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ABSTRACT

This study suggests novel lead-free perovskite solar cell architecture with

Article info: double absorber layers of CsGels and MASnIs to eliminate lead toxicity while
Submitted: 2025-03-17 maintaining high efficiency. Using SCAPS-1D simulations, critical parameters-
Revised: 2025-04-19 absorber layer thickness, doping density, and defect density- were
Accepted: 2024-05-01 systematically optimized to enhance photovoltaic performance. The optimized
ID: JEIRES-2503-1181 structure (FTO/ZnO/MASnl3/CsGel3s/NiO) achieved a power conversion

efficiency (PCE) of 32.07%, with an open-circuit voltage (Voc) of 1.166 V, Short-
circuit current density (Jsc) of 30.72 mA/cm?, and fill factor (FF) of 89.52%. Key
findings reveal that a 1200 nm thickness for both CsGels and MASnIs layers
maximizes light absorption and carrier generation, while a doping density of
1020 cm3 strengthens the built- in electric field, improving charge separation.

Keywords: Defect density optimization highlights the critical role of the MASnIslayer, where
Lead-free perovskite solar cells; reducing defects to 1012 cm-3 minimizes the recombination losses. Interface
MnSnls/CsGels; SCAPS-1D; defect densities at NiO/CsGels, CsGel3/MASnIs, and MASnl3/Zn0O were optimized

Photovoltaic ~ parameters;  Defect to 1010 cm-3, with MASnl3/ZnO exhibiting the highest sensitivity to defects. This
work demonstrates the viability of lead-free perovskites for high-efficiency solar
cells. The results pave the way for experimental validation and scalable
production, aligning with safe renewable energy purposes.

density optimization; High efficiency
photovoltaic.

Introduction fabrication process, while maintaining high
performance [1-2], several challenges still face

espite the remarkable development its commercial reliability, the major challenges

that we have recently seen in are the stability and the toxicity [3]. This
perovskite solar cells technology, stability is affected by different issues, including

since it may offer a good alternative to  the impact of moisture, ultraviolet radiation,
traditional silicon-based cells due to  ion migration, and thermal stress, which can

their cost-effectiveness, and easiness of lead to performance degradation over time,

*Corresponding Author: Mostefa Benhaliliba (mbenhaliliba@gmail.com)



https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
mailto:mbenhaliliba@gmail.com
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://doi.org/10.48309/jeires.2025.512985.1181
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0001-2377-4768
https://orcid.org/0009-0009-4601-7565
https://orcid.org/0000-0001-6507-3663
https://orcid.org/0000-0003-3683-3488
https://creativecommons.org/licenses/by/4.0/legalcode

2025, Volume 6, Issue 3 y

making them less reliable compared to
traditional solar cell technologies. Furthermore,
Perovskite materials often contain lead, which
has environmental and health impacts during
production or application [4]. Therefore,
ongoing research has led to innovative methods
to control this instability. Studies have shown
that the charges transport layers have a
prominent effect on stability and efficiency, Ain
et al [5] suggested that using Hexakis
triphenylene discotic liquid crystal as a HTL
offers enhanced ambient and thermal stability.
Di Girolamo et al. [6] demonstrated that the
introduction of a hybrid Mg-organic layer
between NiOx and Perovskite layers removes
dark hysteresis, improving stability and even
yield. The fabrication techniques of perovskite
materials also take a step forward, Bai et al.[7]
increased the stability by integrating ionic
liquids in the film of perovskite. Similarly,
Shangshang et al [8] incorporated benzyl
hydrazine hydrochloride, mitigating ion
migration, protecting the sensitive perovskite
layer is a key strategy for enhancing stability,
polymers, metal oxides (e.g., TiO, SnO, and
Zn0), and organic/inorganic hybrids (such as
SiO-Ti0), these protective barriers are crucial
for preventing degradation, as well as
encapsulation exhibits essential role in
improving PSCs stability [4].

Notably, innovative encapsulation techniques
have enabled the majority of PSCs to meet the
IEC standards in whole or in part [9]. Recent
advancements in corrosion resistant coatings,
such as Zn-TiO; nanocomposition, further
highlight the potential of material engineering
for long-term device durability [10]. Moreover,
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the tolerance factor Goldschmidt is a valuable
tool for assessing the structural stability of
perovskite materials, by targeting specific
values, the Goldschmidt factor aids in selecting
appropriate cations for perovskite structures,
ensuring that the chosen materials will
maintain stability under operational conditions
[11]. To solve the toxicity issue of Lead-based
perovskites, recent research replaced lead ions

in perovskite compounds with nontoxic
materials such as germanium or tin.
Unfortunately, these lead-free perovskite

materials have not yet reached the yields of
lead-based perovskite [4,12].

However, this study presents a novel
perovskite solar cell structure, developed and
optimized to address this issue, combining
different perovskite materials bilayer solar cells
can absorb a wide range of sunlight spectrum,
and hence high-power conversion efficiencies
would be achieved. This cell had the
configuration (FTO/ZnO/MASnI3/CsGels/NiO).
Methylammonium tin tri-iodide (MASnIz) with
its non-toxic nature and optoelectronic
properties, such as the direct bandgap (1.2 eV),
and the high carriers mobility, among the best
lead-free perovskites currently considered [13-
14].Cesium germanium tri-iodide (CsGels) is
being explored for use due to its favorable
electronic properties and stability [15]. NiO is a
key HTL in PSCs, known for its stability,
photostability, and excellent optical properties
[6,16]. ZnO remains a promising ETL in
perovskite solar cells, for its large band-gap and
low-temperature deposition, FTO is used as
front contact [11].

NiO
CsGel;

MASnNI;

ZnO

FTO

Figure 1: Structure of (NiO/CsGel3/MASnl3/Zn0/FTO).
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Figure 2: Diagram of energy band.

Methods of Computation
Computational tool (SCAPS-1D)

Fabrication of different layers in a multilayer
PSC can be both costly and time-consuming,
presenting significant challenges in the
development of efficient solar cell technologies.
As a result, simulation has emerged as an
effective research method that aids in
understanding the complexities of experimental
systems like PSCs. Several photovoltaic
technology simulation programs have been
developed, including GGPVDM, AMPS, SILVACO,
SCAPS, and TCAD. SCAPS-1D is recognized for
its reliability in modeling solar cell devices.
Developed at the Electronics and Information
Systems (ELIS) department in Ghent University.
SCAPS-1D developed initially for CdTe and
CulnSe; solar cells, but it is also used for PSCs
because of modifications that were added later.
This software is capable of simulating up to7
layers and various parameters: thickness, light
absorption, distribution of energy, doping
profile, and concentration of charge carriers,
which is crucial for optimizing the PSCs
performance. By finding numerical solutions of
three differential equations constituting the
basic semiconductor equations [11,17-19].

The Poisson equation [11,18]:

_aa_x _g(x)g—z =q[p(x) —n(x) + Ng(x) -

4 (%) + pe(x) +ne ()] (1)
The hole continuity equation [11,18]:

=

o _ 14 _

at_qu+GP R, (2)

The electron continuity equation [11,18]:
on _1dn o

a_qu-l'Gn Rn(g)

Where,

[: dielectric permeability

q: the charge

V: the potential

p(x): concentration of free holes
n(x): concentration of free electrons
N} (x): ionized acceptor concentration
N7 (x): ionized donor concentration
Gp: holes generation rate

Gn: electrons generation rate

n(x): electron trap density

pt(x): hole trap density

Rp: holes recombinant rate

Rn: electrons recombination rate

Jp: holes current density

Jn: electrons current density

Optimization strategy

The main objective of this simulation is to
perform the photovoltaic behavior of this new
suggested cell, studying the efficiency of the
device in various thicknesses, doping densities,
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Table 1: Initial input of (MASnlI3, CsGels, ZnO, NiO, and FTO) materials in cell simulation

Parameters NiO CsGels MASnI3 Zn0 FTO
Thickness (nm) 100 500 500 100 100
Band gap (eV) 3.8 1.6 1.3 3.3 3.5
Electron affinity (eV) 1.46 3.52 4.17 4.1 4
Dielectric permittivity (relative) 11.7 18 8.2 9 9
CB effective density of states (cm3) 2.5x1020 1x1018 2.8x1018 4x1018 2.2x1018
VB effective density of states (cm-3) 2.5x1020 1x1018 3.9x1018 1x101° 1.8x101°
Electron thermal velocity (107cm s1) 1 1 1 1 1
Hole thermal velocity (107cm s-1) 1 1 1 1 1
Electron mobility (cm? V-1 s-1) 2.8 20 1.6 100 20
Hole mobility (cm? V-1 s1) 12 20 1.6 25 10
Shallow uniform donor density Np (1018cm-3) 0 0 0 1 20
Shallow uniform acceptor density Na(1018 1 1 1 0 0
cm3)
N¢ (1014 cm-3) total 1 1 1 10 100
Ref. [20] [15] [13] [21] [22]
Table 2: Initial input for NiO/CsGels, CsGel3/MASnI3, and MASnlz/ZnO interfaces
Interface layer NiO/CsGels CsGel3/MASnI3 MASnI3/Zn0O
Type of defect neutral neutral neutral
Electrons capture cross-section (cm?) 1x10-19 1x10-1° 1x10-19
Hole capture cross-section (cm?) 1x10-19 1x10-1° 1x10-19
Energy distribution single single single
Defect energy level reference (E¢) Above highest ~ Above highest EV. Above highest
EV EV
Energy level related to reference (eV) 0.6 0.6 0.6
Total density integrated over all energies (cm-3) 1x101° 1x1010 1x101°

and defect densities of MASnl; and CsGels
layers, and interfaces defect densities.

Initial parameters

The two following tables present the initial
input of our structure in AM1.5G solar
spectrum, T=300 K, and power density of 1000
W.m=2[11,18].

Results and Discussion
Optimization of CsGel; and MASnl; thickness

The thickness of layers in solar cells is crucial
as it influences photon absorption, charge
carriers generation and stability [23].

Optimizing layer thickness can enhance power
conversion efficiency while  minimizing
recombination losses, leading to improved
overall cell performance [24]. In this part of our
study, we investigated how varying the
thickness of the two active layers affect our cell

performance, by testing it in a range of 100 nm
to 1200 nm (while keeping other initial inputs
the same) the results demonstrated significant
improvement in all the four main
characteristics of the cell:

Power conversion efficiency (PCE), Fill factor
(FF), Short circuit current density (Jsc), and
Open circuit voltage (Voc). The increase of
CsGels layer thickness from 100 nm to 1200 nm
improved photovoltaic parameters: Voc rose
from 1.050142 V to 1.05065 V, Jsc from
27.92034661 mA.cm2 to 28.14728004 mA cm?2,
FF from 85.8138% to 85.3875%, and
PCE25.1609% to 25.3875% (Figure 3). At this
optimal thickness (CsGel3:1200 nm) the
optimization of MASnI; thickness lead to a
significant improvement reaches:
Voc=1.052831 V, Jsc=31.05579789 mA cm?,
FF=86.8970%, and PCE=28.4123% for a
thickness of 1200 nm (Figure 4).
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contribute to the current, leading to improved
solar cell performance.
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“-"; 25120 ' ' ' ;_._;ﬂ._; electronic properties of perovskite materials,
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s i | ./.,o—"". varied the doping densities of each layer from
R R o 1010 to 1020 cm?3.
S 105026 | /.
rosoos L @ For CsGels layer
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Thickness of CsGel, (nm) .
From 1010 to 10'® cm-3, there is almost no

change in the photovoltaic parameters, for
values greater than 1018cm-they rise to an
optimal value: Voc=1.061825 V,
Jsc=32.90052382 mA cm2, FF=87.8326%, and
PCE=30.6840% for a doping density of 1020 cm-

Figure 3: The photovoltaic characteristics as a
function of CsGels layer thickness.

s 7ol /.’._.—0—0" 3 (Figure 5).
o 2s3f .,r’ To figure out the reason for this result we
& ol ./0/ analyzed the electric field distribution in the
0l cell for doping density of 1012 cm-3 and 1020 cm-3
= 869 .’.’.,.-0—04 in the CsGelz layer, the resulting graphs are
o Ber o illustrated in Figure 6.
omep The results obtained from the graph reveal
g 86 O o . iy ; that at a doping density of 1020 cm-3 the electric
R R o-o*°° field at the NiO/CsGels interface is stronger
P war /./O’r compared to lower doping levels, this high
_E’ Zi /./o/. electric field enhances the separation and
® ., i collection of generated carriers, leading to
212?:: . .,.—0—0-0""'. improved cell performance. We adopted this
g 1:0469 = e density for the remaining measures.
> /
i o8 S —— For the MASnlI3 layer
0 200 400 600 800 1000 1200
Thickness of MASnI, (nm) According to the graphs (Figure 7), the PV
parameters remain constant less than 1014 cm-3.
Figure 4: The photovoltaic characteristics as a beyond 1014 c¢m-3 Voc, PCE, and FF increase
function of MASnl;layer thickness. steadily up to 1020 cm-3, while the Jsc decrease

up to Jsc=30 mA cm2 for 1020 cm3. As doping
density increases, it can elevate the rate of
recombination and hinder carrier mobility,
which negatively impacts Jsc.

When we increase the thickness of the active
layer, the amount of light absorbed increases,
resulting in better generation of electron-hole
pairs, this means that more excitons can
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Figure 7: The electric field as a function of cell thickness for 1012and 102° cm3 CsGels doping density.
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Figure 8: The electric field as a function of cell thickness for 102and 1029cm-3MASnIz doping density.

However, the stronger built-in electric field
and reduced recombination at interfaces
(Figure 8), leading to improve Voc, FF, and PCE.
Therefore, while Jsc may decline, the overall
efficiency metrics can still improve due to
better charge separation and collection. We
chose 1020 cm=3 optimal doping density for
MASnI; layer, in this value Voc=1.162697 V,
]sc=30.29736941 mA cm2, FF=89.4730%, and
PCE=31.5183%. This value was used for the
remaining simulation.

Optimization of defect density inCsGel; and
MASnI; layers

While it is unlikely to fabricate a perovskite
solar cell completely free of defects,
computational approaches such as density
functional theory (DFT) have demonstrated the
importance of defect engineering in solar cell
material [29-30]. Therefore, it must be
important to know in which way the defects
affect the cell performance, to do that we varied
the density of defects on each active layer from
1012 to 1020 cm3. Figure 9 demonstrates the
influence of defect density at theCsGels layer on
the solar cell characteristics. It was found that
the defect density has almost no noticeable
effect on cell performance.
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Defect density in CsGel,(cm™)

Figure 9: Variation in solar cell characteristics with
changing defect density in the CsGelzlayer.

This layer has a lower density of
recombination states, allowing it to maintain its
performance even with increased defects. This
was confirmed by plotting the Recombination
rate at each cell position for defect densities
1012 cm=3-102° cm3 in the CsGels layer; Figure
10 shows the resulting curves.
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Figure 10: The rate of recombination as a function of position in the cell for the density of defects of 1012and
1020 cm-3in the CsGelslayer.

Figure 11 describes the impact of defect
density in the MASnlz on photovoltaic
parameters. It was found that the increase in

defect density declines the cell performance, at . nf —0—e_g

the lowest defect of 1012cm3, we record optimal Lﬁ 20 - \.

values for the cell parameters: Voc=1.166439 V, O 1of \.\
Jsc=30.71706170 mA cm2, FF=89.5191%, and ol ®—9o_o
PCE=32.0743%. Afterwards, as the defect o ._;_._; : :
density increases, this performance decreases — ) \'\0\.

until it reaches its lowest value: Voc=0.895978 E‘L_’ L o

V, Jsc=0.65946628 mA cm, FF=81.2593%, and 8.7 N
PCE=0.4801% at the highest value of defect — B1OF ! . . .
density 1020 cm3. £ M4r ‘*‘—‘\.\

The MASnI; layer is often critical in final < 196f [5)

charge extraction. Increased defects in this % 98| \0\

layer can create trap states that hinder charge L ool ®—o—0o
movement, leading to higher recombination e —— ' '
rates and lower overall performance metrics g .\Q\

[31], this behavior is illustrated in Figure 12 ‘>6’ KR .\.
which shows the recombination rate at each i \0\
cell position for defect densities 1012 cm3 and 0.880 | ) ) . i @
1020 ¢cm3 in MASnls layer. However, we can B CiER e ARl dEh
report the effect of these defects does not Defect density in MASnl;(cm™)

become significant until after 1014 cm-3.

Figure 11: Variation in solar cell characteristics
with changing defect density in the MASnlI3 layer.
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conduction and valence band energy levels of 9
the cell (Figure 14), that makes the charge s °
carriers still move efficiently through the 11622 T O—0—-0-0—-0-0-0—0-0
materials, and as a result, the performance 1E11  1E13  1E15  1E17  1E19
remains stable. Defect density in CsGel,/MASnl,(cm?)

For the CsGel3/MASnlizinterface
Figure 15: Variations of solar cell characteristics

with changing defect density at the CsGels/MASnI;

According to Figure 15, there is a small _
interface.

decrease in the PV parameters from 1010 to 1014
cm-2, and then stabilize from 1014to 1020 cm-2.
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Figure 16: The change in recombination rate across the thickness of the cell at defect densities of 1010, 1014
and 102° cm-2at the CsGel3/MASnI; interface.

As defect density increases beyond 1014 cm2,
the interface may reach a state where the

additional ~ defects do not contribute s F- WM
significantly to further recombination losses. o 2of o
This could be to the fact that most of the O ol \.
available states for recombination are already sl “eoue
occupied, leading to a stabilization of the PV sl ._‘_._‘_.\; : :
parameters, this behavior was confirmed by the 7y 0o
results observed in Figure 16, as there is no oy \.
change in the recombination rate between the = BBl \
values for 104 cm2 and 1020 cm-2. o SO . . . . -0
€ 25| -0-e-0-0-0-0
For MASnl3/Zn0 interface :é 100 L \
= @
As shown in Figure 17, when the defect density § ! \._.
increases, the PV parameters decline rapidly ?;‘2’: . L PR -
from: Voc=1.166439 V, Jsc=30.71706170 mA S .l "'—'—'—0\.\
cm?,  FF=89.5191%, PCE=32.0743% to pre LN
Voc=0.856759 V, Jsc=1.75326955 mA cm?, = - .\.
FF=79.8155%, and PCE=1.1989%. asr Ne-o
Increasing the defect density at the iEtf 4B 1ES 1B =1
MASnI3/Zn0 interface alters the energy levels Defect density in MASnI,/ZnO (cm?)
of the valence and conduction bands (as
illustrated in Figure 18), these changes directly Figure 17: Variation of solar cell characteristics
impact the cell performance. with changing defect density at the MASnl3/Zn0O
interface.
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Figure 18: The conduction and valence bands across the cell for different defect densities at the MASnI3/Zn0O
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Stability and cost considerations

While this study focuses on optimizing
photovoltaic performance, stability and cost
remain critical for real-world adoption of
perovskite solar cells. Based on material
selection and literature, we analyze the stability
and cost prospects of the proposed of our
structure:

Cost analyses reveal that PSC modules can be
produced at lower costs than other
photovoltaic technologies with estimated
manufacturing costs ranging from 28.7 $ to 42.3
$ per m? depending on the configuration [33],
the leveled cost of electricity (LCOE) for PSCs is
projected to be 3.5-4.9 US cent/KWh, assuming
efficiencies above 12% and lifetimes exceeding
15 years [34]. Amore conservative estimate
suggests LCOE value between 4.93-7.90
cents/KWh for modules with 16% efficiency in
a 30-year utility-scale plant [35]. Tin and
germanium perovskites exhibits reduced ion
migration compared to lead-based analogs, a
key degradation pathway in PSCs [3,13]. For
instance, CsGel; demonstrates improved phase
stability under ambient conditions due to its
stronger ionic bonding [15,36-37] while
MASnI3’s oxidation sensitivity can be mitigated
through encapsulation [4]. The optimized
defect density in the MASnl; layer minimizes

the recombination processes, a key driver of
instability, =~ where  improved annealing
techniques, such as optimized temperature
control, may contribute to reducing structural
defects by enhancing crystallinity and grain
alignment [38-39]. NiO and ZnO are inorganic
charge transport layers known for their
thermal and chemical stability, NiO’s
robustness against UV light and moisture [16],
Zn0’s low temperature deposition, reduces
interfacial degradation. The p-i-n structure with
NiO/ZnO layers outperforms n-i-p designs due
to lower material costs and faster processing
[35]. Further experimental work is pending to
validate these predictions.

Conclusion

Through this research, a new structure of
perovskite solar cell is proposed as a solution to
the toxicity problem of lead-based perovskites
while maintaining high yield, this structure has
a double layer of perovskite composed of
MASnI3z and CsGels as active layers, with ZnO as
ETL, NiO as HTL, and FTO as front contact.
Using the SCAPS-1D simulator, the effect of
several factors on the device performance was
studied. The thickness of the active layers
(optimized to 1200 nm).The doping density
(1020 cm3 for both layers) significantly
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improved efficiency. Defect density analysis
revealed that the  CsGelslayerexhibited
negligible performance degradation even at
high defect densities (1020 cm3), while the
MASnI; required a low defect density (1012 cm-
3) for optimal performance. Interface defect
studies showed minimal impact at NiO/CsGels
interface; however, severe efficiency losses at
the MASnI3/ZnO0 interface for defects exceeding
1012 cm2. These optimizations achieved
outstanding results: Voc=1.166439 V;
Jsc=30.71706170 mAcm=2; FF=89.5191%; and
PCE=32.0743%, with the possibility for long-
term stability. This research shows the
potential of lead-free CsGel3/MASnIz-based
PSCs as a high-efficiency, cost-effective, and
environmentally sustainable alternative to lead-
based technologies, by addressing toxicity, cost,
stability, this work positions lead-free
perovskite as a cornerstone of next-generation
photovoltaics. Future efforts should focus on
experimental validation to confirm practical
applicability, such as fabricating the proposed
FTO/Zn0O/MASnI3/CsGelz/NiO structure,
focusing on defect-minimized interfaces and
scalable deposition techniques, conduct
accelerated aging tests under operational
stressors (thermal cycling, humidity, and light
soaking) to asses PCE retention and
degradation pathways, explore advanced
encapsulation approaches to mitigate to
suppress Sn2+ oxidation.
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