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In this study, we present a comprehensive numerical investigation of chlorine-doped perovskite solar
cells using the SCAPS-1D simulation framework, with the device structure ITO/ZnO/CH3sNHsPbls_,Cl,/
NiO,/Au. This work focuses on optimizing active-layer properties and compositional engineering to
enhance photovoltaic performance. Initially, the influence of absorber thickness on device parameters
was investigated, revealing that CHzNHzPbls achieves optimal performance at 800 nm thickness,
delivering a power conversion efficiency (PCE) of 24.17%, along with a short circuit current density (Jsc)
of 25.31 mA cm™2, an open circuit voltage (Vo) of 115V, and a fill factor (FF) of 82.75%. Subsequently,
chlorine incorporation was systematically varied to evaluate its effect on device performance. The
composition MAPDI, gClg > emerged as the most favorable, achieving an enhanced PCE of 27.34%, with
Jsc = 25.00 mA cm~2,
electron transport layers, hole transport layers, absorber materials, and lead-free perovskites highlight
the performance advantages of an optimized structure. Our simulated results provide valuable insights
into the design of highly efficient Cl-doped perovskite solar cells and demonstrate the potential of

Received 24th November 2025,
Accepted 8th February 2026

Voe = 131V, and FF = 83.63%. Finally, comparative simulations across different
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Introduction

Solar cells (SCs) play an essential role in future renewable
energy systems by converting solar irradiation into electrical
power with high efficiency and continuously decreasing pro-
duction cost. Conventional crystalline silicon (Si) SCs dominate
the current photovoltaic (PV) market, having achieved certified
power conversion efficiencies (PCEs) of nearly 26% under
standard illumination.'™ Nevertheless, Si technology is limited
by its theoretical single-junction Shockley-Queisser efficiency
limit (~33%) and faces challenges such as energy-intensive
fabrication, high capital expenditure, and limited opportunities
for low-temperature or flexible processing.> These constraints
have stimulated strong interest in emerging PV materials
capable of offering high efficiency, tunable optoelectronic
properties, low-cost production, and compatibility with scalable
deposition methods.®™®

Metal halide perovskite solar cells (PSCs) have rapidly advanced
over the past decade, driven by their remarkable properties includ-
ing high absorption coefficients, long carrier lifetimes, low defect
formation energies, and facile solution processing.’* Organic-
inorganic lead halide perovskites, particularly methylammonium
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compositional tuning for next-generation photovoltaic devices.

lead iodide (MAPbI;, MA = CH;NH; "), have achieved PCEs exceed-
ing 26%, rivaling Si while offering substantially lower processing
temperatures.’ Although MAPbI; possesses outstanding light-
harvesting properties, its practical deployment is limited by
instability arising from defects and environmental exposure;
compositional engineering such as halide incorporation can
reduce defect densities and enhance intrinsic stability, comple-
menting external passivation and encapsulation approaches.">'*
To overcome instability concerns, several studies have investi-
gated compositional and interfacial engineering strategies.">'®
Advanced approaches, including humidity-assisted crystallization,
surface passivation, and robust encapsulation, have been shown
to suppress phase transitions and alleviate environmental degra-
dation. The main toxicity issue associated with MAPbI; ,Cl,
absorbers arises from potential lead release during degradation,
which can be substantially reduced through effective encapsula-
tion, lead-trapping strategies, and appropriate end-of-life recycling
practices.’””'® For example, Wang et al. demonstrated that con-
trolled humidity-assisted crystallization stabilizes cubic CsPbl;
by promoting larger grain sizes and reducing halide vacancy
defects."® Similarly, Jiang et al. employed polymer-barrier encap-
sulation to dramatically suppress lead leakage and external
degradation pathways, enabling long-term outdoor stability.>
These works highlight the importance of defect reduction,
interface control, and environmental barrier strategies for
achieving durable PSC performance. Another major research
direction involves halide and compositional engineering as a
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Fig. 1 (a) Schematic diagram of the planar n—i—p solar cell configuration
(ITO/ZnO/CH3NH3Pbls_,CL/NiO,/Au) and (b) energy level diagram of the
device.
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means of improving device efficiency through improved crystal-
linity, defect passivation, and voltage enhancement.">*® Chloride
incorporation has been widely reported to prolong carrier lifetime,
enhance the built-in electric field, and suppress non-radiative
recombination; moreover, while encapsulation is essential for
mitigating extrinsic degradation in MAPbI;-based solar cells,
chlorine incorporation effectively passivates bulk and interfacial
defects, improves carrier diffusion lengths, and suppresses ion
migration, thereby contributing to improved intrinsic stability in
addition to enhanced device performance.>"** Chen et al. showed
that trace levels of chloride significantly suppress non-radiative
recombination and increase open circuit voltage (V,.) by modulat-
ing the electronic structure and passivating defects.”" Stone et al.
elucidated that a Cl-containing precursor phase can slow down
crystallization, resulting in denser films and higher crystal
quality that favor improved charge transport and reduced
recombination.”” Despite these advances, the quantitative
influence of chloride content on V.., short circuit current
density (Js), and fill factor (FF), and its interplay with ETL/
HTL energetics remains insufficiently understood, especially in
computational design frameworks that can isolate individual
parameters.

In this study, we conduct a comprehensive numerical inves-
tigation of chlorine-doped MAPbI;_,Cl, perovskite SCs using
the SCAPS-1D device simulation platform, focusing on the
architecture ITO/ZnO/MAPbI;_,ClL,/NiO,/Au. First, the MAPbI;
absorber thickness was optimized, with 800 nm identified
as the ideal thickness enabling a PCE of 24.17% (V. = 1.15 V,
Jse =25.31 mA cm 2, and FF = 82.75%). We then systematically
investigated chloride incorporation, revealing that MAP-
bI, sCly , yields significantly enhanced device performance with
a PCE of 27.34%, driven by improved V,. (1.31 V) and FF
(83.63%). These results are consistent with experimental obser-
vations by Chen et al. and Hieulle et al., who demonstrated that
halide substitution and defect-suppression strategies can dra-
matically elevate V,. and device stability.'>?* Finally, compara-
tive simulations incorporating alternative electron transport
layers (ETLs), hole transport layers (HTLs), and absorber mate-
rials highlight the superior performance of an optimized ZnO/
MAPDbI, ¢Cl, ,/NiO, configuration relative to conventional PSC
structures. Collectively, this work provides important insights

Table 1 Physical parameters of the materials used in the proposed solar cell simulated devices

Layer
Parameters NiO, (HTL)***° MAPbI; (absorber)*>*! ZnO (ETL)*** ITo***
Thickness (nm) 20 800 20 100
Band gap (eV) 3.8 1.55 3.3 3.5
Electron affinity (eV) 1.5 3.8 4.1 4.0
Relative permittivity 10.7 10 9.0 9.0
Conduction band effective density of states (cm?) 2.8 x 10" 2.8 x 10'® 4.0 x 10'® 2.2 x 10'®
Valence band effective density of states (cm ™) 10"° 3.9 x 10'® 1.0 x 10" 1.8 x 10"
Electron mobility (cm® V' s7") 12 10 100 30
Hole mobility (em* V™' s71) 2.8 10 25.0 5.0
Shallow donor density (cm ™) 0 10" 1 x 10" 2 x 10%°
Shallow acceptor density (cm?) 10'® — 0 0
Defect density (cm™?) 1 x 10" 3 x 10™ 1 x 10™ 1 x 10™

Energy Adv.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ya00343a

Open Access Article. Published on 13 February 2026. Downloaded on 3/17/2026 5:03:09 PM.

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

(cc)

Energy Advances

View Article Online

Paper

Table 2 Physical parameters of the materials using various chlorine doped perovskite layers

Absorber layer

Parameters MAPDI;*>*" MAPDI, 4Cly,'*** MAPbIL, ,Cly¢'*"> MAPbLCI***” MAPbICL,*” MAPbCI;***
Thickness (nm) 800 800 800 800 800 400

Band gap (eV) 1.55 1.57 1.59 2.09 2.58 2.88
Electron affinity (eV) 3.8 3.8 3.8 3.8 3.8 3.9
Relative permittivity 10 6.5 6.5 30 28 15
Conduction band effective density of states (cm™) 2.8 x 10'® 2.2 x 10'® 2.2 x 10'® 2.0 x 10'® 2.0 x 10"® 3.5 x 10*®
Valence band effective density of states (cm ™) 3.9 x 10" 1.8 x 10" 1.8 x 10" 1.0 x 10" 1.0 x 10" 3.5 x 10*°
Electron mobility (cm® V' s~ ") 10.0 2.0 2.0 3.5 3.2 2.9

Hole mobility (cm® V' s71) 10.0 2.0 2.0 3.5 3.2 24.5
Shallow donor density (cm ™ ?) 10" 10" 10" 10" 10" 10"
Defect density (cm™?) 3 x 10" 10" 10" 2 x 10™ 10" 10"

into halide engineering as a mechanism for boosting PV perfor-
mance and underscores the critical role of controlled chloride
incorporation in designing next-generation, high-efficiency
perovskite SCs.

Materials and methodology
Device structure and modeling

Numerical simulations of planar perovskite-based solar cells
were performed with one dimensional code SCAPS-1D, which is
used to determine current density vs. voltage characteristics,
energy band diagram, quantum efficiencies/spectral response,
functional parameters (Vo Jsc, FF, and PCE), total recombina-
tion currents, alternating current quantities and electron/hole
densities and was designed by a team at the Department of
Electronics and Information’s Systems of the University of
Ghent in Belgium.>® The software utilizes one-dimensional
Poisson and carrier continuity equations for electrons and
holes.?® Although SCAPS-1D assumes one-dimensional uniform
layers, idealized defect distributions, and simplified recombi-
nation mechanisms (SRH, radiative, and Auger), with interface
defects treated as discrete energy levels affecting carrier recom-
bination and transport, the simulations were performed using
convergence settings - including iteration tolerances for cur-
rent and voltage, maximum iteration limits, and appropriate
mesh resolution - to ensure stable and accurate solutions.
These results were validated against reported experimental
trends of chlorine-doped MAPbI; devices, showing qualitative
agreement in key photovoltaic performance metrics. The phy-
sical parameters of each device layer can be systematically
modified and optimized to achieve the most favorable perfor-
mance characteristics, that include the layer thickness, band-
gap, donor concentration and electron affinity to name just a
few. A detailed sensitivity analysis of the current cell architec-
ture, which could identify the most critical parameters influen-
cing performance, is suggested as an important direction for
future studies. At the time of this study, the latest and most
up to date version of SCAPS was used, SCAPS 3.3.1.2. This
simulation solves numerically the three basic semiconductor
equations: the Poisson equation and continuity equations for
holes and electrons.>*>®

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

A schematic of the proposed device (ITO/ZnO/MAPbI;_,Cl,/
NiO,/Au) and the SC energy band diagram are shown in
Fig. 1(a) and (b). The device is modeled with a simple equiva-
lent circuit of resistances, a diode, and capacitances as in the
equation T = R x C, where the RC time constants describe
charge relaxation and help understand carrier transport and
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Fig. 2 Effect of absorber layer thickness on (a) J-V characteristics and
(b) external quantum efficiency, keeping the ETL and HTL thickness fixed.
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recombination. The simulations for the proposed device were
run at a temperature of 300 K and under an illumination of AM
1.5G from the side of the device with the glass substrate. On the
illuminated side, there is a transparent conducting oxide
indium doped tin oxide (ITO) electrode which has a work
function of 4.6 eV, while on the non-illuminated side a gold
metal electrode with a work function of 5.1 eV was used.>”*®
NiO, acts as the HTL (p-type), facilitating hole extraction, and
ZnO acts as the ETL (n-type), enabling electron extraction.
The central layer, MAPbI; ,Cl, (x = 0, 0.2, 0.6, 1.0, 2.0), is a
perovskite material responsible for light absorption and charge
generation. The various input parameters for the layers which
were gathered from the literature are presented in Tables 1
and 2. The expected results are the cell performance parameters
such as J, Voc, FF, PCE, and external quantum efficiency (EQE).

Results and discussion

Fig. 1(a) shows the device with the n-i-p planar structure. The
n-region is the ETL, the i region is the perovskite layer, and the
p-region is the HTL. When the cell is subjected to light, excitons
are mainly created in the perovskite i-region and then electrons
move toward the n-layer ZnO, and holes move to the p-layer
NiO, as shown in the energy band diagram in Fig. 1(b).
Dissociation of excitons as well as migration of electrons and
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holes are favored by electrical fields between the ETL and HTL.
The work functions of ITO (used as a front contact) and Au
(used as a back contact) were —4.6 eV and —5.1 €V,
respectively.””*® The lowest unoccupied molecular orbital
(LUMO) levels and the highest occupied molecular orbital
(HOMO) levels of ZnO, MAPbI; ,Cl,, and NiO, were —4.1 €V,
—3.9 eV, and —1.5 eV and —7.4 eV, —5.4 eV, and —5.2 €V,
respectively.'®>¢??3° Through this proposed energy band align-
ment, the electrons and holes generated in the MAPbI;_,Cl,
absorption layer can efficiently move to the ITO electrode and
Au electrode, respectively. The thickness of the active layer
plays an important role in the device’s performance. It can
enhance absorption, which affects positively the J,. and
PCE.*'"** Fig. 2(a) shows current density vs. voltage character-
istics using the same fixed HTL and ETL thicknesses of 20 nm.
The curve shows that the current increases from 200 nm to
600 nm and then slowly increases. On the other hand, the V.
decreases with an increase in thickness. The thickness of the
active layer varied from 200 nm to 1600 nm and the EQE is
shown in Fig. 2(b). As can be observed from the spectra, in the
wavelength range from 300-900 nm, the EQE values are almost
similar up to 450 nm and then increase with active layer
thicknesses. This consistency trend is because of the incident
photons energy being lower than the active layer. The EQE
reaches a maximum range from 360-650 nm wavelength except
600 nm which is highly favorable for the device’s performance.
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Fig. 3 Effect of absorber layer thickness on (a) Js.; (b) Voc; (c) fill factor; and (d) PCE, keeping the ETL and HTL thickness fixed.
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The most significant change with the EQE values occurs in the
wavelength range of 300-360 nm where in comparison to
the thinner layers the thicker layers of MAPbI; have a much
lower EQE value. This is a result of the active layer parasitic
absorption which occurs because of the increased active layer
thickness thereby decreasing the number of photons.

Furthermore, the impact of the active layer on device per-
formance was examined as can be seen in Fig. 3. There is an
increase of J,. from 17.21 mA cm™? to 26.20 mA cm > with
the perovskite thickness as shown in Fig. 3(a) because of the
higher photo generated carriers, which are dependent on the
absorber layer thickness due to the improved light absorption
capabilities.***® For V,., it decreases with increasing thick-
ness of the active layer as shown in Fig. 3(b). This is due to
both the increase of dark saturation current and the increase
of carrier recombination rate.>® From Fig. 3(b), it is evident
that the highest values were recorded when the thickness is
200 nm, which then slightly decrease with a change in the
perovskite layer thickness. However, when examining raw
data, the maximum V,. (1.21 V) is achieved only when the
perovskite layer is 200 nm. The V,, slightly decreases for larger
thickness, though the difference between the highest and
lowest V, is only 7%. The primary reason for the varying V.
with the absorber layer thickness could be an increase in the
cells series resistance and a reduction in the photocurrent,
both of which are related to the increase in the rate of carrier
recombination.?”*®

From the FF plot (Fig. 3(c)) it is noted that the maximum FF
of 85.22% was observed at a lower thickness of 200 nm, which
gradually decreased to 78.74%. The decrease in the FF is a
result of the perovskite layers with increased thickness being
greater than the diffusion length. This results in photogener-
ated carriers undergoing recombination in the quasi-neutral
region. The device’s PCE steadily improved with the increased
thickness of the active layer reaching a maximum of 24.17% at
800 nm thickness and then decreases to 23.06% at 1600 nm as
shown in Fig. 3(d). This increase occurs because if the active
layer is too thin, it cannot efficiently collect electrons from the
absorbing layer of the device.*” However, the increase of active
layer thickness exhibits a decrease in the PCE this decline in
PCE is attributed to fewer photo-generated carriers. Finally, an
increase in PCE until optimum thickness is due to the absorp-
tion of more photons by the active layer, which consequently
generates more charge carrier concentration.

Doping is one of the most important processes in solar cell
manufacturing to boost the efficiency of the devices. Especially,
chlorine dopant contents in the absorber layer have an impor-
tant effect on the performance of the devices. In simulating the
device to analyze the effect of the chlorine dopant, a sample cell
with an 800 nm absorber was used as optimized for the MAPDbI;
absorber layer. The remaining parameters are the same for the
HTL and ETL as those listed in Table 2. As the chlorine content
increases, the band gap increases from 1.55 eV to 2.88 eV for
MAPbDI; and MAPbCI;, respectively.*"*® Fig. 4 shows current
density vs. voltage characteristics and EQE using the same fixed
HTL and ETL thicknesses of 20 nm as a variable of the chlorine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of chlorine-doped to MAPbIs on (a) J-V characteristics and
(b) external quantum efficiency, keeping absorber, ETL and HTL layer
thickness fixed.

dopant with iodine based perovskites. The curve in Fig. 4(a)
shows that the current decreases slightly from 0 to 0.6 in
MAPbI;_,Cl, composition and then rapidly decreases. On the
other hand, the V. increases with increases in dopant contents
as this might be due to the band gap increases as shown in
Table 2.

The chlorine dopant of the perovskite layer varied from 0 to
2 molar composition and the EQE is shown in Fig. 4(b). As can
be seen from the spectra, in the wavelength range from 300-
800 nm, the EQE values are almost similar up to 700 nm, except
for the high dopant (> 1.0). The EQE reaches a maximum range
from 360-650 nm wavelength except for high dopant which is
highly favorable for the device’s performance. The most sig-
nificant change with the EQE values occurs for over 1.0 com-
position and the EQE spectrum range decreases from 800 nm to
495 nm. This is a result of the low absorption which occurs
because of the increased band gap thereby decreasing the
number of photons. The EQE shows consistency with the -V
characteristics as shown in Fig. 4(a).
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Fig. 5 provides the calculated device performance as a
function of chlorine dopant with iodine-based perovskites.
In Fig. 5(a and b), the J,. decreases from 25.31 mA cm > to
4.74 mA cm 2, which is 81% low, and the V,. constantly
increases from 1.15 V to 1.85 V which is 38% high. In terms
of the FF, the value rapidly decreases from 82.75% to 52.86%
for pure iodine to 2.0 chloride composition based MAPbI;_,Cl,
devices which is 36% low as shown in Fig. 5(c). In addition, as
shown in Fig. 5(d), in the lower range of dopant contents
(<0.6), the efficiency significantly decreases from 24.17% to
4.63% and the maximum efficiency is observed 27.34% at
MAPDI, ¢Cl,, composition. Nevertheless, the overall decline
of the PCE continues after the optimum dopant. Based on
Fig. 4(a), the device shows better performance for a low concen-
tration of the dopants in the absorber, compared to the highly
doped absorber. The sharp decline in J,. for Cl concentrations
>0.6 is due to bandgap widening that reduces visible light
absorption and the potential formation of lattice strain or
defect states that enhance non-radiative recombination. This
behavior arises because excessive dopant concentrations
reduce carrier lifetime; while low-level chlorine incorporation
in MAPDI; effectively passivates defects and enhances carrier
transport, excessive halide substitution widens the bandgap
and lowers absorption, indicating the presence of an optimal
doping range rather than a monotonic improvement in perfor-
mance. On the other hand, the MAPbCI; based device shows a

Energy Adv.

similar trend as simulated by other research groups even
though they did not use NiO, as a HTL in their simulated
structure.*® They obtained a PCE of 3.53% with J,. =
9.78 mA cm ™2, V.. = 1.99 V, and FF = 18.13%.

A comparison of our simulated results with previously
reported Pb-based and Pb-free perovskite devices is summar-
ized in Table 3. Our results clearly highlight an exceptional
performance achieved through chloride incorporation in the
ZnO/MAPDI;_,Cl,/NiO, architecture. Conventional MAPbI; SCs
using transport layers such as ZnO/Cu,0O, spiro-MeOTAD, SnO,,
or TiO,-typically deliver efficiencies in the range of 21-23%,
with J;. approximately 24 mA cm™>, V,. near 1.0-1.1 V and FF
around 82-85%.>%*° In contrast, our undoped MAPbI; device
already exceeds many of these benchmarks with a PCE of
24.17%, and moderate chloride doping (MAPDI, sCl,, and
MAPDI, 4,Clye) further elevates performance by substantially
increasing the V,. from 1.15 V to 1.32 V while maintaining
high Js. and FF. This leads to a record PCE of 27.34%, surpass-
ing not only standard Pb-based MAPbI; devices but also
those employing costly hole transport materials. These
improvements reflect the strong influence of optimized chlor-
ide incorporation in suppressing non-radiative recombination,
enhancing crystallinity, and improving interfacial charge
extraction. Although excessive chloride addition leads to poorer
performance due to phase segregation and reduced carrier
mobility, an optimized Cl ratio clearly establishes an effective

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the device performance obtained from
simulations

Voo Jse FF PCE
Device structure (V) (mAcm™>) (%) (%) Ref.
ZnO/MAPbI/NiO, 1.15 25.31 82.75 24.17 This work
ZNnO/MAPbI, ¢Cl, ,/NiO, 1.31 25.00 83.63 27.34 This work
ZnO/MAPbL, ,Cl, ¢/NiO, 1.32 24.11 83.77 26.77 This work
ZnO/MAPDIL,CI/NiO, 1.66 12.11 66.03 13.29 This work
ZnO/MAPDICI,/NiO, 1.85 4.74 52.86 4.63 This work
ZnO/MAPDCl; 1.99 9.78 18.13 3.53 46
ZnO/MAPDI;/Cu,O 1.1 24,5 84.8 23.21 26
ZnO/MAPDI;/Spiro-MeOTAD 1.1 24.4 82.6 21.73 26
SnO,/MAPbI;/Spiro-MeOTAD 1.0 24.4 82.6 21.35 26
TiO,/MAPDI;/Spiro-MeOTAD 1.0 24.4 83.0 21.37 26
TiO,/MAPb, _,Eu,1;/Cu,0 1.02 20.8 87.7 15.70 49
ZnO/MAGel;/Cu,O 1.40 18.93 84.92 22.52 50
ZnO/FAGel;/Cu,O 0.76 12.26 64.91 7.83 51
ZnO/CsSnl;/Spiro-MeOTAD  0.95 25.87 0.73 17.88 52
ZnO/MASnNI;/CuSCN 0.84 34.18 70.45 20.17 53,54
ZnO/BaZrS;/CuSCN 13.92 1.38 43.24 8.28 55

window for achieving high voltage and efficiency within Pb-
based perovskite systems.'®*® Sensitivity analysis was per-
formed for the standard device to evaluate the influence of
key parameters on device performance. The results indicate
that the optimized structure exhibits high efficiency and stable
operational behavior, suggesting its strong potential for experi-
mental realization.

Finally, we have compared our simulated results with the
comparable device structure of Pb-free perovskites as active
materials. The comparison with Pb-free perovskites - including
Sn-, Ge-, and chalcogenide-based compositions - highlights the
motivation of the study, showing that while MAPbI;_,Cl,
achieves high efficiency, Pb-free alternatives are pursued to
reduce toxicity and improve environmental safety; however,
these Pb-free devices still lag significantly in overall photovol-
taic performance, underscoring the need for strategic materials
engineering in future development. Sn-based perovskites, such
as MASnl; and CsSnl;, show promising Js. values but often
suffer from low V. (<1.0 V) and poor stability due to the rapid
oxidation of Sn>* to Sn**, limiting their efficiencies to around
17-20%.>>* Ge-based systems (MAGel; and FAGel;) exhibit
even lower efficiencies (7-22%) and lack environmental stabi-
lity due to inherently weaker Ge-halide bonding and high
defect densities.’>" Inorganic and chalcogenide alternatives
like BaZrS; offer superior structural stability but currently
display modest PCEs (<10%) due to wider bandgaps and poor
charge transport.”® These limitations highlight the need for
targeted defect passivation and film-quality improvement stra-
tegies. Importantly, the success of our chloride-doped MAPbDI;
devices suggests that similar halide engineering - particularly
optimized chloride incorporation - could be applied to Pb-free
perovskites to stabilize metal oxidation states, reduce trap
density, and enhance crystallinity. Future work might therefore
focus on exploiting chloride-assisted passivation in Sn- and
Ge-based systems, improving interface engineering with stable
inorganic transport layers, and adopting scalable, low-toxicity
fabrication routes. Collectively, our strategies might apply in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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accelerating the development of environmentally benign, stable,
and high-efficiency Pb-free perovskite SCs.

Conclusions

In summary, we have investigated a chlorine-doped perovskite
solar cell with the device structure of ITO/ZnO(ETL)/perovskite-
(active layer)/NiO,(HTL)/Au. The active layer has been chosen to
be MAPbI;_,Cl, and the simulation was performed using the
SCAPS-1D device modeling framework. First, we analyzed the
performance parameters by varying the active-layer thickness to
determine the optimal configuration. The results indicate that
MAPDI; achieves its best performance at an absorber thickness
of 800 nm, delivering a PCE of 24.17% with J,. = 25.31 mA cm ™2,
Voe = 1.15 V and FF = 82.75%. Second, we investigated the
impact of chlorine incorporation and found that MAPbI, ¢Cly »
represents the most favorable composition, delivering a PCE of
27.34% with a J. of 25.00 mA cm ™2, a V,. of 1.31 V, and an FF of
83.63%; this composition exhibits a higher V,. than MAP-
bl, 4,Cly s because moderate chlorine incorporation efficiently
passivates defects without inducing additional lattice strain
or non-radiative recombination centers, whereas excessive Cl
slightly degrades the V.. Finally, we compared our optimized
device with previously reported structures utilizing various ETL,
HTL, and absorber combinations to benchmark the perfor-
mance improvements achieved through thickness and halide-
composition optimization. Looking forward, these results not
only demonstrate the promise of halide-modulated MAPbI;
absorbers but also provide design guidance for emerging
Pb-free perovskites. The optimization strategies established
here can help overcome key challenges in Sn-, Ge-, Bi-, and
double-perovskite systems and accelerate their development
toward stable, high-efficiency, environmentally benign SCs.
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