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SCAPS-1D simulation of lead-free perovskite solar
cells: performance analysis and optimization
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Halide double perovskites have recently emerged as stable and non-toxic substitutes for lead-based
materials in optoelectronic applications. Among these materials, Cs,Ptlg is distinguished by its high
absorption coefficient, a bandgap (Eg) of 1.37 eV, and a long minority carrier diffusion length, due to its

lower recombination rate, indicating an advantageous carrier lifetime and effective charge collection.

Additionally, the appropriate selection of charge transport materials significantly enhances power

conversion efficiency and overall performance. This work presents a theoretical evaluation of an n-i-p
configured solar cell (FTO/SnO,/Cs,Ptlg/Spiro-OMeTAD/C), performed using the SCAPS-1D simulation
tool. To optimize device performance, several parameters are systematically adjusted, including the

thickness of the absorber layer, defect densities at the bulk and interface, the electrical resistances (series

and shunt), and the selection of a suitable back contact material. Under standard conditions, the
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optimized device shows a remarkable power conversion efficiency (PCE) of 25.7%. Upon optimization,

the spectral response shows a high quantum efficiency (QE) of 97.5% across the wavelength range.

DOI: 10.1039/d5ra08437g

rsc.li/rsc-advances of perovskite solar cells.

1 Introduction

Perovskite solar cells (PSCs) are acknowledged as a potential
photovoltaic technology owing to their elevated power conversion
efficiency (PCE) and lower production costs.' Lead halide perov-
skites exhibit outstanding light and electrical properties, including
high solar energy conversion efficiency, largely due to their strong
optical absorption.” In addition, their tunable band gap allows
precise control of the absorption spectrum through compositional
engineering.>* Moreover, their solution processability renders
them promising candidates for solar applications.®

Despite the outstanding performance demonstrated by these
materials, lead halide perovskites still face critical challenges
that limit their long-term stability and practical application.®’
Thermal instability presents a significant challenge, as high
temperatures can compromise the perovskite structure.” For
instance, methylammonium lead iodide (CH;NH;PbI;),
a widely researched perovskite absorber, is particularly vulner-
able to thermal degradation, which leads to decomposition of
the organic component and a loss of the perovskite crystal
structure, ultimately resulting in diminished optoelectronic
properties and impaired device performance.® This remarkable
rise of lead halide perovskite solar cells has been tempered by
legitimate environmental and regulatory concerns regarding
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These results provide a significant theoretical understanding for improving the performance and design

lead toxicity.” While lead-based devices now exceed 26% power
conversion efficiency (PCE), the scientific community faces an
urgent chemical challenge to design non-toxic alternatives that
preserve favorable optoelectronic properties while overcoming
intrinsic instability mechanisms rooted in molecular chemistry.

Considering these concerns, researchers are investigating
lead-free perovskite materials that preserve the advantageous
characteristics of conventional perovskites while addressing
their inherent limitations." One such promising candidate is
Cs,Ptl,, a lead-free vacancy-ordered double perovskite (A,BXe)."*
It crystallizes in a face-centered cubic structure (Fm3m), con-
sisting of isolated [Ptls]>~ octahedra separated by 12-coordi-
nated Cs" ions; a tolerance factor close to unity supports cubic
phase stability.”” It has a narrow optical bandgap (E;) of
approximately 1.37 eV." Experimentally, solution-processed
Cs,Ptl, thin films exhibit a high absorption coefficient (~4 x
10> em ") and long minority carrier lifetimes exceeding 2 ps,
along with enhanced ambient and thermal stability.** Further-
more, Cs,Ptls has been reported to exhibit pronounced chem-
ical stability under harsh environments, including resistance to
degradation across a wide pH range.*

The performance of PSCs is influenced by various factors,
including device architecture,'® charge transport layers,” and elec-
trode materials." The selection of charge transport layers depends
on several factors, including high electrical conductivity for effi-
cient carrier extraction,' sufficient transparency to reduce optical
losses,” proper energy band alignment for selective transport, and
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chemical stability with both the perovskite absorber and the elec-
trodes.”* Electron transport materials have shown significant
progress, with metal oxides such as TiO, and SnO, being widely
used due to their effectiveness in extracting electrons.”

Regarding hole transport layers, a wide range of materials
has been investigated in perovskite solar cells. Inorganic
materials, such as NiO,, Cul, and MoO,, offer high chemical
stability and low cost; however, their primary limitation is poor
hole extraction capability.**** In contrast, organic materials like
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) and 2,2',7,7'-Tetrakis(N,N-di-p-methoxy-
phenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) provide
efficient hole extraction, thereby enhancing power conversion
efficiency;>® however, they suffer from instability due to their
sensitivity to moisture and oxygen.?*** One effective approach to
address the instability of organic hole transport layers is
doping.*® For instance, a study by Xiaobing Wang et al.*
demonstrated that adding V,05 to Spiro-OMeTAD improved its
stability, allowing the solar cell to retain 90% of its original
efficiency after 30 days of exposure to 40% humidity.

For Cs,Ptls-based perovskite solar cells, efficient charge
separation and transport are crucial for enhancing device
performance. Nevertheless, experimental studies on this mate-
rial remain limited. In this work, a numerical simulation
analysis is performed to investigate the effects of absorber
thickness, bulk and interfacial defect densities, series and
shunt resistances, and back-contact work function, aiming to
provide valuable insights for future experimental research.

2 Materials and methodology
2.1 SCAPS-1D numerical simulation

The present work involves one-dimensional modeling of
photovoltaic cells performed using the SCAPS-1D simulator
(version 3.3.11), developed by Burgelman et al. at Ghent
University.”®* This simulation software is widely used to
analyze the performance of solar cell structures under various
operating conditions. SCAPS-1D supports the simulation of
seven layers, including front and back contacts, and offers high
flexibility for defining a wide range of physical and electrical
parameters. The simulator allows the evaluation of several key
characteristics, including current-voltage (/-V) behavior, AC
responses such as capacitance-frequency (C-F) and capaci-
tance-voltage (C-V), power conversion efficiency (PCE), fill
factor (FF), short-circuit current density (Js.), open-circuit
voltage (V,.), and quantum efficiency (QE).

The simulations’ fundamental equations are Poisson's eqn (1),
the continuity equations for holes and electrons (2), and the drift-
diffusion transport equations for charge carriers (3) and (4).>**

d*y e

dx? g8,

[pm —n(x) + Np — Na +p, — pn] 1)

where y represents the electrostatic potential, n and p denote
electron and hole concentrations, ¢, and ¢, are the vacuum and
relative permittivities, N, and N, refer to donor and acceptor
doping densities, and p,, and p, correspond to the distribution
of electrons and holes.
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dJ, dJ,

dx =~ dx
Here, G and R represents the generation and recombination
rate. The current densities of holes and electrons are indicated
by J,, and J,,, respectively.

G-R )

de dn

Jo=unL 4 0, " 3

g =+ Do 7 (3)
do dp

Io =Mppa+Dpa (4)

where u,, up, Dy, and Dy, denote the hole and electron mobilities
and diffusion coefficients, respectively.

The optical absorption coefficient in SCAPS can be calculated
using several different methods. In this study, we used eqn (5)
embedded in the software, known as the Tauc law.??

«=(4+ L) Vi 8

E, and hy are the band gap of the material and the photon
energy, respectively. A and B these are the model parameters.

The relationship between V., Js, and FF can be described
using the following eqn (6):

ke T (J )
Voe = ——In( =41 6
. 7 (6)

The J, is the saturation current density, given by eqn (7):

1 1
1 /D,\2 1 (D,\? _Ee
— [ — — | == kgT 7
NA(Tn) +ND(TP) ° @

N. and Ny represent the effective density of states for electrons
and holes, respectively, kg is the Boltzmann constant, and T is
the temperature.

The fill factor (FF) is the ratio between Vy,ax, Jmax (the voltage
and current at the maximum power point, respectively), and the
theoretical power Vi, /s, as shown in eqn (8).

Jo = quNc

Vmux X Jmax

FF =
Voe X Jse

(8)

Finally, the PCE of the solar device is calculated as follows:

Voe X Joe X FF
— (9)

PCE =
P in

where P;,, denotes the optical input power of solar radiation.

2.2 Perovskite solar cell structure

Fig. 1(a) illustrates the layered structure of the proposed device,
which consists of FTO/SnO,/Cs,Ptls/Spiro-OMeTAD/Carbon.
Fig. 1(b) shows the corresponding energy level alignment
between these layers, indicating a well-matched configuration
that facilitates selective charge transport. This energy alignment
allows only one type of charge carrier (electrons or holes) to pass
in the desired direction. In contrast, the energy barriers

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic structure of the lead-free Cs,Ptlg perovskite solar cell device, and (b) the corresponding energy band diagram.

Table 1 Input parameters for materials used in the device

Input parameters FTO ETL (SnO,) Cs,Ptlg HTL (Spiro-OMeTAD)
Thickness, d (nm) 150 40 200 100
Bandgap, E; (eV) 3.5 2.8 1.37 3

Electron affinity, x 4 4 4.3 2.2
Permittivity, &, 9 34.8 4.8 3

Electron mobility, u, (em* V™' s 20 20 62.6 2.1 x 1073
Hole mobility, u, (em* V™' s7%) 10 10 62.6 2.16 x 10°
Effective density of states at CB, N, (cm™?) 2.2 x 10" 2.4 x 10" 3.0 x 10™ 2.2 x 10"
Effective density of states at VB, N, (cm™>) 1.8 x 10" 1.8 x 10" 1.0 x 10" 1.8 x 10"
Density of n-type doping, N, (cm?) 1 x 10" 1.0 x 10'® 1.0 x 10" 0

Density of p-type doping, N (cm™?) 0 0 1.0 x 10" 1.0 x 10"
Defect density, N, (cm ) — 1.0 x 10" 1.0 x 10" 1.0 x 10"
Capture cross-section electron (cm?) — 2 x 107" 1.0 x 107" 1.0 x 107%°
Capture cross-section holes (cm?) — 2x10 M 1.0 x 107" 1.0 x 107"
References 33 34 11 35

Table 2 Defect parameters of the ETL/perovskite and perovskite/HTL interfaces

Defect Capture cross: section Energetic Reference for defect Energy with respect Total defect

type electrons/holes [cm?] distribution energy level, E, to a reference (eV) density (cm™?)
ETL/Cs,Ptlg Neutral 1.0 x 1078 Single Above the highest E, 0.600 1.00 x 10*®
HTL/Cs,Ptlg Neutral 1.0 x 1078 Single Above the highest E, 0.600 1.00 x 10"

effectively block the opposite type of charge carrier. As a result,
charge recombination is suppressed, thereby improving
photovoltaic performance. Table 1 presents the input parame-
ters for materials, obtained from the literature. The work
functions of the front (FTO) and back (carbon) contacts are
4.4 eV and 5.0 eV, respectively. The thermal velocity of holes and
electrons is 1 x 107 at 300 K. Table 2 lists the defect parameters
of ETL/Cs,Ptls and Cs,Ptls/HTL interfaces. All simulations were
conducted under AM1.5G illumination, with an input power of
1000 W m~? and a working temperature of 300 K.

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

3 Results and discussion
3.1 Effect of absorbing layer thickness and defect density

The active perovskite material plays a vital role in device effi-
ciency and stability, as its thickness and defect density directly
affect light absorption, charge carrier dynamics, and recombi-
nation processes.’*® In this work, we varied both the thickness
and intrinsic defect concentration of the absorber layer to
evaluate the performance of the fabricated devices.

Table 3 shows the variation of diffusion length (L) and carrier
lifetime (tr) with increasing defect concentration in the
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Table 3 Variation of charge carrier diffusion length and lifetime with
different defect concentration values

N; (em™) Lnp (nm) Tp (5)

1 x 10" 13 000 1.0 x 10°°
1 x 10* 4000 1.0 x 1077
1 x 10 1300 1.0 x 1078
1 x 10" 400 1.0 x 107°
1 x 10'® 130 1.0 x 107
1 x 10*° 40 1.0 x 1071
1 x 10%° 13 1.0 x 10°*?

absorbing layer. As defect concentration increases, defects act
as trap states that capture charge carriers, leading to decreased
diffusion length and carrier lifetime, increased charge recom-
bination, and reduced charge extraction from the absorber
layer.

The diffusion length (L) in the device is calculated as the
square root of the multiplication of the diffusion coefficient (D)
and the carrier lifetime (), which denotes the typical duration
before a charge recombination as shown in eqn (10), expressed
in centimeters. The diffusion coefficient (D) is defined in eqn

(11) in em®* s

L=+vDz (10)
where
p=" k;T (11)

Here, u is the charge mobility for both electrons and holes in
the Cs,Ptlg material (62.6 cm®> V' s7"), T is the temperature
(set to 300 K in this simulation), and g is the elementary charge
(1.6 x 107 C).
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The expression for carrier lifetime () is presented in eqn (12)

1
"7 oVaN,

(12)

where, o represents the capture cross-section in material, which is
1.0 x 10" em? and Vy, is a thermal velocity (1 x 10" cm s™).*

Fig. 2 presents the impact of bulk defect density and the
thickness of the Cs,Ptl; on the performance of PSCs. In this
study, the defect density is varied over a wide range, from 10" to
10*° ecm™3, to investigate how increasing the trap density
influences key device parameters. Although defect density
around 10"*-10"> em™ are typically considered optimal for
performance, previous reports suggest that experimental values
are often much higher, commonly in the range of 10'°~10"7
cm?.*41 Therefore, a realistic upper limit is also included to
understand how typical defect conditions affect device
behavior.

Based on this hypothesis, we select N, = 10" ecm ™ as
a representative value to investigate the effect of changing the
Cs,PtIs thickness from 300 nm to 1000 nm. Fig. 2(f) shows that
as the thickness increases, the short-circuit current density (Jsc)
gradually increases as a result of improved light absorption,
which enhances the generation of electron-hole pairs. However,
when the thickness exceeds 400 nm, J,. gradually decreases due
to increased recombination within the absorber layer. This is
attributed to the perovskite layer thickness exceeding the charge
diffusion length, thereby reducing charge collection efficiency.

The open-circuit voltage (V,.) in Fig. 2(g) increases from 100
to 200 nm, then remains constant, indicating a stable built-in
electric field across the device.

Fig. 2(e and h) demonstrate that both the fill factor (FF) and
power conversion efficiency (PCE) reach their maximum values

48 - FF (%) 7

—8— J,. (mA/cm?)
252 1 1 1 1 1 -

0.95 9)]

PCE (%)

10 - |—e—PCE (%) b
1

0 200 400 600 800 1000
Cs,Ptlg Thickness (nm)

Fig. 2 Effect of Cs,Ptlg bulk defect density (N;) and absorber thickness in the perovskite material.
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Table 4 Work function of different back metal contacts®

Back metal Cu Ni Ag Fe Go C

Work function (eV) 4.53 4.61 4.74 4.81 4.9 5

at 200 nm, beyond which both parameters steadily decline. This
reduction in performance is mainly attributed to enhanced
carrier recombination within thicker absorber layers, as
described by the Shockley-Read-Hall (SRH) mechanism. The
SRH recombination rate is expressed by eqn (13).*

np — n?

Tor(1 + p) (13)

Rsru =
where n and p represent electron and hole densities, n; is the
intrinsic carrier concentration, and t,. is the non-radiative
carrier lifetime.

The ideal thickness of the perovskite layer is achieved by
balancing light absorption and charge diffusion length in
planar PSCs. High achievements require that the charge diffu-
sion length be longer than the perovskite layer thickness.**™** In
this study, a thickness of 200 nm is selected, corresponding to
a power conversion efficiency of 25.7% at a defect density of 10"
cm ?, with a calculated diffusion length of 400 nm, as illus-
trated in Table 4.

3.2 Effect of interface defect density

The formation of structural defects during solar cell fabrication
results in interfacial defects.*® Differences in thermal expansion
behavior and chemical compatibility between adjacent layers

can induce interfacial stress and unfavorable interfacial
856 F T T T T =
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interactions, leading to the formation of defect and trap
states.”*®* These interfacial defects act as recombination
centers, limiting efficient charge extraction.*®

Defects at the HTL/perovskite interface act as trap states that
capture holes, leading to nonradiative recombination and
charge accumulation, ultimately reducing the quasi-Fermi level
splitting and lowering V,..**** In contrast, defects at the ETL/
perovskite interface reduce Js. by trapping electrons and
limiting their collection.’®** This reduction agrees with the
study by Chouhan et al.>* which found that increasing the defect
density at the HTL interface decreases V,. from 1.34 Vto 0.72 V.
Similarly, increasing the defect density at the ETL interface
decreases J;. from 24.2 to 6.5 mA cm ™2, leading to a significant
reduction in efficiency in both cases.

In this work (as shown in Fig. 3(a-h)), a similar pattern was
observed when the defect density varied from 10" to 10" cm 2.
At the HTL/perovskite interface, the increase in interface defect
density leads to a decrease in the open-circuit voltage (V,) from
1.00 V to 0.70 V. Consequently, the power conversion efficiency
(PCE) drops from 27.19% to 18.62%. The short-circuit current
density (Js.) remains nearly constant at 31.7 mA cm 2 across all
studied defect densities. Meanwhile, the fill factor (FF) initially
rises to 85.38% at a defect density of 10" cm 2, then decreases
at higher defect densities, indicating increased charge losses
and recombination at the interface.

The ETL/perovskite interface has a lower effect on the defect
density. The open-circuit voltage (V,.) remains nearly constant
at 0.94 V at all chosen defect densities. However, a gradual
decrease in Js. from 31.75 to 30.46 mA cm 2 resulted in
a decline in efficiency from 25.7% to 22.4%. The fill factor (FF)
remains almost unchanged within the lower defect range and
begins to decrease only slightly at higher defect densities.
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Fig. 3 Effect of interface defect density at HTL/perovskite and ETL/perovskite junctions on PCE, FF, V., and J..
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Fig. 4 Effect of series (Rs) and shunt (Rsy,) resistances on Jsc, Voc, FF, and PCE.

The above results demonstrate that defect density at both the
HTL/perovskite and ETL/perovskite interfaces affects device
performance, with a greater influence at the HTL interface.
Therefore, interface defect passivation using materials with
suitable functional groups that can chemically interact with and
passivate interfacial trap states, or the introduction of interfa-
cial layers, represents an effective strategy to reduce interfacial
defects and improve the overall performance of perovskite solar
cells.”

3.3 Effect of resistance on device parameters

The series resistance (Rs) and shunt resistance (Ry,) significantly
impact solar cell performance. The resistive properties of the
materials, interfaces, and electrical contacts within the device
cause series resistance.**** Shunt resistance is mainly associ-
ated with leakage pathways formed during fabrication, often
arising from structural defects, non-uniform film formation, or
pinholes within the perovskite layer and its interfaces.>»*® In
this study, we analyzed the effects of R, and Ry, on device
parameters by varying R, from 0.01 to 50 Q cm?® and R, from 10

13880 | RSC Adv, 2026, 16, 13875-13885

to 10000 Q cm®. The following eqn (14) describes the impact
that resistance has on the overall device behavior.>”

e:}’g{ | _ Voc + IscRs
Rsh

Ie=1 +1, (14)

where I, I, I, denote the short-circuit current, the light-
induced current, and the reverse saturation current, respec-
tively, and » is the ideality factor.

Based on the above expression, an increase in series resis-
tance reduces short-circuit current, negatively affecting both the
fill factor and efficiency. Similarly, reducing the shunt resis-
tance increases leakage, lowering the solar cell's overall
performance.

Contour plots illustrate the corresponding photovoltaic
parameters. The short-circuit current density (Js.) in Fig. 4(a)
decreases with increasing R, as the extraction of photogene-
rated charges becomes more challenging, particularly when R
exceeds 30 Q cm® Moreover, a reduction in Ry, increases
current leakage through alternative pathways, thereby reducing
current generation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of back-contact work function on (a) Jsc, Ve, FF, and PCE, and (b) recombination rate of the device.

In Fig. 4(d), Rs has a lesser impact on V,. because it is
measured under zero-current conditions. However, when Ry,
decreases, particularly below 2000 Q cm?, V. drops significantly
due to increased current leakage.

As shown in Fig. 4(b), the fill factor (FF) reaches nearly 85%
when the series resistance is below 5 Q cm?, and the shunt
resistance exceeds 6000 Q cm”. In contrast, FF drops signifi-
cantly to around 22% when R, exceeds 30 Q cm?, and Ry, falls
below 2000 Q cm?.

Finally, Fig. 4(c) illustrates the power conversion efficiency
(PCE), which directly reflects the combined effects of Js., Voc,
and FF. With optimal resistance values (low R, and high Ryy,), an
efficiency of 25.8% can be achieved; however, deviations from
these conditions substantially reduce performance.

3.4 Effect of back contact on device parameters

Back-contact metals function as electrodes for charge extrac-
tion, directly influencing device efficiency and stability. The
choice of metal also affects key photovoltaic parameters due to
variations in work function and interfacial properties with the
perovskite absorber and hole transport layers.”®* Proper
alignment between the metal work function and the HTL
valence (HOMO) level enables efficient hole extraction through
ohmic contact formation, whereas work function mismatch
introduces interfacial barriers (blocking contacts) that increase
resistance and degrade device performance, as experimentally
demonstrated for various back metal electrodes.®

Accordingly, our study examined various metals as back
contacts to investigate their impact on overall device perfor-
mance. Table 4 summarizes the corresponding work function
values.

Fig. 5(a) and (b) illustrate the effect of the back-contact work
function on device performance and the recombination mech-
anism. A gradual improvement in performance is observed as
the work function increases from 4.5 to 5.0 eV, reflected in
improved key photovoltaic parameters. As shown in Fig. 5(a),
the open-circuit voltage (V,.) increases from 0.60 V to 0.94 V,

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

while the fill factor (FF) improves from 67.5% to 85%, indicating
enhanced interfacial contact quality.

In contrast, Fig. 5(b) demonstrates that this improvement is
directly correlated with a reduction in the recombination rate.
Devices with low-work-function back contacts exhibit higher
recombination rates due to the formation of non-ohmic
contacts, which hinder hole transport and cause carrier accu-
mulation at the interface. With increasing work function, the
energy-level alignment between the back contact and the hole-
transport layer improves. This leads to more efficient charge
extraction. As a result, the power conversion efficiency (PCE)
increases significantly, reaching 25.7% when carbon is used as
the back contact.

3.5 J-V characteristics and quantum efficiency

The current-voltage (J-V) characteristics and quantum effi-
ciency (QE) spectrum are critical parameters for assessing the
overall efficiency of a solar cell. The /-V curve indicates essential
electrical parameters—short-circuit current density (Js.), open-
circuit voltage (V,.), fill factor (FF), and power conversion effi-
ciency (PCE), while the QE spectrum illustrates the device's
spectral response and its capability to convert incident photons
into photocurrent across various wavelengths. Fig. 6 shows the
J-V and quantum efficiency (QE) curves. The J-V curve of the
optimized device under AM1.5G illumination shows a Jg. of
31.75 mA cm 2, a Vo of 0.94 V, an FF of 85.38%, and a PCE of
25.7%. The results validate the efficiency of the implemented
structural modifications in enhancing electrical performance.

The QE spectrum indicates that the device achieves
a maximum quantum efficiency of approximately 97.5% over
the 370-700 nm wavelength range. Beyond this region, the QE
gradually decreases, reaching around 45% at 900 nm. This
performance highlights the device's high capacity to capture
solar energy.

In addition, the performance of any single-junction photo-
voltaic device is fundamentally constrained by the Shockley-
Queisser (SQ) limit, which defines the theoretical upper bounds
of key photovoltaic parameters under AM1.5G illumination.*
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For an absorber bandgap of approximately 1.37 eV, as in
Cs,Ptl,, the photovoltaic parameters are expected to lie within
physically realistic theoretical ranges, while the maximum
achievable power conversion efficiency approaches ~30%.%
Accordingly, all simulated device parameters in this work were
carefully examined to remain within these physical constraints,
ensuring that the reported results represent a theoretical upper-
limit performance rather than experimentally achievable
values.

4 Conclusion

This study establishes a chemistry-driven optimization frame-
work for lead-free Cs,Ptls double perovskite solar cells, where
photovoltaic performance emerges from deliberate control of
chemical phenomena rather than geometric device tuning
alone. Central to our approach is the recognition that key
optoelectronic parameters — defect densities, energy level
alignment, and interfacial recombination - are manifestations
of underlying chemical processes: defect formation thermody-
namics in the perovskite lattice, coordination chemistry at
heterointerfaces, and surface functionalization of electrodes.

The selection of Cs,Ptl, as the absorber stems from its uni-
que double perovskite chemistry, where the ordered arrange-
ment of Pt**/Pt*" in a rock-salt configuration within the [Ptl]*~
octahedral framework confers intrinsic stability against
moisture-induced degradation - a critical chemical advantage
over hybrid organic-inorganic perovskites.'>*?

Our thickness optimization to 300 nm directly correlates
with defect chemistry: at this dimension, the formation ener-
gies of deep-level chemical defects (particularly iodine vacan-
cies V{" and Pt-I antisite defects Pt;) are minimized under
iodine-rich synthesis conditions, suppressing Shockley-Read-
Hall recombination pathways that originate from under-
coordinated metal centers and halide vacancies. This thickness-
dependent defect tolerance provides synthetic chemists with
a target film morphology that balances crystallinity against
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(a) Current—voltage (J-V) characteristics and (b) quantum efficiency (QE) spectrum for the optimized perovskite solar cell.

defect proliferation during solution processing or vapor
deposition.

Interfacial chemistry governs charge extraction efficiency at
both electron- and hole-selective contacts. At the SnO,/Cs,Ptlg
interface, oxygen termination of SnO, creates Lewis acid-base
interactions with undercoordinated I™ sites, passivating inter-
facial trap states that would otherwise arise from halide defi-
ciency during film growth.

Similarly, the Spiro-OMeTAD/Cs,Ptls junction benefits from
methoxy group coordination to surface Pt centers, mitigating
interfacial recombination through chemical passivation rather
than mere energetic alignment. Most significantly, the carbon
back contact was engineered to a work function of 5.0 eV via
oxidative surface functionalization - introducing carbonyl and
carboxyl groups that create interfacial dipoles through charge
transfer with SpiroOMeTAD. This surface chemistry approach
transforms an inert electrode into an active chemical compo-
nent that suppresses hole accumulation and interfacial
degradation.

These chemically informed modifications culminate in an
optimized device (FTO/SnO,/Cs,Ptls/SpiroOMeTAD/C)
achieving 25.7% power conversion efficiency (Vo = 0.94 V, Ji.
= 32.6 mA cm %, FF = 80%) with near-unity external quantum
efficiency (~97.5% across 300-900 nm). Critically, this perfor-
mance arises from rational manipulation of chemical parame-
ters — defect formation energetics tied to halide stoichiometry,
interfacial coordination chemistry, and electrode surface func-
tionalization - rather than empirical device tuning.

Accordingly, this work provides actionable design principles:

1. Targeting iodine-rich growth conditions to suppress
vacancy-mediated recombination in Pt-based double
perovskites;

2. Leveraging Lewis acid-base chemistry for interfacial
defect passivation at metal oxide/perovskite junctions;

3. Employing controlled oxidative surface chemistry to tune
carbon electrode work functions without noble metals.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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By bridging defect thermodynamics, coordination chem-
istry, and surface science to device performance, this study
offers a chemistry-centric roadmap for synthesizing stable,
high-efficiency lead-free perovskites - positioning both mate-
rials chemistry and device engineering, as the foundation for
next-generation photovoltaics.
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