. This behavior results from
the enhanced hole concentration at higher acceptor doping
levels, which suppresses charge-carrier recombination and
strengthens the built-in electric field,*” thus leading to higher
Voc. To optimize voltage performance, it is essential to achieve
an optimal doping level, particularly for acceptor densities
exceeding 10"® cm™®. The Jsc, however, remains largely unaf-
fected across the doping range, indicating that it is less
sensitive to variations in acceptor density, particularly when
the doping concentration exceeds 107 cm °. This can be
explained by the fact that Jsc is more dependent on the light
absorption and the generation of charge carriers than on the
doping levels, once a sufficient concentration of free carriers is
established within the material. The FF, which varies between
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84% and 91%, improves with increased doping, reflecting the
enhanced device performance at higher acceptor densities
above 10" ecm . This increase in FF can be owing to reduced
series resistance and enhanced charge transport efficiency,
which lead to better extraction of charge carriers and more
effective utilization of the photo-generated current. Further-
more, higher acceptor densities result in an increase in PCE,
ranging from 29.6% to 32.3%. This improvement is a conse-
quence of the combined effects of higher Voc and FF, which
collectively enhance the overall PCE of the device. The overall
trend indicates that shallow acceptor densities of 10*® cm ™2 for
SrsPbBr; and 10" em ™ for Ca,Asl; are optimal for device IV,
yielding a peak PCE of ~32.3%, a V¢ of 1.34 V, and an FF
of ~91%

3.5. Influence of the interface defect density on PV
parameters

Fig. 11 depicts the impact of interface defect density, ranging
from 10° to 10" cm >, on the photovoltaic parameters of
Sr;PBr;/CdS, Sr;PBr;/CasAsl;, MoO;/Sr;PBr;, and CazAsI;/CdS
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Fig. 10 The effect of doping variation in SrzPBrsz and CazAsls with HTL (device-iv) on the output of PSC, (a) Voc, (b) Jsc, (c) FF, and (d) PCE.

interfaces. As defect density increases, the PCE decreases across
all interfaces. Specifically, the MoO;/Sr;PbBr; interface, with an
initial defect density of 10° cm ™2, shows the highest initial PCE
of 28.5%, and it remains relatively stable, decreasing only to
24% at a defect density of 10'® cm 2. In contrast, the CazAsl;/
CdS interface experiences a significant decline in PCE, from
19% to approximately 11%. This decrease in efficiency can be
resulting from the increased carrier recombination at the defect
sites,®®®” which serve as traps for charge carriers, reducing the
number of free carriers available for photovoltaic conversion.
For most interfaces, the FF remains stable at first but then
decreases with increasing defect density.

To mitigate interface-related recombination losses, several
fabrication strategies can be employed. Interface passivation
using ultrathin dielectric layers (e.g., Al,O;, MgO) or self-
assembled organic monolayers can reduce defect density and
suppress nonradiative recombination. Compositional grading
at the absorber/transport layer junction can improve band
alignment and carrier selectivity, while optimized low-tem-
perature deposition or post-deposition annealing can minimize

Energy Adv., 2025, 4,1383-1400 | 1393
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Fig. 11 Effect of interface defect density on PV solar cell.

defect formation without damaging underlying layers. Imple-
menting such approaches during fabrication could signifi-
cantly enhance device performance and stability by reducing
the detrimental effects of interface defects.

However, for the MoO;/Sr;PbBr; interface the device demon-
strates remarkable stability, maintaining an FF of 88% across
the entire defect density range. This could be due to better
charge transport properties and fewer resistive losses at the
interface, even with increased defects. The Jsc shows a slight
decline in the SrzPbBr;/CdS and Sr;PbBr;/CazAsl; interfaces,
with Jsc dropping from 27.5 mA cm > to 25 mA cm ™2 and from
25 mA cm ™ ? to 21 mA cm” %, respectively. The reduction in Jsc is
occurring due to the increased recombination of charge carriers
at the defect sites, which lowers the number of photogenerated
carriers that contribute to the current. However, for the MoO;/
Sr;PbBr; interface, Jsc remains constant at 27 mA cm 2, sug-
gesting that the interface maintains efficient charge collection
despite an increase in defect density. The Voc shows a steep
drop for the SrzPbBr;/CdS interface, from nearly 1.2 V to
around 0.8 V, due to the increased carrier recombination at
the defect sites, which reduces the built-in potential. On the
other hand, the MoOj;/Sr;PbBr; interface exhibits higher stabi-
lity, with Vo remaining at approximately 1.1 V even at high
defect concentrations. This suggests that the MoOs/Sr;PbBr;
interface possesses superior performance stability, likely due to
better defect passivation or reduced impact of defects on the
overall charge carrier dynamics.
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3.6. Impact of temperature

Fig. 12 illustrates the effects of temperature on the performance
of four photovoltaic devices (device-i, device-ii, device-iii, and
device-iv). A general decrease in PCE is observed across all
devices with temperature variation from 275 K and 475 K. For
example, device-i shows a significant drop in efficiency,
decreasing from approximately 22% at 275 K to 12% at 475 K.
In contrast, device-iv demonstrates better thermal stability,
with a more moderate decline from about 29% to 23%. This
reduction in PCE with increasing temperature can be a con-
sequence of the increased recombination rates of charge car-
riers at higher temperatures,®® which reduce the number of free
charge carriers available for power generation, thus diminish-
ing the overall efficiency. The FF also decreases steadily with
temperature, ranging from 88% at 275 K to nearly 80% at 475 K.
This decline in FF is a result of increased resistive losses,
including both series resistance and shunt resistance, as the
temperature rises.®” The increased thermal agitation of charge
carriers at higher temperatures leads to greater scattering,
resulting in higher resistance within the device and conse-
quently, a reduced FF. Notably, device-iv maintains relatively
higher FF values compared to the other devices, suggesting its
superior ability to mitigate these thermal losses. Regarding Jsc,
most devices (device-i, device-iii, and device-iv) show little
variation with increasing temperature. This stability suggests
that the generation of charge carriers under illumination is less
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Fig. 12 Effect of temperature change on PV solar cell.
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sensitive to temperature changes, likely due to a balance
between the enhanced carrier mobility at higher temperatures
and the increased recombination rates. However, device-ii
exhibits a marginal improvement in Jsc with temperature,
increasing from about 21.5 mA cm ™2 at 275 K to approximately
24.5 mA cm™? at 475 K. This can be explained by the fact that in
some materials, increased temperature can lead to higher
carrier mobility and improved charge collection, resulting in
a slight increase in Jsc. Finally, the Vo decreases for all devices
as the temperature increases from 275 K to 475 K. This behavior
is associated with the negative temperature coefficient of the
bandgap, which causes the Vo to decline as the temperature
increases. In particular, device-iv exhibits lower sensitivity to
temperature changes, with Vo declining from about 1.36 V at
275 K to 1.18 V at 475 K. This lower sensitivity suggests that
device-iv may have a more favorable material composition or
device architecture, which mitigates the detrimental effects of
temperature on Voc to a greater extent than the other devices.
Overall, device iv sustains a PCE of ~23% at 475 K compared
to ~29% at 275 K, demonstrating superior thermal stability
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relative to other devices, whose efficiencies fall below 20% at
elevated temperatures.

Fig. 13 displays data comparing the total generation rates,
recombination rates, and carrier concentrations of four devices.
All of the devices in the active region have a constant high total
generation rate (~10?> em ™ s™') in Fig. 13(a). However, they
show a sudden increase close to the interface (~ 0.2 pm) before
stabilizing. The entire recombination rate is shown in
Fig. 13(b), with device-ii exhibiting the maximum recombina-
tion near the top surface (~10'® em ™3 s™). The concentrations
of holes and electrons are depicted in Fig. 13(c) and (d),
respectively.

Across the solar cell, device-iv has the maximum hole
concentration (~10"® cm™?), whereas device-i and device-ii
have significantly lower values. Comparably, device-iv retains
a peak value of ~10** cm™2 close to the bottom surface
(~2.1 pum) for electron concentration (Fig. 13(d)), whereas
device-i and device-ii have lesser concentrations (~10" cm™?).
With lower recombination losses and better carrier production
and retention, these results show that device-iv has the potential
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Fig. 13 The (a) total generation rate, (b) total recombination rate, (c) hole concentration, and (d) electron concentration across the investigated

optimized devices.
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Fig. 14 (a) J-V and (b) QE curves of the PSC for the best-optimized structure, device-i, device-ii, device-iii and device-iv.

Table 3 Obtained output parameters of the PSCs of this work

Devices Voc (V) Jsc (mA em™?) FF (%) PCE (%) (Ave. + Dev.)
Device-i (FTO/CdS/Sr;PBr;/Au) 1.05 22.92 86.06 20.71 + 0.05
Device-ii (FTO/CdS/CazAsl;/Au) 1.04 22.35 84.97 19.75 £ 0.06
Device-iii (FTO/CdS/CazAsl;/Sr;PBrs/Au) 1.07 24.95 87.02 23.23 + 0.04
Device-iv (FTO/CdS/Ca;Asl,/St;PBr/MoO,/Au) 1.27 27.19 86.20 29.77 £ 0.03

to be a more efficient device. In summary, device iv exhibits a
peak hole concentration of ~10'® em ™ and an electron concen-
tration of ~10?® cm ™ near the back contact, with recombination
rates significantly lower than those in single-absorber devices.

3.7. J-V & QE characteristics

A comparison of the J-V and QE characteristics of four PSCs
using the optimized parameters is depicted in Fig. 14. The J-V
characteristics of the devices in Fig. 14(a) indicate that device iv
exhibits the highest performance, which can be facilitated by
several factors. This device benefits from the MoO; HTL, which
improves hole extraction and reduces recombination losses,
thereby enhancing the Jsc and overall efficiency. The dual
perovskite absorbers, CazAsl; and SrzPBr;, also contribute to
a broad absorption spectrum,’® allowing for better light har-
vesting, particularly in the visible to near-infrared regions. This
results in a high Jsc and Vo, translating into superior overall
efficiency.>® Device iii shows a slightly lower performance,
likely due to a lack of HTL, which could hinder charge collec-
tion. Device i also shows good performance but suffers from a
lack of the complementary absorber layer, reducing the absorp-
tion range. Device ii exhibits the lowest performance, primarily
due to the instability of CazAsl; and poor charge transport at
the interfaces.

The QE curves of Fig. 14(b) shows that device iv exhibits the
highest performance, particularly across a broad spectral range,
several factors might be responsible for this. The dual perovs-
kite absorbers of CazAsl; and Sr;PBr; is offered complementary
absorption properties, enhancing light harvesting efficiency
and leading to high QE in the visible and near-infrared regions.

1396 | Energy Adv., 2025, 4,1383-1400

The inclusion of MoO; as a HTL improves hole extraction,
reduces recombination losses, and contributes to a higher Jsc,
which is crucial for the enhanced performance seen in the J-V
characteristics. Device iii shows good QE, but the absence of
MoO; and potential interface issues between the two perovs-
kites lead to slightly lower performance compared to device iv.
Device i exhibits strong QE but lacks the additional CasAsl;
layer, reducing its absorption range, particularly at longer
wavelengths. Device ii shows the lowest QE, especially at longer
wavelengths, due to the limited absorption properties of
Ca,Asl; and potential recombination effect,”" leading to poor
charge transport. Consequently, device iv attains a V¢ of 1.27 V,
a Jsc of 27.19 mA cm ™2, an FF of 86.20%, and a PCE of 29.77%,
along with the broadest QE response, confirming the synergistic
advantages of the dual absorbers and the MoO; HTL.

Table 3 presents a comparison of the output parameters for
four device configurations. Device iv exhibits the highest per-
formance, benefiting from the use of an HTL. Device iii shows a
decline in performance, indicating reduced transport efficiency
due to the absence of the HTL. Device i demonstrates further
performance degradation, likely caused by reduced charge
generation from utilizing only a single absorber layer. Finally,
device ii achieves the lowest PCE, a result of significant
reduction in carrier generation.

4. Conclusions

The findings of this study reveal that the photovoltaic efficiency
of PSCs is significantly affected by key parameters such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorber material choice, layer thickness, defect concentration,
and interface properties. Of the configurations examined,
device-iv-featuring dual absorbers (CazAsI; and Sr;PBr;) along
with MoO; HTL achieved the highest power conversion effi-
ciency of 29.77%. This superior performance is originating
from the improved light harvesting, minimized recombination
losses, and effective charge extraction. The results highlight
that fine-tuning absorber thickness and controlling defect
density are critical for optimizing efficiency. From a fabrication
perspective, the proposed CasAslI;/Sr;PBr; dual-absorber archi-
tecture is compatible with established thin-film deposi-
tion techniques such as sequential thermal evaporation, co-
evaporation, or solution-based layer-by-layer processing, which
allow precise control over thickness and composition. MoOj;
HTL integration is feasible via low-temperature thermal eva-
poration or spin coating, ensuring minimal thermal stress on
underlying layers. Both absorbers exhibit thermal stability
suitable for ambient or low-temperature processing, and their
band alignment requirements can be met through controlled
deposition rates and post-deposition annealing. These factors
indicate that the simulated device structure is amenable to
experimental realization using scalable fabrication routes.
Additionally, temperature-dependent studies demonstrated
that device-iv maintained greater thermal stability compared
to the other designs, indicating strong potential for practical
deployment. Overall, the study underscores the vital role of
material and structural optimization in enhancing PSC perfor-
mance, and it points to the promise of multi-absorber systems
and interface engineering in advancing next-generation, high-
efficiency solar technologies.
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