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ntribution of charge transport
layers to boost the performance over 26% in
Sr3PCl3 absorber-based bifacial perovskite
solar cells

Asadul Islam Shimul, *a Avijit Ghosh, b Swarna Rani Sarkera

and Huriyyah A. Alturaific

Strontium phosphorus chloride (Sr3PCl3) presents a promising option for photovoltaic (PV) applications due

to its distinctive optical, electrical, and structural characteristics. This research uses density functional theory

(DFT) to examine its structural stability and optoelectronic properties. The PV performance of Sr3PCl3-based

cell designs was examined, utilizing an electron transport layer (ETL) of ZnO and four different hole transport

layers (HTLs): Cu2O, CBTS, MoO3, and CuI. Essential parameters, including band alignment, layer thickness,

defect density, doping concentration, interface defect density, carrier concentration, and generation-

recombination rates, were consistently assessed via numerical simulations utilizing SCAPS-1D software.

The findings indicated that the Cu2O HTL structure attained the highest power conversion efficiency

(PCE) of 26.67%, with an open-circuit voltage (VOC) of 1.3 V, a short-circuit current density (JSC) of 22.79

mA cm−2 and a fill factor (FF) of 89.9%. The CBTS, MoO3, and CuI HTL designs attained PCEs of 26.39%,

24.86%, and 21.78%, respectively. To enhance device performance, the bifacial mode was investigated,

and the PV efficacy of the proposed PSC structure was examined. Among these, the Cu2O-based

structure shows the highest performance, attaining a bifacial factor of 87.21%, a bifacial gain of 16.74%

and bifacial efficiency of 31.07%. These findings provide significant insights and propose a viable

approach for the advancement of economic and excellent performance Sr3PCl3-based perovskite

solar cells.
1 Introduction

The rising worldwide energy consumption is driven by pop-
ulation increase, rapid technical progress, and the development
of previously neglected areas. Forecasts suggest that energy
consumption may reach an astounding 30 terawatts (TW) by
2050.1,2 The increasing demand, along with the exhaustion of
conventional energy resources, underscores the necessity of
discovering and adopting sustainable alternatives in the energy
sector.3 The application of perovskite materials represents
a signicant improvement in solar cell technologies within the
eld of renewable energy.4,5 These materials can substantially
improve the efficiency of solar systems. Currently, there is an
increasing emphasis on exploring inorganic perovskite
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compounds as efficient absorber materials for next-generation
PV cells.6,7

Among the most promising prospects in this eld are
perovskites of the A3MX3 group (where “X” denotes a charged
particle (anion), and “A” and “M” signify cations).8 Recent
breakthroughs in the integration of organic–inorganic hybrid
PSCs have resulted in notable improvements, such as increased
charge-carrier mobility, extended carrier lifetimes, diminished
trap densities, and reduced exciton binding energies.9 These
gains are ascribed to enhanced material control issues like
volatility, and thermal instability persists as substantial
obstacles.

The inorganic perovskite Sr3PCl3 has garnered considerable
interest as a potential solution to the stability challenges typi-
cally encountered with traditional PSCs. Its principal advantage
lies in its exceptional compositional stability and thermal
resistance, rendering it signicantly more durable under envi-
ronmental stressors such as moisture and elevated tempera-
tures than conventional halide perovskites. Sr3PCl3 features an
adjustable bandgap of roughly 1.7 eV, making it very benecial
for incorporation into high-performance tandem solar cells,
since it can efficiently capture energy across an extended range
RSC Adv., 2025, 15, 7663–7681 | 7663
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of the solar spectrum.10 The location of this bandgap enables it
to augment other perovskite materials, hence improving total
cell efficiency in tandem arrangements. Regarding operational
stability, Sr3PCl3 has exceptional performance. Over the last ten
years, the PCE of halide PSCs has increased from 2.9% to more
than 25%, driven by improvements in material synthesis.11,12

Nevertheless, structural instability, particularly the shi from
active black to inactive yellow phases, continues to pose
a signicant challenge, adversely affecting both efficiency and
durability.13,14 Various strategies, including optimizing surface
energy, doping, and controlling particle size, have been
employed to tackle this problem Doping Sr3PCl3 into the
perovskite lattice has demonstrated a substantial improvement
in both stability and efficiency.15 When integrated with suitable
ETLs, these strategies improve the stability and efficiency of
halide PSCs,16–18 approaching the efficacy of conventional lead-
based perovskites. This enhancement results from the mate-
rial's exceptional charge transport characteristics, which are
additionally augmented by doping techniques. Notwith-
standing these encouraging outcomes, the complete potential
of Sr3PCl3-based PSCs is still under investigation, since obsta-
cles persist in optimizing band alignment, modifying layer
thickness, and precisely changing doping concentrations in the
active layers.

Zinc oxide (ZnO) has been prominent among ETLs due to its
superior compatibility with perovskite materials. The material's
extensive bandgap, elevated electron mobility, and visibility
spectrum transparency facilitate effective charge transport and
collection.19 ZnO improves perovskite-to-electrode electron
transport, hence augmenting the overall performance of the
device. Furthermore, wide bandgap semiconductors are widely
preferred for their capacity to facilitate charge transfer in PSCs.
Notwithstanding the considerable advancements made with
ZnO and other ETLs, obstacles persist in actualizing the whole
potential of Sr3PCl3-based PSCs. These issues encompass opti-
mizing band alignment, reducing defect density, and estab-
lishing stable interfaces between absorber layers and ETL.
Advanced interface engineering methodologies, including the
integration of hybrid ETLs and the application of interfacial
doping, are being investigated to resolve these challenges.20,21

Although AMX3 perovskites have led to substantial
enhancements in PSC efficiency, reporting values of 24.55% for
AMX3-based cells, 33.7% for perovskite–silicon tandem cells,
and 28.6% for all-perovskite tandem cells investigation into
A3MX3 perovskite structures remains nascent.22,23 Theoretical
studies employing methodologies such as DFT and SCAPS-1D
have predominantly concentrated on materials such as Sr3PI3,
Sr3SbI3, Sr3AsCl3, and Sr3NCl3.24–27 These materials demonstrate
PCE between 25 and 30%. Their high-symmetry crystalline
structures and octahedral networks facilitate superior photo-
voltaic transitions while also being non-toxic and environmen-
tally sustainable. The potential of A3MX3 perovskites resides in
their structural versatility and capacity to attain ideal band
alignments. This versatility facilitates the optimization of
optical and electrical properties, hence improving charge
transfer and light absorption. Sr3PCl3 is a promising material
for PSCs owing to its lead-free formulation and enhanced
7664 | RSC Adv., 2025, 15, 7663–7681
resilience to moisture and heat degradation. It provides supe-
rior efficiency and extended longevity relative to conventional
perovskites, which frequently exhibit toxicity and environ-
mental susceptibility. Its distinctive atomic conguration
improves charge transmission and stability, rendering it a more
sustainable and dependable option for solar energy
applications.

Research is also concentrating on HTLs to enhance device
performance. Materials including Cu2O, MoO3, CBTS, and CuI
are under examination for their ability to improve charge
extraction and reduce recombination losses. Organic HTLs like
PTAA and PCBM are preferred due to their ideal energy align-
ment with perovskite layers and excellent hole mobility.28

Nonetheless, they encounter difficulties pertaining to expenses,
consistency in operational circumstances, and uctuations in
production. Conversely, inorganic HTLs like Cu2O and CBTS
provide enhanced stability and reduced prices, rendering them
appealing alternatives.29 Hybrid HTLs, which integrate organic
and inorganic materials, are developing as a promising method
to amalgamate the benets of both material categories.30 These
hybrid materials seek to enhance charge transport characteris-
tics while ensuring stability and cost-efficiency.

This paper provides an in-depth examination of the struc-
tural, optical, and electrical characteristics of the unique
compound Sr3PCl3 in conjunction with four different HTLs:
Cu2O, MoO3, CBTS, and CuI. To improve the optoelectronic
properties of the Sr3PCl3 absorber and optimize its interaction
with HTLs. Advanced computational methods, like SCAPS-1D
and DFT, are utilized to evaluate diverse interface properties.
The PV performance of solar cells employing Sr3PCl3 as the
absorber material alongside the HTLs. Essential parameters
such as layer thickness, interface defect density, bulk defect
density, doping density, operating temperature, generation and
recombination rates, current density–voltage (J–V), and
quantum efficiency (QE) characteristics are thoroughly exam-
ined. The investigation underscores the cumulative impact of
these factors on device efficiency. Finally, we assess the viability
of the suggested four PSC architectures for application as
bifacial solar cells, with the objective of attaining improved PV
performance. The study closes by delineating optimal condi-
tions that enhance the efficacy of Sr3PCl3-based PSCs, providing
signicant insights for future progress in PV technology.

2 Computational details

The optoelectronic properties of the Sr3PCl3 perovskite struc-
ture were explored using rst-principles DFT computations.31,32

These simulations were conducted inside the Cambridge Serial
Total Energy Package (CASTEP) framework, applying the plane
wave pseudopotential technique.33 The exchange–correlation
energy was addressed using the Perdew–Burke–Ernzerhof (PBE)
functional, a widely adopted formulation under the Generalized
Gradient Approximation (GGA), ensuring an accurate depiction
of system interactions.34 To efficiently describe electron-ion
interactions, the ultraso pseudopotential approach was
utilized, enabling a compromise between computing efficiency
and precision. Geometry optimization was undertaken to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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discover the most stable crystal arrangement, where the
system's structure adjusts to the lowest energy state under
periodic boundary conditions. This stage is crucial for repli-
cating the inherent behavior of the crystal in equilibrium
conditions. The Brillouin zone sampling uses a Monkhorst–
Pack k-point mesh of 12 × 12 × 12 to achieve accuracy while
retaining computational practicality. The plane wave expansion
was set with a cutoff energy of 550 eV, ensuring the convergence
of total energy estimates. The Broyden–Fletcher–Goldfarb–
Shanno algorithm was employed for structural optimization,
serving as a reliable technique for energy minimization that
diminishes internal pressures and external stresses, ensuring
a stable crystal conguration.35 Additionally, solar cell perfor-
mance was studied using SCAPS-1D, simulating electrostatic
potential and steady-state electron and hole transport through
continuity equations.36,37 These calculations offer an in-depth
comprehension of the proposed solar cell designs and their
optoelectronic efficacy.
3 Result and discussion
3.1 Structural characteristics

Sr3PCl3 is categorized within the cubic crystal system, speci-
cally belonging to the space group Pm�3m (no. 221), as depicted
in Fig. 1(a). The unit cell contains seven atoms: three strontium
(Sr) atoms at the 3c positions (0, 0.5, 0.5), one phosphorus (P)
atom located at the 1b position (0.5, 0.5, 0.5), and three chlorine
(Cl) atoms at the 3d positions (0.5, 0, 0).38 The electronic band
structure of the material is represented along a dened path in
the Brillouin Zone, traversing the high-symmetry points X–R–
M–G–R. This representation illustrates periodic band diagrams
essential for comprehending its electronic properties. The
lattice parameter has been optimized to 6.043 Å, indicating
a stable and energetically favorable conguration of the mate-
rial. The properties collectively underscore the structural and
electronic sophistication of Sr3PCl3. The stability and formation
probability of Sr3PCl3 perovskite structure can be evaluated
using the Goldschmidt tolerance factor, t, a recognized metric
for assessing perovskite geometries. The tolerance factor is
expressed in eqn (1).
Fig. 1 The (a) crystalline configuration and (b) solar cell architecture of

© 2025 The Author(s). Published by the Royal Society of Chemistry
t ¼ rA þ rXffiffiffi
2

p ðrM þ rXÞ
(1)

where Halide anion (Cl), B-site cation (P), and A-site cation (Sr)
are denoted as rX, rM, and rA, respectively. Perovskites are most
likely to form when t is within the range 0.8 < t# 1.0. Structures
with tolerance values ranging from 0.9 to 1.0 demonstrate high
stability and exhibit negligible defects.39,40 The computed
tolerance factor for Sr3PCl3 is precisely 1, signifying a highly
stable and symmetric structure.10
3.2 Electronic characteristics

The electronic band structure and symmetry of key points in the
Sr3PCl3 crystal were analyzed following structural optimization.
Materials with a direct bandgap are essential for optoelectronic
applications, as they improve light absorption and emission
efficiency. The density of states (DOS) and band structure are
crucial in dening the electronic properties of materials. The
band structure of Sr3PCl3, illustrated in Fig. 2(a), is represented
along the k-axis path X–R–M–G–R to investigate its cubic crystal
symmetry. The Fermi level is set to zero to facilitate precise
bandgap analysis, emphasizing the valence band maximum
(VBM) and conduction bandminimum (CBM) at the G (Gamma)
point. Simulations indicate that Sr3PCl3 has a direct bandgap of
about 1.65 eV, aligning with previous research.24–26,41 The spec-
ied bandgap value is optimal for photothermal and sustain-
able energy technologies, making Sr3PCl3 a promising
candidate for photovoltaic (PV) and solar cell applications.

A partial density of states (PDOS) analysis (Fig. 2(b)) evalu-
ates the contributions of various atomic orbitals to the bandgap
energy. This analysis demonstrates that Sr and P atoms,
hybridized with Cl, are essential for sustaining the bandgap
across the energy spectrum (−5 eV to 5 eV). The bonding in
Sr3PCl3 is primarily covalent, characterized by notable electron
charge transfer from Sr and P atoms to Cl atoms, attributed to
differences in atomic states.

The PDOS plot additionally illustrates that the valence band
(VB) is predominantly affected by the Cl-3p orbital, indicated by
the green peaks contributions from P-3p (magenta) and Sr-3d
(red) orbitals are also noted. The conduction band (CB) is
Sr3PCl3 perovskite.

RSC Adv., 2025, 15, 7663–7681 | 7665
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Fig. 2 An analysis of the Sr3PCl3 perovskite's (a) band structure, (b) PDOS, (c) dielectric function, and (d) absorption coefficient as functions of
photon energy.
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primarily inuenced by the Sr-3d orbital, with minor contribu-
tions from the Sr-5s orbital evident as reddish spikes. The total
density of states (TDOS), indicated by the blue line, consolidates
these contributions, demonstrating the distribution of states
across the energy spectrum. This analysis elucidates the inu-
ence of atomic orbital hybridization and charge transfer
mechanisms on the electronic properties of Sr3PCl3. The
material exhibits a favorable bandgap, hybridized orbital
interactions, and efficient charge transfer dynamics, posi-
tioning it as a strong candidate for energy-efficient technologies
and advanced optoelectronic devices.
3.3 Optical characteristics

The investigation of optical properties entails a thorough eval-
uation of complex dielectric functions and absorption coeffi-
cients, which are crucial for determining a material's
appropriateness for optoelectronic and PV cell applications.
This study specically investigates the optical properties of
Sr3PCl3. The dielectric function, represented as 3(u), consists of
two components: the real part and the imaginary part. The
components are represented mathematically in eqn (2), which
7666 | RSC Adv., 2025, 15, 7663–7681
elucidates the material's behavior in response to electromag-
netic radiation.42

3(u) = 31(u) + i32(u) (2)

The real dielectric function, 31(u), provides signicant
insights into polarization and dispersion phenomena in
Sr3PCl3. The Kramers–Kronig transformation43 is utilized to
assess the material's true dielectric permittivity over a photon
energy range reaching up to 30 eV, as depicted in Fig. 2(c). A
critical parameter is 31(0), denoting the dielectric constant at
zero frequency, essential for comprehending the material's
electrical behavior. The calculated value of 31(0) for cubic
Sr3PCl3 is 4.48. The evolution of 31(u) has substantial light
absorption potential as it ascends from 31(0) to its peak under
optical stimulation, subsequently experiencing a rapid
decrease. The positive values of 31(u) signify superior refractive
characteristics and semiconducting behavior. The unique
structural features of Sr3PCl3 are emphasized by its elevated
dielectric constant peak, exceeding that of materials with
reduced bandgaps. The imaginary component (32(u)) is essen-
tial for analyzing optical absorption and energy storage via
© 2025 The Author(s). Published by the Royal Society of Chemistry
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neutral charge excitations.44 Fig. 2(c) illustrates that 32(u)
predominates a substantial segment of the absorption spec-
trum, with a peak value of 3.83 at an optical position associated
with an energy absorption of roughly 6.56 eV. These peaks
signify carrier migrations from VB to CB. Furthermore, for
photon energies beyond 27.3 eV, 32(u) approaches zero, signi-
fying negligible optical absorption and enhanced transparency.

A fundamental characteristic of Sr3PCl3 is its absorption
coefficient, which quanties the material's capacity to absorb
light at various wavelengths. This attribute is crucial in assess-
ing the efficacy of optical and electrical applications. The
absorption coefficient is affected by various parameters, such as
the material's crystalline structure, purity level, and sample
thickness, all of which impact its optical performance. The
absorption coefficient prole closely mirrors the attributes of
the imaginary dielectric component. Visible light, a substantial
segment of solar radiation, generally demonstrates an elevated
absorption coefficient. Fig. 2(d) depicts the absorption coeffi-
cient of Sr3PCl3, highlighting two prominent absorption peaks
in the energy ranges of 3–14 eV and 20–27 eV. The absorption
peaks underscore the material's efficacy in absorbing photons
over a wide energy range. Moreover, throughout the energy
range of 2.5–10 eV range, the material demonstrates signicant
uctuations in its absorption coefficient, rendering it adept at
utilizing a substantial segment of the solar spectrum. While
absorption in elevated energy ranges (12 eV and above) may not
directly facilitate solar energy collection, it suggests potential
for alternative applications, such as deep ultraviolet detectors.
This extensive absorption enhances the PCE of solar cells by
prociently capturing a greater number of photons.

The correlation between the absorption coefficient and the
optical bandgap (Eg) is articulated by the Tauc eqn (3),45,46

(aE)n = A(E − Eg) (3)

Where a is the absorption coefficient, E is the photon energy, Eg
is the bandgap energy, A is a material-dependent constant and n
= 1/2 for direct bandgap materials such as Sr3PCl3. Bandgap
verication entails graphing (aE)2 against E and extrapolating
the linear segment to determine the x-intercept, which repre-
sents Eg. Calculations using DFT have indicated a bandgap of
1.65 eV for Sr3PCl3. To substantiate this, we examine the
absorption data and utilize the Tauc plot method to numerically
ascertain the bandgap. Overall, those attributes render Sr3PCl3
a viable choice for the development of efficient PV devices.

3.4 Development and simulation of photovoltaic
heterostructures

A series of photovoltaic heterostructures was developed,
employing FTO/ZnO/Sr3PCl3 as the foundation and integrating
several HTLs, including Cu2O, CBTS, MoO3, and CuI. The
designs were classied as structure-I (FTO/ZnO/Sr3PCl3/Cu2O/
Ni), structure-II (FTO/ZnO/Sr3PCl3/CBTS/Ni), structure-III
(FTO/ZnO/Sr3PCl3/MoO3/Ni), and structure-IV (FTO/ZnO/
Sr3PCl3/CuI/Ni). The simulation method entailed resolving
essential equations, such as the continuity equations for elec-
trons and holes, in conjunction with the electrostatic potential
© 2025 The Author(s). Published by the Royal Society of Chemistry
equations, all under steady-state conditions to ensure precise
modeling of the material's behavior.36,37

Fig. 1(a) depicts the crystal structure of Sr3PCl3, whereas
Fig. 1(b) presents schematic representations of the hetero-
structures. Each solar cell consisted of a uorine-doped tin
oxide (FTO) front electrode, an n-type ZnO ETL, a strontium
chloride perovskite absorber (Sr3PCl3), and heavily doped p-type
HTLs such as Cu2O, CBTS, MoO3, or CuI. Nickel (Ni), possessing
a work function of 5.5 eV, was employed as the back metal
electrode owing to its superior conductivity, strong adherence
to the layers, and compatibility with the hole transport layer,
hence facilitating effective charge extraction. Moreover, nickel
provides a cost-efficient substitute for pricier metals such as
gold, while maintaining device efficacy. Fig. 3(a–d) depict the
energy band diagram (EBD) for different structures. The evalu-
ation of charge carrier generation was performed by examining
the locations of the quasi-Fermi levels (Fn and Fp) during illu-
mination. In perovskite absorbers, the valence band offset and
conduction band offset are crucial in illustrating the inuence
of the electric eld on the separation of photogenerated elec-
tron–hole pairs. The intrinsic potential and the corresponding
electric eld at the absorber/ETL contact markedly improve
charge carrier separation efficiency. Nonetheless, many issues,
like inadequate carrier transport, material imperfections, or
inappropriate structural geometry, can hinder this process.

A thorough comprehension of charge carrier behavior
requires an in-depth analysis of material characteristics, struc-
tural arrangements, and the fundamental processes of carrier
formation, transit, and recombination. This can be accom-
plished by advanced modeling techniques, such as Poisson's
equation, carrier continuity equations, and dri-diffusion
equations. Simulation parameters for active materials such as
FTO, ZnO, Sr3PCl3, and HTLs (e.g., Cu2O, CBTS, MoO3, and CuI)
were obtained using a synthesis of DFT simulations and rele-
vant literature insights. Table 1 shows the simulation parameter
requirements for each layer, whereas Table 2 species interface
characteristics at the absorber/ETL and HTL/absorber junction.
The simulation assumes hole and electron thermal velocities of
107 cm s−1.49
3.5 Optimizing the thickness of HTL, ETL, and absorber
layers

Fig. 4(a) illustrates the effect of altering the thickness of the
Sr3PCl3 absorber layer (from 400 to 2500 nm) on the perfor-
mance optimization of solar cells utilizing four different HTLs
(Cu2O, CBTS, MoO3, and CuI). Enhancing solar cell efficiency
depends on achieving an exact equilibrium in the thickness of
the absorber layer, as indicated in prior research.50 The selec-
tion of optimal thickness seeks to minimize material expenses
while maintaining efficiency, informed by theoretical modeling
and simulation. This thickness substantially affects the overall
device performance, as it regulates essential phenomena such
as recombination rates and carrier production.

As the Sr3PCl3 layer thickness increases, recombination rates
and carrier production signicantly rise. The trends in VOC
indicate that for Cu2O and CBTS-based structures, VOC exhibits
RSC Adv., 2025, 15, 7663–7681 | 7667
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Fig. 3 EBD of the proposed four-device structure configurations (FTO/ZnO/Sr3PCl3/HTL/Ni) with different HTLs: (a) Cu2O, (b) CBTS, (c) MoO3,
and (d) CuI.

Table 1 Input parameters configured for simulation across multiple layers3,23,47,48

Parameters FTO ZnO Sr3PCl3 Cu2O CBTS MoO3 CuI

N (mm) 0.1 0.05a 1a 0.1a 0.1a 0.1a 0.1a

Eg (eV) 3.6 3.3 1.65 2.2 1.9 3.0 3.1
c (eV) 4 4 4.127 3.4 3.6 2.3 2.1
3 (eV) 9 9 4.489 7.5 5.4 18 6.5
NV (cm−3) 1.8 × 1019 1.8 × 1019 1 × 1019 1 × 1019 1.8 × 1019 2.2 × 1018 1 × 1019

NC (cm−3) 2.2 × 1018 3.7 × 1018 7.2 × 1018 2 × 1019 2.2 × 1018 1 × 1019 2.8 × 1019

mn (cm2 V−1 s−1) 100 100 80 200 30 210 100
mh (cm2 V−1 s−1) 20 25 25 8600 10 210 43.9
ND (cm−3) 1 × 1018 1 × 1018 0 0 0 0 0
NA (cm−3) 0 0 1 × 1017a 1 × 1020a 1 × 1020a 1 × 1020a 1 × 1020a

Nt (cm
−3) 1 × 1015 1 × 1015 1 × 1014 1 × 1015 1 × 1015 1 × 1015 1 × 1015

a Signies the variables parameter.

Table 2 Simulation parameters for interface defect layers

Parameter Sr3PCl3/ZnO HTL/Sr3PCl3

Type of defect Neutral Neutral
se (cm

2) 1 × 10−19 1 × 10−19

sh (cm2) 1 × 10−19 1 × 10−19

Er (eV) 0.6 0.6
Energetic distribution Single Single
Total density (cm−2) 1 × 1011a 1 × 1011a

a Signies the variables parameter.

7668 | RSC Adv., 2025, 15, 7663–7681
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a slight decline with increasing thickness, while for MoO3 and
CuI-based structures, VOC remains nearly constant. Of these,
Cu2O exhibits the highest VOC, with values declining slightly
from 1.31 to 1.28 V. The JSC increases with thicker absorber
layers due to improved light absorption. The reported increases
in JSC for the four HTLs are substantial: Cu2O increases from
19.70 to 23.47 mA cm−2, CBTS from 19.87 to 23.45 mA cm−2,
MoO3 from 19.51 to 23.19mA cm−2, and CuI from 19.63 to 23.43
mA cm−2. These ndings correspond with trends shown in
prior studies.48,51 For Cu2O, CBTS, and MoO3-based structures,
the FF is consistently 89.9%, 89.83%, and 89.52%, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of thickness changes on PV parameters across (a) absorber, (b) ETL, and (c) HTL layers.
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In contrast, CuI demonstrates a minor reduction in FF,
decreasing from 88.3% to 86.81%. The PCE of Sr3PCl3-based
PSCs is signicantly inuenced by the crystallinity and defect
density of the absorber layer. Efficient charge transport layers
(ETLs and HTLs) and meticulously designed interfaces are
crucial for reducing recombination losses. Improving struc-
tural architecture and optimizing production processes
enhance charge extraction and light absorption. The PCE
escalates with absorber thickness in all structures, with Cu2O
exhibiting the greatest signicant increase from 23.25% to
27.04%. Optimal solar cell performance is attained when the
thickness of the absorber layer is adjusted to correspond with
the diffusion length of charge carriers. For Sr3PCl3, an
optimal thickness of approximately 1000 nm is deemed
desirable, as it achieves a balance between effective light
absorption and reduced recombination losses. Exceeding this
thickness results in increased photon absorption and
elevated recombination rates, hence diminishing overall
performance. Simulations suggest that augmenting the
thickness beyond 1000 nm results in diminishing returns, as
the extended pathway for charge carriers heightens the
probability of recombination prior to their collection. The
peak PCE and JSC stay nearly unchanged beyond this thick-
ness, underscoring the necessity for optimization to prevent
superuous material consumption while preserving high
efficiency. This underscores the intricate equilibrium
between enhancing light absorption and facilitating efficient
charge carrier separation.

Fig. 4(b) examines the impact of ETL layer thickness on solar
cell efficacy. Buffer or ETL layers are critical for effective and
steady functioning, as they enable the ow of charge carriers
(absorber to electrode). The thickness of the ETL layer inu-
ences interlayer contact resistance, light absorption, and carrier
© 2025 The Author(s). Published by the Royal Society of Chemistry
recombination.52 Large band gaps in reduced ETL layers allow
nearly all incident photons to get through to the Sr3PCl3 layer,
improving light absorption. Notwithstanding uctuations in
ETL thickness, the photovoltaic characteristics for the Cu2O,
CBTS, MoO3, and CuI-based architecture remain predominantly
consistent. The VOC values for these structures are 1.3, 1.29,
1.23, and 1.09 V; the JSC values are 22.79, 22.8, 22.55, and 22.78
mA cm2; the FF values are 89.9%, 89.83%, 89.52%, and 87.52%;
and the PCE values are 26.67%, 26.39%, 24.86%, and 21.78%.
The stability of these parameters indicates that the ETL
performs its primary function, facilitating effective electron
transport and extraction at an optimal thickness.

Fig. 4(c) examines the impact of varying HTL thickness (25–
250 nm) for Cu2O, CBTS, MoO3, and CuI. HTLs promote charge
carrier separation, facilitate transport, and reduce recombina-
tion losses, playing a vital role in solar cell efficiency. Inorganic
HTLs like Cu2O surpass others (CBTS, CuI, and MoO3) due to
their greater hole extraction capabilities, energy alignment, and
stability. The back-surface eld formed by the HTL further
boosts carrier collection and minimizes recombination, an
important component in advanced solar cell designs.

Within the examined thickness range, PCE values exhibit
minimal variation: Cu2O ranges from 26.66% to 26.67%, CBTS
from 26.38% to 26.40%, MoO3 from 24.85% to 24.87%, and CuI
from 21.77% to 21.78%. Increased HTL thickness leads to
increased series resistance, inuencing FF and PCE. Beyond
100 nm, further increases in thickness offer minor performance
differences.

So, optimizing the thickness of the absorber, ETL, and HTL
are essential for maximum efficiency. Fig. 4(a–c) illustrate that
thicknesses of 1000 nm, 50 nm, and 100 nm for the absorber,
ETL, and HTL layers, respectively, provide cost-effective
production while preserving optimal performance.
RSC Adv., 2025, 15, 7663–7681 | 7669
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3.6 Impact of bulk defects and acceptor density in Sr3PCl3
absorber on PV efficiency

Enhancing solar cell efficiency necessitates a careful equilib-
rium of multiple parameters, with doping concentrations in the
various layers being paramount. An ideal doping density is
selected to improve charge carrier extraction, hence directly
inuencing the device's efficiency. The doping densities are not
randomly chosen; they are established through extensive theo-
retical modeling and simulations. This procedure guarantees
that the doping levels are optimized for peak efficiency, as they
are crucial in inuencing the overall performance of the solar
cell. The efficiency of solar cells can be markedly enhanced by
optimizing the doping concentrations of various layers, which
improves carrier collection and reduces recombination losses,
as evidenced by numerous studies.53

In this context, uctuations in defect density (Nt) and
acceptor density (NA) markedly inuence the performance of PV
cells. The effects of these modications on Cu2O-based HTL
solar cells are examined from 1011 to 1018 cm−3 for Nt and from
1011 to 1020 cm−3 for NA in Fig. 5(a–d). In the conguration FTO/
ZnO/Sr3PCl3/Cu2O/Ni, variations in Nt and NA result in
Fig. 5 Impact of Sr3PCl3 absorber acceptor and bulk defect density varia
HTL.

7670 | RSC Adv., 2025, 15, 7663–7681
alterations of the principal performance metrics: PCE, FF, JSC,
and VOC, which range from 0.6% to 28.1%, 38.2% to 90.8%, 6.7
mA cm−2 to 22.85 mA cm−2, and 0.78 V to 1.4 V, respectively.
Fig. 5(a) indicates that attaining the maximum VOC of 1.4 V
necessitates NA > 1019 cm−3 and Nt < 1014 cm−3. Nonetheless,
the VOC markedly decreases to 0.78 V when Nt > 1017 cm−3.
Fig. 5(b) indicates that the maximum JSC of 22.8 mA cm−2

occurs when Nt < 1014 cm−3 and NA > 1017 cm−3. Fig. 5(c)
demonstrates that the FF attains its maximum value of 90.6%
when NA is 1019 cm−3 and Nt < 1014 cm−3. Furthermore, FF
experiences a signicant drop as Nt > 1017 cm−3. Fig. 5(d)
illustrates that the maximum PCE over 26% is attained when
the NA is 10

17 cm−3 and Nt < 1014 cm−3. Introducing a high Nt in
the absorber layer elevates carrier recombination, hence
reducing cell performance. In the Cu2O HTL structure, optimal
parameters for peak efficiency were determined at NA of 1017

cm−3 and Nt of 10
14 cm−3. Under these conditions, the solar

cell attained a PCE of 26.67%, an FF of 89.9%, a JSC of
22.79 mA cm−2, and a VOC of 1.3 V.

Fig. 6(a–d) illustrate the impact of altering Nt and NA on the
efficiency of solar cells employing CBTS as the HTL. Like Cu2O-
tions on PV performance ((a) VOC, (b) JSC, (c) FF, and (d) PCE) with Cu2O

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Impact of Sr3PCl3 absorber acceptor and bulk defect density variations on PV performance ((a) VOC, (b) JSC, (c) FF, and (d) PCE) with CBTS
HTL.
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based cells, performance measures are signicantly affected
when Nt surpasses 10

14 cm−3. In the FTO/ZnO/Sr3PCl3/CBTS/Ni
conguration, alterations in Nt and NA lead to uctuations in
PCE, FF, JSC, and VOC, with ranges of 26.8% to 4.3%, 90.6% to
36%, 22.8 mA cm−2 to 6.7 mA cm−2, and 1.37 V to 0.76 V,
respectively. Fig. 6(a) indicates that the maximum VOC of 1.37 V
is achieved whenNA > 10

18 cm−3 and Nt < 10
14 cm−3. In contrast,

the VOC markedly decreases to 0.76 V when Nt exceeds 1017

cm−3. Fig. 6(b) demonstrates that the peak JSC of 22.8 mA cm−2

occurs when Nt < 1014 cm−3 and NA > 1018 cm−3. Furthermore,
FF reaches a maximum of 90.6% when NA > 1017 cm−3 and Nt <
1015 cm−3, as illustrated in Fig. 6(c). However, FF signicantly
decreases to 36% when Nt surpasses 1017 cm−3. Fig. 6(d)
demonstrates that the maximum PCE, above 26%, is attained
with an NA of 1017 cm−3 and Nt < 1014 cm−3. In these ideal
conditions, the solar cell attained a PCE of 26.39%, an FF of
89.84%, a JSC of 22.8 mA cm−2, and a VOC of 1.29 V.

Fig. 7(a–d) further investigate the inuence of changes in Nt

and NA onMoO3-based HTL solar cells. In the FTO/ZnO/Sr3PCl3/
MoO3/Ni conguration, performance metrics vary with alter-
ations in Nt and NA, resulting in uctuations in PCE, FF, JSC, and
VOC, which range from 25.2% to 3.1%, 89.8% to 30.4%, 22.8 mA
cm−2 to 6.7 mA cm−2, and 1.34 V to 0.72 V, respectively. Fig. 7(a)
© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrates that the maximum VOC of 1.34 V necessitates NA >
1018 cm−3 while Nt < 1014 cm−3. When Nt > 1017 cm−3, VOC
decreases to 0.72 V. In Fig. 7(b), a JSC value of 22.8 mA cm−2 is
attained when Nt > 1016 cm−3 and NA is below 1017 cm−3.
Moreover, the FF attains its maximum at 89.8% when NA < 1017

cm−3 and Nt < 1014 cm−3, as depicted in Fig. 7(c). Fig. 7(d)
illustrates that the optimal combination resulting in a PCE over
24% occurs with an NA of 1017 cm−3 and a Nt < 1014 cm−3.
Optimal parameters for MoO3-based HTL solar cells, main-
taining a xed NA of 1017 cm−3 and Nt of 10

14 cm−3, yield a
maximum PCE of 24.86%, an FF of 89.52%, a JSC of
22.55 mA cm−2, and a VOC of 1.23 V.

Fig. 8(a–d) analyze the impact of changes in Nt and NA on
solar cells employing CuI as HTL. In the FTO/ZnO/Sr3PCl3/CuI/
Ni conguration, the performance metrics exhibit a variation
from 22.25% to 2% for PCE, 87.52% to 22.4% for FF, 22.78 mA
cm−2 to 6.7 mA cm−2 for JSC, and 1.27 V to 0.67 V for VOC. In
Fig. 8(a), the peak VOC of 1.27 V is attained when NA > 1019 cm−3

and Nt < 1016 cm−3, but the VOC diminishes to 0.67 V when Nt >
1017 cm−3. Fig. 8(b) illustrates that a JSC of 22.78 mA cm−2 is
attained when Nt < 1016 cm−3 and NA < 1017 cm−3. Fig. 8(c)
indicates that FF attains a maximum of 87.52% when NA > 1017

cm−3 and Nt < 1015 cm−3. Fig. 8(d) illustrates that the maximum
RSC Adv., 2025, 15, 7663–7681 | 7671
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Fig. 7 Impact of Sr3PCl3 absorber acceptor and bulk defect density variations on PV performance ((a) VOC, (b) JSC, (c) FF, and (d) PCE) with MoO3

HTL.
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PCE above 21% is attained when NA is 1017 cm−3 and Nt < 1014

cm−3. The ideal parameters for CuI-based HTL solar cells are NA

of 1017 cm−3 and Nt of 10
14 cm−3, yielding a maximum PCE of

21.78%, an FF of 87.52%, a JSC of 22.78 mA cm−2, and a VOC of
1.09 V. So, attaining optimal solar cell performance necessitates
meticulous adjustment of defects and acceptor densities within
each conguration, as evidenced by the discrepancies in these
parameters among various HTLs. The results emphasize the
necessity of sustaining low defect densities and sufficient
acceptor concentrations to optimize solar cell efficiency across
diverse material systems.
3.7 Inuence of HTL acceptor density and bulk defect
variation on PV efficiency

The efficacy of PV systems is markedly affected by NA of HTL.
Doping HTL is a crucial method for optimizing PV performance
by improving conductivity between the electrode surface and
absorber layer. NA directly inuences the attributes of PV
structures, including bandgap, carrier concentration, and
electrical conductivity. Fig. 9(a) illustrates the impact of altering
7672 | RSC Adv., 2025, 15, 7663–7681
theNA from 1014 to 1022 cm−3 on PV characteristics in structures
incorporating Cu2O, CBTS, MoO3, and CuI HTLs. The perfor-
mance measurements display the subsequent ranges: PCE rises
from 25.93% to 26.67%, 23.17% to 26.67%, 20.38% to 26.48%,
and 18.10% to 23.76%; FF ascends from 89.29% to 89.90%,
88.35% to 89.90%, 84.82% to 89.67%, and 78.49% to 87.27%;
JSC increases from 22.75 to 22.79 mA cm−2, 21.83 to 22.80 mA
cm−2, 20.49 to 22.78 mA cm−2, and remains at 22.78 mA cm2;
and VOC enhances from 1.27 to 1.3 V, 1.2 to 1.3 V, 1.17 to 1.29 V,
and 1.01 to 1.19 V. Of the analyzed structures, Cu2O HTL
exhibits the highest performance, achieving a PCE of roughly
26.67%, JSC of 22.79 mA cm−2, VOC of 1.3 V, and FF of 89.9%. In
comparison, CBTS attains a PCE of 26.39%, MoO3 achieves
24.86%, and CuI reaches 21.78%. The results demonstrate that
Cu2O has enhanced charge carrier collection and transport
capabilities, leading to improved device efficiency. A NA of 1020

cm−3 was chosen for all HTLs to enhance performance and
ensure cost-effective production.

The Nt in HTLs signicantly impacts PV performance by
affecting recombination processes and charge carrier dynamics.
An elevated Nt can impede charge transport, augment
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Impact of Sr3PCl3 absorber acceptor and bulk defect density variations on PV performance ((a) VOC, (b) JSC, (c) FF, and (d) PCE) with CuI
HTL.

Fig. 9 Influence of changes in (a) acceptor density and (b) defect density with various HTL materials on PV performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 7663–7681 | 7673
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recombination losses, and undermine the structural integrity of
the device. Furthermore, non-uniform defect distributions can
modify the optical characteristics of the HTL, inuencing
photon absorption and spatial uniformity in device efficacy.54

To reduce recombination losses and guarantee reliability, it is
crucial to maintain low Nt and homogeneity in HTL. Fig. 9(b)
illustrates the impact of altering Nt varying from 1012 to 1018

cm−3 on the PV properties for the four-hole transport layers.
Notably, despite variations in Nt, the PV measurements stay
largely unchanged across all structures. The PCE for Cu2O,
CBTS, MoO3, and CuI HTLs are 26.67%, 26.38%, 24.86%, and
21.78%, respectively. Correspondingly, FF persists at 89.90%,
89.83%, 89.52%, and 87.52%, respectively. The JSC exhibits
minimal uctuation, maintaining values of 22.8 mA cm−2,
22.79 mA cm−2, 22.55 mA cm−2, and 22.78 mA cm−2, respec-
tively. Similarly, the VOC remains constant at 1.3 V, 1.28 V,
1.23 V, and 1.09 V, respectively. The ndings indicate that Nt

below 1015 cm−3 exerts negligible inuence on device perfor-
mance, establishing this as the optimal number for practical
applications and further computations.

3.8 Inuence of interface defect density on PV efficiency

Interface defects considerably impact on the output character-
istics of PV devices, signicantly affecting their efficiency and
performance stability. Fig. 10 demonstrates the impact of
interface defect density (Ntf), ranging from 1010 to 1018 cm−2, on
the PV characteristics of Sr3PCl3-based PSCs at the Cu2O/
Sr3PCl3, CBTS/Sr3PCl3, MoO3/Sr3PCl3, and CuI/Sr3PCl3 inter-
faces, while maintaining all other parameters constant.

At the CuI/Sr3PCl3 interface, performance measurements
exhibit considerable degradation with an increase in Ntf. The
Fig. 10 Influence of variations in Ntf at various HTL/Sr3PCl3 layers on
PV performance.

7674 | RSC Adv., 2025, 15, 7663–7681
PCE lowers from 22.59% to 17.10%, the FF diminishes from
85.89% to 82.1%, and the VOC reduces from 1.15 V to 0.93 V. The
JSC remains stable at 22.73 mA cm−2 until a Ntf of 10

14 cm−2 is
reached, aer which it starts to decrease. The Cu2O/Sr3PCl3
interface exhibits exceptional stability in PV metrics with rising
Ntf up to 1014 cm−2, maintaining PCE, FF, JSC, and VOC values at
26.67%, 89.9%, 22.79 mA cm−2, and 1.3 V, respectively.
Exceeding this threshold, the parameters start to diminish,
signifying the effect of accelerated recombination at elevated
defect densities.

At the CBTS/Sr3PCl3 interface, a marginal decrease in VOC is
seen, diminishing from 1.3 V to 1.16 V when Ntf increases to
1013 cm−2. The PCE and JSC exhibit a more pronounced
decrease, falling from 26.6% to 19.78% and from 22.8 to 19.58
mA cm−2, respectively. The FF remains stable at 89.83% up to
1013 cm−2 before exhibiting slight reductions.

The MoO3/Sr3PCl3 interface exhibits heightened sensitivity
to Ntf. A decline in performance is noted beginning at 1010

cm−2, with measurements stabilizing at Ntf of 10
14 cm−2. The

PCE, FF, JSC, and VOC stabilized at 19.76%, 86.93%, 19.58 mA
cm−2, and 1.16 V, respectively. Interface defects are directly
associated with elevated series resistance, which negatively
affects performance.55Nonetheless, JSC exhibits minimal impact
across all surfaces because of its reduced sensitivity to varia-
tions in resistance. The noted reductions in PCE, FF, and VOC
are ascribed to expedited carrier recombination at elevated Ntf,
which reduces charge-collecting efficiency and amplies energy
losses. Interface defects at the Cu2O/Sr3PCl3, CBTS/Sr3PCl3,
MoO3/Sr3PCl3, and CuI/Sr3PCl3 layers constitute a signicant
determinant affecting the efficacy and dependability of PV
systems.55,56 To enhance PV efficiency, it is essential to minimize
interface defects, maintain uniformity at the interfaces, and
diminish recombination losses attributed to defect density.

3.9 Examination of generation-recombination rates and
carrier densities

The generation and recombination rates of charge carriers are
essential factors in assessing the efficiency of PV systems.
Fig. 11(a and b) illustrates the carrier recombination and
generation rates for all four structures at various positions.
Carrier generation transpires when an electron shis from the
valence band (VB) to the conduction band (CB), resulting in the
formation of electron–hole pairs.57 This mechanism releases
free carriers, improving the overall charge production in PSCs.
Structure III shows the lowest generation rate at 0.05 mm, while
structures I, II, and IV display peak production rates at 0.1 mm.
This uctuation results from localized disparities in photon
absorption, inuenced by material characteristics and struc-
tural design. Eqn (4) delineates the generation rate G (l, x),
computed utilizing the SCAPS-1D model and the photon ow.

G (l, x) = a (l, x)$Nphoton (l, x) (4)

Where Nphoton (l, x) and a (l, x) denote electron–hole pair
generation and absorption coefficient.

Recombination transpires when electrons and holes merge,
resulting in a depletion of charge carriers. In PSCs,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Impact of HTL variations on (a) total generation rates, (b) total recombination rates, (c) electron concentration, and (d) hole
concentration.
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recombination is inuenced by the density and lifespan of
charge carriers, together with defects present in each layer.
During recombination, CB electrons transition to the VB by
overcoming an energy barrier and combining with holes. The
corresponding energy levels govern the kinetics of this process,
rendering it a vital factor in PSC performance. Fig. 11(b) illus-
trates that structure III exhibits the lowest recombination rate at
0.04 mm, while structures I, II, and IV demonstrate elevated
recombination rates at 0.1 mm.

Fig. 11(c and d) analyze the impact of altering the thickness
of the Sr3PCl3 on electron and hole concentrations inside the
four device congurations. Variations in Sr3PCl3 layer thickness
modify DOS in the VBs, inuencing the distribution and
quantity of holes in the Sr3PCl3 layer. Holes are signicantly
more prevalent than electrons, a fact ascribed to the material
characteristics of Sr3PCl3 and the selection of HTLs.58,59 The
incorporation of HTLs such as Cu2O, CBTS, MoO3, and CuI with
Sr3PCl3 perovskite markedly diminishes electron–hole recom-
bination and enhances carrier production. This analysis indi-
cates that reducing recombination and optimizing carrier
generation rates can enhance the efficiency of PSCs. The results
underscore the signicance of absorber thickness, photon
absorption, and HTL compatibility in enhancing the overall
efficacy of PSCs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.10 Inuence of temperature on PV efficiency

The operational temperature of a solar cell frequently surpasses
ambient temperature, considerably affecting its PV efficiency. To
examine this effect, the temperature was altered from 275 K to
500 K, and its inuence on PV parameters is illustrated in Fig. 12.
Temperature variations inuence critical parameters, including
PCE, FF, and VOC, although the JSC remains mostly unchanged.

In the basic conguration utilizing Cu2O HTL, the PCE
diminishes from 27.68% at 275 K to 18.36% at 500 K. Corre-
spondingly, for CBTS HTL, the PCE decreases from 27.17% to
18.36%; for MoO3 HTL, it declines from 24.32% to 18.31%; and
for CuI HTL, it falls from 22.1% to 14.45%. The decline in PCE
across all structures is due to a variety of variables, including
lower shunt resistance and increased charge recombination
rates at elevated temperatures.

A signicant observation is the temperature-dependent
reduction in VOC. As temperature increases, the reverse satura-
tion current density (J0) escalates, reducing VOC. This relation-
ship is dened by eqn (5).

VOC ¼ AKBT

q

�
ln

�
1þ Jsc

Jo

��
(5)
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Fig. 12 Temperature-dependent analysis of PV parameters under
diverse HTL configurations.
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where the thermal voltage, Boltzmann constant, ideality factor,

absolute temperature, and charge of an electron as (
KBT
q

, KB, A, T,

and q).
The equation illustrates that the rise in J0 with temperature

adversely affects VOC. Simulations indicate that JSC is predomi-
nantly impervious to temperature uctuations. Nevertheless, FF
and PCE exhibit a signicant decrease with rising temperature.
The decrease in FF and PCE can be attributed to the decline in
charge recombination resistance and the enhancement in the
rate of electron–hole recombination between the valence and
conduction bands.60 Elevated temperatures accelerate charge
recombination processes, consequently decreasing total charge-
collecting efficiency and impairing solar cell performance.

Furthermore, in specic PSC arrangements, elevated
temperatures accelerate the recombination of electrons and
holes, hence exacerbating the increase in J0 and the resultant
decrease in VOC and PCE.61,62 These ndings underscore the
paramount signicance of temperature regulation in solar cell
design. By alleviating the detrimental impacts of temperature
on PV characteristics, either material optimization or the inte-
gration of thermal management systems, the efficacy, and
durability of PSCs can be substantially improved.
3.11 Optimized J–V and QE properties

A thicker Sr3PCl3 absorber layer oen improves photocurrent by
augmenting light absorption, leading to an elevated JSC. None-
theless, this benet has trade-offs, as increased thickness may
result in elevated recombination losses. These losses may
diminish the FF and VOC, thus impairing the overall PCE.
Determining an ideal absorber layer thickness is essential,
necessitating meticulous attention to structural design, pro-
cessing methods, and doping concentrations. Some research
7676 | RSC Adv., 2025, 15, 7663–7681
indicates that smaller absorber layers may surpass bulkier
layers by minimizing the recombination process.63,64 The
thickness of the absorber layer greatly affects its QE. Thicker
Sr3PCl3 layers absorb a higher quantity of photons, resulting in
improved QE at longer wavelengths (Fig. 13).

Fig. 13(a, c, e and g) and (b, d, f and h) depict the J–V and QE
characteristics of solar cells utilizing Cu2O, CBTS, MoO3, and
CuI HTLs, respectively. The optimized congurations attained
peak PCE of 26.67%, 26.38%, 24.86%, and 21.78%, with
associated VOC of 1.30 V, 1.28 V, 1.23 V, and 1.09 V. FF were
documented as 89.90%, 89.83%, 89.52%, and 87.52%, whereas
JSC values were 22.79 mA cm−2, 22.79 mA cm−2, 22.55 mA
cm−2, and 22.78 mA cm−2 for Cu2O, CBTS, MoO3, and CuI,
respectively. The examination of J–V curves indicates a steady
decline in current density with rising voltage, as depicted in
Fig. 13 (a, c, e and g). These trends illustrate the characteristic
behavior of PV systems, wherein increasing voltage diminishes
the impetus for charge extraction. The QE proles encompass
a wavelength range of 300 nm to 850 nm, commencing at about
100% efficiency and progressively diminishing to 0% as the
wavelength nears 750 nm. This reduction is uniform across all
congurations, as illustrated in Fig. 13(b, d, f and h). The
correlation of J–V and QE characteristics highlights the rela-
tionship between absorber layer thickness and device efficacy.
By meticulously adjusting the Sr3PCl3 layer thickness and
rening the interface with HTLs such as Cu2O, CBTS, MoO3,
and CuI, high-efficiency solar cells can be attained. This opti-
mization reduces recombination losses and improves photon
absorption, facilitating enhanced charge carrier generation
and extraction.
3.12 Bifacial PSCs utilizing the FTO/ZnO/Sr3PCl3/(Cu2O/
CBTS/MoO3/CuI)/Ni congurations

The research examines bifacial PSCs utilizing the distinctive
material composition FTO/ZnO/Sr3PCl3/(Cu2O/CBTS/MoO3/CuI)/
Ni, employing a bifacial structure to improve energy-harvesting
efficiency. Bifacial PSCs, in contrast to traditional mono-facial
PSCs that absorb sunlight simply from one side, are engi-
neered to capture light from both the front and back sides, hence
enhancing energy yield per unit area.65 This method diminishes
the supplementary expenses and complexity usually linked to the
production of bifacial cells, rendering it a viable choice for
scalable solar technology. This work presents a solution that
simplies traditional bifacial PSC production, which oen
necessitates substantial optimization for effective back-side
lighting, while yet achieving high conversion efficiency.

Two independent simulations were performed to assess
performance under different illumination conditions, examining
the impact of light entering from both the front and rear sides of
the PSC. This dual study provided essential information into the
device's PV performance. Essential measures, such as bifacial
factors (BF) and bifacial gain (BG), were computed to assess
comparative efficiency and supplementary energy contributions
from rear-side lighting. The BF assesses the comparative
performance of each side and is computed using eqn (6).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 J–V and QE responses for (a and b) structure I, (c and d) structure II, (e and f) structure III, and (g and h) structure IV.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 7663–7681 | 7677
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Fig. 14 Investigation of J–V curves for the FTO/ZnO/Sr3PCl3/(Cu2O/CBTS/MoO3/CuI)/Ni device structure with (a) both front and (b) back
illumination under 1 sun conditions and (c) a bifacial configuration.
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BF ¼ Xback

Xfront

� 100% (6)

where Xback and Xfront denote essential PV parameters under
conventional solar intensity (1 sun) conditions for back and
front lighting, respectively.

BG denotes the supplementary efficiency contribution from
back-side lighting and is described by eqn (7).

BGh ¼ hbi � hfront

hfront

� 100% (7)

Bifacial efficiency (hbi) is determined using the formula in
eqn (8).

hbi = hfront + hback (at 20% of 1 sun) (8)

Fig. 14(a–c) displays the current density–voltage (J–V) curves
for four unique structures (I, II, III, and IV) under optimal front
and rear illumination condition and the bifacial performance.
Performance with back-side illumination (1 sun intensity) was
found to be inferior to that with front-side illumination,
indicating that absorption losses on the rear surface diminish
overall efficiency. Table 3 summarizes the essential PV
parameters for both illumination conditions throughout the
four device congurations. The BF values for VOC, JSC, FF, and
Table 3 Comparison of PV parameters under standard 1 sun (AM 1.5) con

Structure I–IV Illumination condition

FTO/ZnO/Sr3PCl3/Cu2O/Ni Front side
Back side

FTO/ZnO/Sr3PCl3/CBTS/Ni Front side
Back side

FTO/ZnO/Sr3PCl3/MoO3/Ni Front side
Back side

FTO/ZnO/Sr3PCl3/CuI/Ni Front side
Back side

7678 | RSC Adv., 2025, 15, 7663–7681
PCE for structures I–IV under back-side light are detailed
below:

� VOC: 99.23%, 99.61%, 99.67%, and 99.63%.
� JSC: 87.53%, 86.39%, 86.16%, and 87.00%.
� FF: 99.96%, 99.93%, 99.91%, and 99.54%.
�PCE: 87.21%, 86.09%, 85.96%, and 82.09%.
The results demonstrate that VOC and FF are essentially

unchanged by back-side illumination, although JSC and PCE
show slightly reduced BF values, underscoring the occurrence of
back-surface absorption losses.66

The BG and hbi were computed for structures I–IV using
eqn (7) and (8), yielding values of 16.74%, 16.53%, 16.14%, and
15.92%, and 31.07%, 30.53%, 29.21%, and 24.46% respectively.
These ndings align with earlier reports,67,68 illustrating the
capacity of bifacial solar cells to markedly increase energy
production relative to mono-facial counterparts. The durable
material architecture and signicant energy-harvesting capa-
bility of bifacial PV solar cells highlight its benets in contem-
porary solar technology. An in-depth examination of BF and BG
characteristics underscores the capacity of these devices to
sustain performance throughout varying lighting conditions.
Bifacial solar cells provide a practical and economical solution
for substantially enhancing solar energy conversion efficiency
by efficiently mitigating back-side absorption losses and
improving their structure.
ditions for front and back illumination across four device configurations

VOC (V) JSC (mA cm−2) FF (%) PCE (%)

1.3 22.79 89.9 26.67
1.29 19.95 89.86 23.26
1.29 22.8 89.84 26.39
1.28 19.69 89.78 22.72
1.23 22.55 89.52 24.86
1.2 19.43 89.44 21.37
1.09 22.78 87.52 21.78
1.087 18.8 87.12 17.88

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparing photovoltaic parameters with existing research (T = theoretical and E = experimental)

Device structure Type work VOC (V) JSC (mA cm−2) FF (%) PCE (%) Ref.

FTO/SnS2/Sr3NCl3 T 1.24 16.79 86.44 18.11 27
Al/FTO/SnS2/Ca3SbI3/MoO3/Au T 1.16 19.07 87.79 19.47 69
ITO/SnO2/CH3NH3SnI3/CuSCN T 0.92 34.38 74.46 23.57 70
Zn/FASnI3/CuSCN T 1.08 28.12 84.96 25.94 71
ITO/TiO2/CsSnBr3/Spiro-OMeTAD/Au E 0.85 21.23 58 10.46 72
ITO/TiO2/MASnI3/Spiro-OMeTAD/Au E 0.88 16.8 42 6.4 73
CsPbI3/Cs0.25FA0.75PbI3 E 1.20 18.91 76.00 17.39 74
CsPbI3/FAPbI3 E 1.22 17.26 74.00 15.6 75
FTO/ZnO/Sr3PCl3/Cu2O/Ni T 1.30 22.79 89.90 26.67 This work
FTO/ZnO/Sr3PCl3/CBTS/Ni T 1.28 22.79 89.83 26.38 This work
FTO/ZnO/Sr3PCl3/MoO3/Ni T 1.23 22.55 89.52 24.86 This work
FTO/ZnO/Sr3PCl3/CuI/Ni T 1.09 22.78 87.52 21.78 This work
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3.13 Improved device performance compared to prior
research

Compared to earlier research, the present device is a signicant
improvement. In recent years, the efficacy of A3BX3-based PSCs
has shown consistent enhancements.24,27,69 This work presents
a unique solar cell conguration comprising FTO/ZnO/Sr3PCl3/
Cu2O/Ni, which has attained a remarkable efficiency of 26.67%.
This achievement is primarily ascribed to the synergistic inte-
gration of Cu2O, serving as HTL, and ZnO, operating as ETL.
This device demonstrated a VOC of 1.3 V, a JSC of 22.79 mA cm−2,
and an FF of 89.9%. Table 4 presents a comparison of the
performance parameters of the latest conguration with those
from prior research, highlighting the substantial enhancement
in efficiency.
4 Conclusion

This study numerically assessed the promising optoelectronic
characteristics of Sr3PCl3-based PSCs by SCAPS-1D simulations
and DFT calculations. The work concentrated on an innovative
heterostructure design consisting of FTO/ZnO/Sr3PCl3/(Cu2O/
CBTS/MoO3/CuI)/Ni and evaluated its efficacy in photovoltaic
applications. The essential device parameters, encompassing the
characteristics of the Sr3PCl3 absorber and the functions of
several HTLs, were methodically examined. The ideal congu-
ration comprises a Sr3PCl3 layer with a thickness of 1000 nm and
NA of 1017 cm−3, along with HTL and ETL layers having thick-
nesses of 100 nm and 50 nm, respectively. Among the examined
HTLs, Cu2O exhibited the highest PCE of 26.67%, with a VOC of
1.3 V, a JSC of 22.79mA cm−2, and an FF of 89.9%. In contrast, the
CBTS, MoO3, and CuI HTLs attained PCE of 26.39%, 24.86%, and
21.78%, respectively, with corresponding VOC values of 1.29 V,
1.23 V, and 1.09 V, JSC values of 22.8 mA cm−2, 22.55 mA cm−2,
and 22.78 mA cm−2, and FF of 89.84%, 89.52%, and 87.52%.
Additionally, the proposed four PSC congurations for bifacial
Sr3PCl3 PSCs indicate that performance under front illumination
was slightly higher than that under back illumination. The BF of
the PCE was recorded at 87.21%, 86.09%, 85.96%, and 82.09%
for structures I, I, II, III, and IV, respectively, while the BG and hbi

for these structures was documented as 16.74%, 16.53%,
16.14%, and 15.92% and 31.07%, 30.53%, 29.21%, and 24.46%,
© 2025 The Author(s). Published by the Royal Society of Chemistry
indicating consistent efficiency patterns throughout the cong-
urations. The results underscore the capability of the suggested
FTO/ZnO/Sr3PCl3/Cu2O/Ni heterojunction conguration to
produce high-efficiency in both mono-facial and bifacial solar
cells. The exhibited synergy of superior photovoltaic efficiency
and economical material utilization highlights the potential of
Sr3PCl3 as a formidable contender for the progression of solar
cell technology in the energy domain.
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