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Perovskite solar cells (PSCs) have attracted significant attention over the past decade due to their high
performance. However, challenges such as moisture sensitivity and the toxicity of certain constituents
remain barriers to their commercialization. Tin, germanium, and other elements with optoelectronic
properties similar to those of lead have emerged as promising substitutes for the B-site metal in PSCs.
Theoretical studies have played a crucial role in elucidating how specific material and structural parameters
influence photovoltaic behavior. Among the most prominent tools for simulating thin-film solar cells in
recent years, open-source SCAPS-1D software stands out as a valuable resource. Therefore, this article
presents a comprehensive review of 54 simulation studies, using SCAPS-1D, published between 2016 and
2025, focusing on lead-free PSCs. In total, 26 studies on Sn-based PSCs and 28 on perovskites with
alternative B-site metals were analyzed to evaluate how simulations have contributed to understanding
device performance with lead substitutes. This review also provides an overview of the current research
landscape and highlights promising directions for advancing environmentally benign, lead-free PSCs through
SCAPS modeling. The studies discussed in this review show a prevailing tendency to simulate PSCs in regular
rather than inverted configuration. In many cases, the defect density assumed for the absorber layer is set at
ideal values or even below 10" cm™ which potentially limits the accuracy of predictions. Among the
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strategies adopted to improve performance, composition engineering emerged as the most prominent.
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Perovskite solar cells (PSCs), although considered a promising photovoltaic technology, still face challenges for commercialization, particularly the use of toxic
metals such as lead. The replacement of lead by alternative metals like tin, manganese, and bismuth has been widely investigated by the scientific community.
The Solar Cell Capacitance Simulator in One Dimension (SCAPS-1D) is a free software tool commonly used to model lead-free thin-film solar cells. Our critical

review analyzed 54 simulation studies, identifying both promising trends and methodological inconsistencies that often lead to unrealistic efficiency predic-
tions. This work is aligned with SDG 7 (Affordable and Clean Energy) and SDG 11 (Sustainable Cities and Communities).

1 Introduction

Considered an emerging photovoltaic technology with great
potential, perovskite-based solar cells (PSCs) serve as efficient
light absorbing materials, demonstrating high energy conver-
sion rates, exceeding 20%, and lower production costs
compared to their silicon-based counterparts.* Planar PSCs can
be configured in both regular (n-i-p) or inverted (p-i-n) archi-
tectures, depending on whether the incoming light first reaches
the electron transport layer (ETL) or the hole transport layer
(HTL), as illustrated in Fig. 1.

Numerous experimental and theoretical studies have been
conducted to address the challenges that hinder the reproduc-
ibility and commercialization of PSCs. One of the main barriers
to commercialization is the presence of environmentally toxic
elements in their composition, particularly lead.>?

Tin is the leading candidate to replace lead in PSCs due to
their similar structural characteristics, since both elements
belong to the same group (IVA) in the periodic table. Tin-based
perovskites, such as CH;NH;SnI; (MASI), which uses methyl-
ammonium as the organic cation, and CH(NH,),Snl; (FASI),
which incorporates formamidinium at the A site, are among the
most commonly used in experimental studies on lead-free
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PSCs.** Other metals, such as germanium and bismuth, are
also being studied as alternative solutions for the development
of lead-free PSCs.

Table 1 summarizes the main experimental works conducted
on Pb-free PSCs, all using tin perovskites, which still exhibit the
best performance among the metals used as lead substitutes.

In recent years, numerous simulation studies have focused
specifically on lead-free PSCs,"*™** aiming to understand how to
improve the efficiency of these devices. Computational simu-
lations of solar cells enable a deeper investigation into the
influence of various parameters on device performance. By
adjusting the properties of individual layers and their inter-
faces, these simulations allow researchers to assess the impact
of defects, ultimately saving time and resources during experi-
mental development.*®*”

SCAPS-1D (Solar Cell Capacitance Simulator in One Dimen-
sion) is a widely used software for simulating a variety of thin-
film solar cell structures. Developed in 1996 by the research
team led by Niemegeers and Burgelman,® the program is based
on the fundamental equations of semiconductor physics: the
Poisson equation, the continuity equations for electrons and
holes, and the current equations (drift-diffusion). The software
is particularly suitable for modeling polycrystalline
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Fig.1 Regular and inverted planar PSCs.

heterojunction devices. As an open-access tool, SCAPS-1D
allows users to define a wide range of input parameters, such
as bandgap values, carrier mobilities, doping concentrations,
and defect densities, making it a practical resource to support
the development and analysis of novel solar cell technologies.

While SCAPS-1D has been extensively adopted, it presents
significant limitations in simulating optoelectronic devices, as
it does not account for more complex physicochemical
phenomena in materials, such as electrode behavior and
interfacial reactions. It does include standard charge recombi-
nation mechanisms, such as Shockley-Read-Hall (SRH)
recombination via bulk traps, radiative recombination, and
Auger processes. However, it cannot model recombination
phenomena coupled with ionic migration, interfacial electro-
chemistry, or degradation-related effects. Moreover, it does not
consider chemical interactions, solvent effects, chemical and
environmental degradation processes, or the influence of
moisture in these devices. Furthermore, the software is limited
to one-dimensional simulations and is not capable of modeling
two or three-dimensional structures.™

For modeling multidimensional structures, simulation tools
beyond SCAPS are required. For example, Liu et al. (2025)*

Table 1 Experimental studies with lead-free PSCs
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employed Ansys Lumerical software implementing the finite-
difference time-domain (FDTD) method to simulate PSCs with
dual inverted pyramid architectures, using light trapping in
both the FTO and the ETL (TiO,). Similarly, Wang et al. (2025)*
used COMSOL multiphysics to simulate PSCs featuring dual
inverted pyramid structures at the HTL/perovskite and
perovskite/ETL interfaces.

Despite the limitations mentioned previously, SCAPS-1D
features an intuitive graphical user interface that is easy to
learn and use, and it has significantly contributed to the
understanding of photovoltaic mechanisms and the develop-
ment and design of new thin-film solar cells, such as PSCs and
organic solar cells (OSCs).>

Fig. 2 displays the main interfaces of the SCAPS-1D software
used during the simulation process. Panel (a) shows the initial
screen where the user defines the device structure and selects
output parameters; panel (b) corresponds to the set problem
screen, where the solar cell layers are configured and interface
parameters are defined; and panel (c) presents the input screen
for specifying physical and electronic parameters such as
bandgap values, carrier mobility, and defect levels for each layer.

The insights provided by simulations are important for
advancing research on PSCs. However, they should be inter-
preted with caution, as many studies have reported unrealistic
results, including solar cell efficiencies that exceed the Shock-
ley-Queisser limit, as pointed out by Saidarsan et al.(2025).>>
The authors emphasize the value of SCAPS-1D as a tool for
identifying existing gaps and challenges in the commercializa-
tion of third-generation solar cells. Nevertheless, they stress
that the simulation results should not always be interpreted as
accurate representations of the real performance or potential of
a device. These limitations arise from the fact that the results
depend directly on how closely the input parameters reflect the
experimental data, in addition to the specific approximations
and numerical algorithms employed by SCAPS-1D.

Experimental PSC Method employed Achieved efficiency (PCE) (%) Reference
TiO,/MASI/Spiro-MeOTAD (n-i-p) Bandgap engineering 5.73 4
TiO,/CsSnl;/m-MTDATA (n-i-p) Addition of SnF, 2.02 with 20% of SnF, in CsSnl; 6
(HTL-free) Meso. TiO,/MASI with Solvent engineering 3.15 7
DMSO
Meso. TiO,/FASnI;/Spiro-MeOTAD Solvent engineering with SnF,, 4.8 8
(n-i-p) pyrazine, DMF:DMSO
PEDOT:PSS/FaSnl;/fullerene-Ce, (p- Addition of SnF,, inverted 6.22 9
i-n) configuration and solvent

engineering
PEDOT:PSS/FA( 9sEDAg 01SnI3/Cgo Passivation and post-treatment with 10.18 10
(p-i-n) the Lewis base ethane-1,2-diamine

(edamine)
PEDOR:PSS/ Bandgap and compositional 13.24 11
(FA0.9EAp.1)0.0sEDA¢ 01Sn13/Cep (p-i— engineering using ethylammonium
n) iodide (EAI)
ITO/PEDOT:PSS/FASI + Solvent engineering, one step 14.6 5

phenylethylamonium bromide
(PEABr)/indene-Cg, bisadduct
(ICBA) (p-i-n)

4316 | RSC Sustainability, 2025, 3, 4314-4335

method

© 2025 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/d5su00526d

Open Access Article. Published on 22 August 2025. Downloaded on 1/21/2026 7:30:53 PM.

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

(ec)

Critical Review

Open set problem screen

Cul
MASNI3

Open parameter screen 0

a) FTO

—— Action list

ing point— All SCAPS settings
Temperature () % 30000

Voltage (V) 400000

Series resist*ice: -Shunt resistance—
v F ves
=" o
Number ofpoints 35 g

Er—

Froquency (Hz) % 1000E-6

[ osamaiontn ][
Il

[ severiontm svestsomss |

llumination: Dark [ Light

View Article Online

RSC Sustainability

curenticference as
5 consumer
17 Generator

iluminatedfom:  apply voltage Vi

L  right Jeficontact
I I et I rght contact

Invert the structure’

left contact (back)
Interfaces

Cul / MASnI3
MASHI3 / ZnO

add layer

right contact (front)

[

calculation

e |
=

[ lcul I

~| Radiative recombination coeficient (cm/s)

Band to band recombination
0.000E-0

Auger electron capture coeficient cm"6/s) 0.000E+0

Auger hole capture coeficient (cm"6/s) 0.000E+0
Propery P of e pue material | [pue Ay ~0) 9 P enbis)

dislectic permitivity (relative) 6500

-Action:
of points
- V1 (V) % 00000 V2(V) 408000 $4 200200 increment (V)
- V1(V) $-08000 V2(V) % 08000 S8 £ 00200 increment (V)
r cf 1 (Hz) 3 1.000E+2 2(Hz) 3 1000E+6 S| S5 points per decade. .
- - - - nsity of states (1/cm™3)
' QE(PCE) WL (om) 330000 WL2(om) $ 90000 L1 | 200

Recombination at defects: Summary

bandgap (eV) 2980 Defect he
electron afinity (eV) 2100 Defect 1

2800E+19

1/em™3) 1.000E+19 606V above EV

Set problem oaded defiitonfie:

branco HAO COM Cul E ZnO.def| J‘Se!Pmblem

hole thermal velocity (cmys)
] electron mobility (cm/Vs)

gle:

1.000E7 ve: tau_n= 1002 s, tau_p = 10e+02ns
s defect only. factive: Ln = m.Lp= m

T s defectonly. if active: Ln = 6,6e-03 m. Lp = 66e-03

169064

Calcalts: batch __Bahsetp )
Caleulats: recorder

its of s J
o) o)) ov) o) ) | o

169064

effective mass of holes

Calculate: singls shot
: curye fitting

Recodsetup ) SCAPSinfo | .
noN -
Calculats: curss fitting ) | ! ) shalow unform donor density ND (1/cm3) 0000E-0
Scrptsetp ) ipt gra ) riables . e -
shallow unform accepor dsnsty NA (/cm) 1000E- 15
SCAPS 1D Start Screen Rbsorpton rpolaton mods!
alpha pure A material (y=0)

from file [l 1| from model —J Edit Add a
Setabsorption model Defect 1 | Defect 2

Fig. 2 Main SCAPS-1D interfaces used in the simulation setup: (a) initial screen of the SCAPS-1D software; (b) solar cell construction panel; (c)

Input parameter configuration interface.

In recent years, research combining SCAPS-1D simulations
with Machine Learning (ML) techniques to predict outcomes in
perovskite solar cells (PSCs) has gained momentum. ML is
a branch of Artificial Intelligence (AI) that enables machines to
learn and make predictions based on data previously input by
programmers, employing various types of algorithms.>® ML has
emerged as an alternative to traditional simulation and
computational methods, such as density functional theory
(DFT), which typically require substantial computational
resources and long processing times. Moreover, such tradi-
tional methods are not particularly well-suited to studying the
behavior of complex systems like PSCs.>*

Machine learning is increasingly recognized as a powerful
tool for supporting theoretical studies on PSCs by efficiently
handling complex systems, reducing computational costs, and
predicting the properties of unexplored devices using existing
datasets. However, its application still faces key challenges. A
major issue is data scarcity: most datasets are tabular, highly
similar, and lack diversity (e.g., image or text formats), which
limits ML performance. Expanding these datasets typically
requires time-consuming and costly methods, such as DFT.
Another limitation is the credibility of the model. Although
ensemble and deep learning algorithms offer higher accuracy,
they often lack interpretability, making it difficult to under-
stand how predictions are generated. Experimental validation
could improve trust in these models, but also involves signifi-
cant time and resources.**

Some examples of studies involving simulations of lead-free
PSCs using SCAPS-1D combined with ML can be found in the
work of Khan et al. (2025),?® in which the authors simulated the
Al/FTO/ZnS/CH3NH;SnI;/MoO3/Au  PSC  structure. Different
parameters were adjusted to optimize photovoltaic perfor-
mance, and an ideal defect density of 10'* cm ™ was assumed

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

for the MASI perovskite. Afterwards, an ML model based on
linear regression was used to analyze the influence of the
physical parameters of the MASI on device efficiency, using
a dataset of 740 samples. The coefficient of determination (R?)
was 0.878 for the training set, and the authors concluded that,
according to the model, defect density was the most influential
factor affecting the solar cell performance.

In another study, Shimul et al. (2024)*” analyzed the perfor-
mance of PSCs based on CH3;NH;SnBr; as the perovskite
absorber, V,05 as the HTL, and different ETLs using both
SCAPS-1D and wxAMPS. The best efficiency was achieved when
WS, was employed as the ETL. The authors used a Random
Forest algorithm to evaluate whether the machine could accu-
rately predict the output parameters based on the inputs
generated by the 1D simulation software. High R* values were
obtained, particularly for PCE (0.87), along with an overall
model precision of 82%.

Finally, Khan and Ahmed (2024)*® simulated the Al/FTO/
WS,/FASnl1;/Zn;P,/Ni PSC using SCAPS-1D and used the simu-
lation results as a dataset for training an ML model. The goal
was to assess the impact of various parameters (thickness,
bandgap, electron affinity, acceptor density, and defect density)
on device performance. Using Neural Designer ML software and
243 samples, the study again identified defect density as the
primary factor that influences photovoltaic performance.

Although there are some literature reviews on PSC
modeling,******** none focus exclusively on lead-free PSCs
modeled with SCAPS-1D. In this context, the present work
provides a recent review of simulation studies on lead-free PSCs
modeled with SCAPS-1D using B-site metals such as tin,
germanium, and manganese, among others. Our work covers
publications from 2016 to 2025 and also highlights perfor-
mance improvements reported in these studies. Finally, this

RSC Sustainability, 2025, 3, 4314-4335 | 4317
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review is organized into two parts: PSCs simulated with tin
(Section 2.1), and PSCs with other metals substituted at the
perovskite B-site (Section 2.2).

2 Lead-free PSCs simulations

2.1 PSCs using Sn as the B-site metal in the absorber
material

Tin-based perovskites offer not only a less toxic alternative to
lead at the B-site, but also optoelectronic properties favorable
for PSC applications. For example, MASI perovskite surpasses
MAFPI in terms of charge carrier mobility and UV-visible light
absorption, as highlighted by Hasnain (2023).*>

Despite these favorable characteristics, one of the main
challenges in working with tin-based PSCs is their rapid
oxidation to Sn*', resulting in ineffective incorporation of Sn
into the crystal lattice. This oxidation process leads to poor film
homogeneity, and consequently to the generation of defects
that reduce both the efficiency and stability of the device.
Furthermore, tin-based solar cells are not considered entirely
safe for the environment, as their low stability can result in the
formation of unstable degradation products, such as Snl,,
which rapidly decomposes into hydroiodic acid (HI).*

Other challenges associated with Sn-based PSCs include
moisture-induced degradation, since the organic cations in
MASI and FASI perovskites are hygroscopic and readily degrade
in the presence of water. Although inorganic cations such as Cs
are not entirely immune to this instability, using alternative
inorganic cations could help mitigate moisture-induced degra-
dation. Temperature effects can also trigger phase transitions in
tin-based perovskites. Finally, similar to Pb-based PSCs, light-
oxygen-induced degradation leads to perovskite deterioration
and an increase in iodine vacancy density.**

A key limiting factor in the commercialization of Sn-based
PSCs is the instability of these devices resulting from oxida-
tive stress. Encapsulation processes are crucial to address this
issue, and research on proper encapsulants is essential for the
advancement of the field, as highlighted by Aktas et al. (2022).**
Although encapsulation is one of the main strategies for miti-
gating degradation caused by moisture and exposure to
ambient air, these agents can still slowly penetrate the PSC.
Furthermore, the encapsulant itself degrades over time. In this
scenario, interface engineering also emerges as a key approach
to improving the long-term stability of PSCs, as hydrophobic
interlayers can act as additional moisture barriers, com-
plementing encapsulation.®

Several experimental approaches have also been employed to
address the stability challenges of tin-based PSCs. Among the
most prominent strategies are the incorporation of additives,
such as SnF,, into the light absorbing layer to enhance the
crystallization of the perovskite film and reduce defects, as well
as composition engineering at the perovskite cationic site.>

Consequently, both experimental and computational studies
have been conducted to address the low stability of tin-based
perovskites. In the following section, we discuss simulation
studies specifically focused on perovskites incorporating tin at
the B-site of the crystal structure.

4318 | RSC Sustainability, 2025, 3, 4314-4335
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2.1.1 Composition and interface engineering in PSCs.
Composition engineering is one of the methods used to
enhance the performance and stability of PSCs. This technique
can be applied to various layers through doping and material
modification, aiming not only to optimize their physicochem-
ical and optoelectronic properties but also to improve the
morphology and chemical stability of the films. Specifically, in
the absorber layer, composition engineering enables adjust-
ment of the tolerance factor of the ABX; perovskite. This
parameter predicts the structural stability of the material based
on the ionic radii of its constituent elements, achieved by
substituting or incorporating new elements into perovskite
sites.”

With respect to interface engineering, it is a strategy aimed at
reducing non-radiative recombination, passivating surface
defects, and improving both band alignment between materials
and charge transport and collection.*® This engineering
approach can be applied at various interfaces, such as HTL/
perovskite, ETL/perovskite, and ETL(or HTL)/electrode,
depending on the device configuration.®®

This section analyses studies employing either composition
engineering or interface engineering strategies in lead-free tin-
based PSCs. Compared to studies on composition engineering,
fewer SCAPS-1D simulation studies investigating interface
engineering were found in this review.

Jalalian et al. (2019)" studied the performance of an HTL-
free PSC using the perovskite CH;NH;SnI; ,Br,, where the
halide concentration at the X site was varied, with a defect
density (N) of the absorber layer of 4.5 x 107 ecm>. It was
observed that as the bromide concentration in the perovskite
increased, the V,. and the fill factor (FF) also increased due to
a reduced charge recombination rate, while the J,. decreased.
The PCE of the solar cell also decreased after the bromide
proportion x exceeded 1. The authors concluded that a uniform
bandgap in the perovskite absorption layer may not be ideal for
Pb-free PSCs. A viable alternative for materials with variable
bandgaps, such as the perovskite they studied, is the bandgap
gradient, a concept initially applied to improve the power
conversion efficiency (PCE) of copper-indium-gallium-sele-
nium (CIGS) thin-film solar cells.

The authors employed the double leveling method to achieve
this variable bandgap, dividing the absorber layer into multiple
sublayers within the simulation software. Different bandgap
values were assigned to each sublayer according to the desired
concentrations. Fig. 3 schematically illustrates a typical trape-
zoidal bandgap profile inspired by the concept described by
Jalalian et al. (2019)."” Finally, tuning the bromide content (x)
varied the bandgap between 1.5 and 2.3 ev. A maximum PCE of
16.30% was achieved at x for 1.13.

Gamal et al. (2021)* simulated an n-i-p PSC using MASI as
the light-absorbing layer, CH;NH;SnBr; as the HTL, and
Zn, _,Mg,O as the ETL, where ETL composition engineering was
applied to enhance device performance. Zn, _,Mg,O was chosen
as the ETL instead of TiO, due to its tunable bandgap. The
increase in Mg concentration also widened the ETL bandgap,
allowing more sunlight to be transmitted in the UV range. Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of a trapezoidal bandgap profile showing
the ETL, graded absorber back region (Egyp,), absorber front region (Eg)
and conduction and valence band (E, and E,). Inspired by Jalalian et al.
(2019).

the best performance was obtained using a Mg proportion of
0.25, reaching a PCE of 17.09%, when a N; of 1 x 10'® cm > was
used in the MASI perovskite.

Salem et al (2021)"® constructed a hybrid homo-
heterojunction PSC using a homojunction of both n-type and
p-type MASI perovskites (Fig. 4). Although the authors refer to
the baseline device in their work as a “conventional pin struc-
ture”, the architecture presented, FTO/TiO,/perovskite/Spiro-
OMeTAD, clearly corresponds to an n-i-p configuration,
where light enters through the ETL (TiO,). According to the
authors, this was the first simulation study of homojunction
PSCs using lead-free perovskites, as previous studies had
focused exclusively on MAPI-based devices. Compared to
heterojunction solar cells, a homojunction cell generates
a stronger electric field that can assist the effective transport of
electrons and holes, thereby reducing charge recombination
losses. In the study, the authors considered a realistic defect
density with a value of 5 x 10"7 cm >,

The influence of the thicknesses and doping concentrations
of the n-MASI and p-MASI absorber layers was evaluated. The
thickness of p-MASI ranged from 0 to 350 nm, always main-
taining the sum of the two layers at 350 nm. There was an
increase in the values of all output parameters, including the

Back Contact

Front Contact

Light

Fig. 4 Lead-free hybrid hetero-homojunction perovskite solar cell.
Reproduced from Salem et al. (2021)** (https://doi.org/10.3390/
enl4185741). © 2021 by the authors. Licensed under CC BY 4.0.
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efficiency of the solar cell, with the increase of the p-MASI
thickness up to 300 nm, thus optimizing the homojunction at
300 nm of p-MASI and 50 nm of n-MASI. After optimization of
other factors, such as the N, doping values in p-MASI and N, in
n-MASI, the simulated hybrid cell achieved an efficiency of
8.66%.

Subsequently, an HTL-free PSC was simulated to study the
influence of different ETLs, various electrodes, and changes in
doping and defect density. The band alighment between the
ETL and the absorber was evaluated by varying the ETL mate-
rials (Fig. 5) and calculating the conduction band offset (CBO),
a measure of the conduction band mismatch between the ETL
and the perovskite. It was observed that when using TiO,, the
CBO resulted in a negative value, causing a cliff between the
bands that did not inhibit the flow of photogenerated electrons
to the front electrode. However, charge recombination at the
interface increased in this case because the activation energy for
carrier recombination (E,) became lower than the perovskite
bandgap.

When ZnO and [6,6]-phenyl-Cq;-butyric acid methyl ester
(PCBM) were used as ETLs, the CBO presented a positive value,
resulting in a spike between the interfaces, and E; = E,. When
this peak is small enough, it does not impede the flow of elec-
trons. However, when it exceeds 0.2 eV, the electron flow is
directly affected, leading to a drastic decrease in output
parameters such as FF and efficiency. In this context, the best
PCE of 9.35%, was obtained using ZnO as ETL and a high defect
density in perovskite layer (10'” cm™?). When an ideal N, value
was used, 19.37% efficiency was achieved.

Considering the stability challenges associated with PSCs
that employ FASI as the absorber layer, particularly oxidation
and deviations in crystal structure, Sabbah et al (2022)*
investigated the incorporation of cesium into formamidinium
tin iodide perovskites (FA; ,Cs,Snl) in regular configuration.
They compared their performance with devices simulated using
undoped FASI. The authors evaluated different FA/Cs ratios,
replacing TiO, with ZnOS as the ETL while maintaining Cu,O as
the HTL, and fixed N, at 1 x 10"® cm ™ for the absorber layer.
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Fig. 5 Band alignment between the perovskite absorber and different
ETLs, illustrating cliff and spike profiles. Reproduced from Salem et al.
(2021)** (https://doi.org/10.3390/en14185741). © 2021 by the authors.
Licensed under CC BY 4.0.
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Fig. 6 Band alignment between FASI perovskites with different cesium contents and the ETLs TiO, (a) and ZnOS (b). Reproduced from Sabbah
et al. (2022),%° (https://doi.org/10.3390/ma15144761). Licensed under CC BY 4.0.

Fig. 6, reproduced from their study, presents the band align-
ments between the various perovskites and the ETLs. All
configurations using ZnOS as ETL outperformed those using
TiO,, a result attributed to the lower electron mobility of TiO,
(20 em* V' s7') compared to perovskites (22 cm® V7' s71),
leading to higher recombination rates in this ETL. The calcu-
lated CBO between ZnOS and the perovskites remained positive
across all Cs concentrations, resulting in an interfacial spike
that enhanced device performance. In contrast, the CBO for the
FASI/TiO, interface decreased with increasing Cs content,
becoming negative and contributing to a drop in PCE from
12.1% to 3.41% (considering 15% Cs content). Upon optimizing
parameters such as Ny and N,, the authors reported a maximum
efficiency of 22% using FA, 75Csp »55n1;.

Ferhati et al. (2023)*" adopted the bandgap variation tech-
nique, as previously demonstrated by Jalalian et al. (2019)."” The
authors referred to this method as the graded bandgap (GBG)
approach. In their work, the bandgap values of the ETL were
varied by testing materials such as Zn(S,0), ZnMgO, and the
perovskite CsFaSnl;, used as the absorber layer. PEDOT:PSS was
employed as the HTL in PSCs with an n-i-p architecture. The
cesium concentration was varied for the perovskite to achieve
an optimal GBG, while the magnesium and oxygen concentra-
tions were adjusted in the ETL to improve band alignment.

When comparing the current density-voltage curves (J-V
curve) of the proposed solar cell (C¢o/GBG-FACsSnlI;) with a cell
lacking GBG in the absorber layer (Cgo/FASI), an increase in
current density was observed, attributed to Cs doping, together
with improved charge generation and reduced recombination
losses. This improved performance was linked to the variable
bandgap at the ETL/perovskite interface, enabling energy level
balancing and optimizing the photogeneration mechanism.

Building on this improvement, the authors also applied the
GBG approach to the tested inorganic ETLs, which demon-
strated better performance than the C¢o ETL. Band alignment
analysis reveals the formation of a peak at the Zn(S,0)/

4320 | RSC Sustainability, 2025, 3, 4314-4335

perovskite interface, whereas a cliff forms at the ZnMgO/
perovskite interface. The presence of this cliff can increase
charge recombination. Nevertheless, the device with the GBG-
ZnMgO ETL exhibited better performance than the one based
on fullerene-Cgo. Specifically, the GBG-Zn-(0O,S)/GBG-FACsSnlI;
PSC achieved an efficiency of 21.67%, compared to 16.78% for
the Ceo/GBG-FACsSnI; PSC and 19.51% for the GBG-ZnMgO/
GBG-FACsSnl; configuration. The authors used a neutral defect
density of 10"* cm™~? in both ETL/perovskite and HTL/perovskite
interfaces, but did not report the defect density value assumed
for the perovskite layer, which compromises a realistic assess-
ment of the results obtained.

Sajid et al. (2023)** simulated and constructed a homo-
junction-based HTL-free PSC with FTO/TiO,/FASnI;/CsSnl;/Au
configuration. FASnI;/CsSnl; perovskites were used as the light-
absorbing layer due to their similar crystal structure, which can
provide a film with higher quality and lower defect density. The
N, used was considered real in both perovskite layers: 1 x 10"°
cm " in the FASnI; layer and 1 x 10" em ™ in the CsSnl; layer.
The authors explored the thickness of the CsSnl; layer, due to
its significant influence on light absorption and charge gener-
ation. From the simulations, it was observed that the solar cell
efficiency increased with thickness up to 400 nm. However, the
authors opted to maintain a thickness of 100 nm due to
constraints in assembling the experimental device, as the
precursor solvent of the CsSnl; perovskite dissolves the under-
lying FASnI; layer, limiting the feasible thickness. Conse-
quently, the theoretical results reached 0.78 V, 27.65 mA cm 2,
79.74% and 19.03% for the output parameters V,, /s, FF and
PCE, respectively.

For the experimental fabrication of the PSC, a one-step
method was employed to incorporate FASI, while a two-step
method was used for CsSnl;. The authors fabricated two PSCs
with the configurations of FTO/c-TiO,/m-TiO,/FASnI;/Au and
FTO/c-TiO,/m-TiO,/FASnI;/CsSnl;/Au, using compact and
mesoporous TiO, layers. The PSC using the FASnl;/CsSnlz

© 2025 The Author(s). Published by the Royal Society of Chemistry
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homojunction achieved better results, reaching 0.84 V, 22.06
mA cm 2, 63.50% and 11.77% for V,., J«., FF and PCE values,
respectively, when compared to the PSC using only FASI as
absorber layer (0.79 V, 21.20 mA cm ™2, 53.35% and 8.94% for
Voes Jse, FF and PCE). Although the efficiency reported in the
simulation study was significantly higher than the experimental
results, it was evident that incorporating the CsSnl; in the
perovskite layer contributed to an improved device performance
compared to PSCs using only FASnI;.

Our previous study* simulated PSCs using fullerene-Cg, and
its PCBM derivative as interlayers in both regular and inverted
device architectures, based on the Cul/MASI/ZnO structure, as
shown in Fig. 7. The objective was to evaluate the influence of
fullerene derivatives on enhancing the performance of lead-free
PSCs through the interface engineering method.

Using a high defect density (V) of 4.5 x 10"7 cm?, it was
observed that the inclusion of PCBM as an interlayer positively
influenced the efficiency of the solar cell, compared to
unmodified fullerene (Cg(). This improvement was attributed to
the energy level misalignment between the MASI perovskite and
Ce0, which likely promoted charge recombination. The incor-
poration of PCBM increased the PCE of the n-i-p device from
6.90% to 8.11%, and of the inverted structure (iPSC) from 3.72%
to 5.26%. Using a lower defect density of 4.5 x 10"® cm ™, PCE
further improved to 13.38% and 10.00% for the n-i-p and p-i-n
configurations, respectively, as shown by the J-V curves in Fig. 8.

Khan et al. (2024)* investigated the influence of graphene as
a passivation layer between FASI perovskite with 5% Zn doping
and the Cu,O HTL in a regular-structure PSC. By varying the
bandgap of graphene from 1.7 to 2.2 eV, the device efficiency
increased from 12.36% to 13.23%. It was observed that, as the
bandgap increased, the interfacial energy barrier decreased,
with an optimal value of 1.9 eV leading to the best performance
across all output parameters. After further optimizations of the
FASI:Zn absorber layer, the authors achieved a PCE of 21.17%,
using an ideal N, value (10" cm™®).

2.1.2 Influence of the ETLs/HTLs on PSCs. The electron
and hole transport layers play an essential role in the efficient
functioning of the solar cell. Their intrinsic properties, such as
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high charge mobility and proper alignment of energy levels with
those of the perovskite, are essential to ensure good device
performance.

The HTL, in particular, faces challenges related to stability,
which can compromise the overall efficiency of PSCs. Organic
HTLs currently present the highest efficiencies, but their use
often requires incorporating additives to enhance charge
mobility and stability because they are more prone to degra-
dation. On the other hand, inorganic HTLs, although consid-
ered more stable and cost-effective, generally exhibit lower
efficiency compared to their organic counterparts and often
require more expensive and complex techniques during the
deposition stage of the solar device.*

Khattak et al. (2019)*® simulated n-i-p PSCs using perovskite
MASI as the absorber layer. Different quaternary compounds
Cu,XSnY, (or CXTY) were used as HTLs, with site X occupied by
elements such as Zn, Fe, Ni, Ba, and Mn, and site Y by S and Se.
Among the HTLs used in the study, copper zinc tin selenide
(CuyZnSnSe, or CZTSe) achieved the highest efficiency of
19.43% when an ideal N, to MASI was considered.

Abdelaziz et al. (2020)* investigated, for the first time, by
solar cell simulations, the use of FASI perovskite as the absorber
layer in a PSC with p-i—n configuration. Initially, Spiro-MeOTAD
and TiO, were used as HTL and ETL, respectively. The N; of the
perovskite layer was set at 1 x 10*> cm >, The influence of using
Cul, Cu,0, and NiO as HTLs, and ZnO and ZnSe as ETLs was
investigated. With TiO, maintained as the ETL and various
HTLs tested. In contrast, when Spiro-MeOTAD was used as the
HTL and the ETLs were varied, the device reached a PCE of
3.80% using ZnO as the ETL. After further optimizations,
particularly in absorber doping, the authors achieved a PCE of
14.03%.

Deepthi Jayan and Sebastian (2021)" investigated the
performance of MASI-based PSCs in the conventional n-i-p
configuration, using different types of ETLs, HTLs, and metallic
contacts, with an ideal N, value of 2.5 x 10"* cm™*. With regard
to the metallic contacts, the authors observed that the PCE
increased with the work function of the metals, which they
attributed to the absence of chemical reactions between the

Regular PSC

o Metal Contact

Inverted PSC

Fullerene-Cgq

SUN

LIGHT

Fig. 7 Fullerene-Cgo and its derivative PCBM used as interlayers in MASI-PSCs with Cul/MASI/ZnO architecture. Reproduced from Araujo et al.
(2024)** (https://doi.org/10.1039/D4RA00634H) under a CC BY 4.0 license.
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Fig. 8 J-V curves for n-i—p (a) and p—i—n (b) PSCs with and without
the use of PCBM as an interlayer, using N; values of 4.5 x 10 (open
symbols) and 4.5 x 10" (filled symbols). Reproduced from Aratijo et al.
(2024)** (https://doi.org/10.1039/D4RA00634H) under a CC BY 4.0
license.

perovskite layer and these metals. In contrast, metals with low
work functions, such as silver, were found to react chemically
with the perovskite, negatively impacting the device efficiency.
PCBM and Cul were identified as the best performing ETL and
HTL, respectively, with the FTO/PCBM/MASnNI;/Cul/Au config-
uration achieving the highest PCE of 25.05%.

Reyes et al. (2021)* evaluated the influence of copper-zinc
and tin sulfide, Cu,ZnSnS, (CZTS), as HTL in an n-i-p PSC
using MASI. Based on a compilation of simulation data from
various studies involving different lead-free perovskites, the
authors constructed comparative j-V curves shown in Fig. 9.
These data indicate that MASI demonstrated superior perfor-
mance with an efficiency of 18.58%, while other materials such
as FASI showed significantly lower efficiencies (6.22%).
However, the authors did not report the defect density values
used in the individual compiled studies and did not consider
this parameter in their comparison, which may compromise the
validity of directly comparing the efficiencies. MASI was
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Fig. 9 J-V curves of the PSCs comparing different lead-free perov-
skites using CZTS as the HTL. Reproduced by Reyes et al. (2021)*®
(doi:https://doi.org/10.3390/mi12121508) under a Creative
Commons Attribution (CC BY 4.0) license.

selected over other lead-free perovskites due to its compara-
tively better performance in these compiled simulations. The
new device constructed by the authors achieved an efficiency of
20.28% after implementing optimizations such as adjustments
to the thickness of the MASI perovskite and the HTL, using an
ideal Ny of 1 x 10" em ™3,

Das et al. (2022)* simulated regular PSCs using MASI
perovskite with different HTLs. The authors aimed to under-
stand how organic and inorganic HTLs influenced solar cell
performance. To this end, they used Spiro-MeOTAD and
PEDOT:PSS as organic HTLs and CuO and Cu,O as inorganic
HTLs. Using an ideal Ny, the difference in PSC efficiency with
different HTLs was insignificant, varying less than 1%.

Mushtagq et al. (2023)* evaluated the use of different HTLs
(Cu,0, CuSbs,, Cul, NiO, and Spiro-MeOTAD) and ETLs (SnO,,
TiO,, WS,, CdS, and ZnO) in a lead-free PSC with an n-i-p
structure, using MASnBr; as the absorber layer. Fixing TiO, as
the ETL, the highest PCE (29.21%) was obtained when NiO was
used as the HTL. With NiO selected as the HTL, the authors
proceeded to vary the ETL. Although the differences in output
parameters were not significant, a slightly higher PCE was
observed when SnO, was used. After the transport layers were
defined, additional parameters such as the doping density of
the absorber and the thicknesses of all layers were optimized.

It should be noted that the simulations assumed ideal defect
densities for all layers, including the ETLs, HTLs, and the
MASNBr; absorber, with values ranging between 10'* and 10'°
cm™. In relation to the absorber, the influence of N, was
analyzed, varying it between 10> and 10'®* cm > and the best
performance was achieved with a defect density of 10* em™.
After optimizations in layer thickness, the highest performance
was obtained with a PCE of 34.52% and a FF of 88.30%.

Hossain et al. (2023)°* investigated strategies to improve the
efficiency of PSCs in the n-i-p configuration, using cesium tin
chloride (CsSnl;) as the absorber material and PCBM as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ETL. The study evaluated various HTLs (CuSCN, NiO, P3HT,
PEDOT:PSS, Spiro-MeOTAD, Cul, and CFTS) and metallic
contacts (Au, W, Ni, Pd, Pt, Se, Ag, C, Fe, and Cu). After identi-
fying the most effective layer combination, the authors opti-
mized the thickness and defect density parameters. The ITO/
PCBM/CsSnl;/CFTS/Se configuration outperformed all others,
achieving an efficiency of 24.73% following all optimizations,
with an ideal N of 1 x 10" cm™> for the perovskite layer. The
second best PCE, 12.96%, was obtained with the ITO/TiO,/
CsSnl;/Spiro-MeOTAD/Au configuration.

The same research group®? investigated the use of CsSnCl; as
the absorber material in PSCs with the n-i-p configuration,
evaluating 96 different simulated configurations by testing
various ETLs and HTLs to identify the optimal conditions for
device performance. The N, was fixed in 1 x 10" ecm™>. The
ETLs tested included fullerene-Cgy, PCBM, indium-gallium-
zinc-oxide (IGZO), SnO,, WS,, CeO,, TiO,, and ZnO, while the
materials used as HTLs were Cu,O, CuO, NiO, V,0s5, Cul,
CuSCN, CuSbS,, Spiro-MeOTAD, P3HT, PEDOT:PSS, copper
barium thiostannate (CBTS), and Cu,FeSnS, (CFTS).

The authors observed that the band alignment between the
perovskite and the CBTS HTL was the most favorable among all
HTLs tested, leading to its selection for subsequent evaluations
with different ETLs. In terms of the ETLs, fullerene-Cg, and
PCBM exhibited poor band alignment, as illustrated in the
adapted graph (Fig. 10), while compounds such as ZnO and
TiO, demonstrated better alignment and overall performance.
The device with ITO/TiO,/CsSnCl;/CBTS/Au configuration ach-
ieved an efficiency of 21.75% and 82.03% of FF. Finally, the
authors also used DFT calculations to further investigate the
structural, electrical, and optical characteristics of the CsSnCl;
absorber.

AlZoubi et al. (2024)* synthesized a HTL-free PSC using FASI
as the absorber layer and Cg, fullerene as the ETL, aiming to
explore the viability of HTL-free architectures under ideal defect
density conditions (1 x 10'* em™?). The authors also simulated
a reference device including an HTL (PEDOT:PSS) and
compared its output parameters (Voe, Jsc, FF, and PCE) with
those of the HTL-free PSC. All performance parameters
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improved with removal of the HTL, particularly the FF, which
increased from 78.25% to 82.09% and the PCE, which increased
from 12.53% to 14.46%. When varying the thickness of the Cg,
ETL from 10 to 200 nm, a performance decline was observed for
thicknesses greater than 50 nm. After further optimizations, the
authors achieved a final efficiency of 19.63%.

Singh et al. (2024)** investigated the use of different HTLs
and ETLs in a lead (Pb)-free ethylammonium (EA)-substituted
ethylenediamine (EDA)-based PSC, with the composition
[(FA0.9EA¢.1)0.0sEDAg o1Snl3], in a regular configuration. The
baseline simulated PSC employed Cu,O as the HTL and PCBM
as the ETL, achieving a PCE of 21.87% when a defect density (N,)
of 1 x 10" cm ™ was used in the absorber layer. Keeping Cu,0O
as the HTL and varying the ETLs, the simulated devices using
unmodified fullerene-Cg, and gallium(u) selenide (GaSe) as the
ETLs showed the poorest photovoltaic performance. The
misalignhment between the conduction bands of the ETLs and
the work function of the front contact, when these ETLs were
used, was one of the main reasons for these results. The use of
Ceo resulted in a PCE of only 7.14%. The best performance,
reaching 22.19%, was obtained when zinc oxysulfide (ZnOS) was
used as the ETL, due to its better band alignment compared to
the other tested materials and its high charge carrier mobility.

Regarding HTLs, while keeping ZnOS as the ETL, the device
employing arsenic(m) telluride (As,Te;3) as the HTL showed the
worst performance, which the authors attributed to its limited
built-in potential (V};). In contrast, the PSC simulated with
copper(u) phthalocyanine (CuPc) as the HTL achieved favorable
output parameters and an efficiency of 22.36%. After optimizing
the perovskite thickness to 1100 nm, the device reached a final
PCE of 24.42%.

2.1.3 Influence of adjustable parameters on PSC perfor-
mance: thickness, doping concentration, and defect density. As
previously demonstrated, the perovskite composition and the
selection of charge transport layers significantly impact PSC
performance. However, other factors also play a crucial role in
enhancing the device's output parameters, particularly the
morphology and crystallinity of the perovskite film. Poor crys-
tallinity leads to an increased defect density, which directly
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Fig.10 Band diagrams of PSCs using PCBM and Cgg as ETLs. Reproduced and adapted from Hossain et al. (2023)%2 (doi: https://doi.org/10.1038/
s41598-023-28506-2) under a Creative Commons Attribution (CC BY 4.0) license.
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contributes to non-radiative recombination losses and reduces
both efficiency and operational stability. Therefore, parameters
such as defect density in the functional layers and doping
concentration must be carefully optimized to enhance charge
transport and minimize recombination pathways in lead-free
PSCs.”

Layer thickness in PSCs also plays a critical role in device
optimization. For the absorber layer, increasing the thickness
improves light absorption, but beyond a certain point, it
promotes charge recombination. In contrast, excessively thin
layers result in insufficient light absorption, thereby reducing
device efficiency.”®* ETLs can be fabricated as thinner layers
because they exhibit moderate electrical conductivity and have
a low tendency to form defects during deposition. However, in
p-i-n PSCs, the ETL thickness must be sufficient to prevent
direct contact between the perovskite and the metal electrode.®
For HTLs, particularly organic types, thicker layers are necessary
due to their low conductivity and high susceptibility to defects
and pinholes, which negatively impact solar cell performance.*®

Du et al. (2016)* studied for the first time the effects of
changes in dopant concentration and defect density in the
absorber layer of lead-free PSCs using MASI in the n-i-p
configuration through simulations in SCAPS-1D. Due to the
tendency of Sn>" ions to oxidize into Sn**, which causes unin-
tentional p-type doping in the absorber layer, the authors
investigated the effect of varying the acceptor density (N,) from
10 to 10'” cm™>. For N, concentrations below 1 x 10'® cm ™3,
the PSC achieved an optimized efficiency of 8.03%. However,
the recombination rate increases at higher doping levels,
significantly decreasing the PCE. The study also evaluated the
influence of defect density (N;) on PSC performance, varying it
from 10'* to 10'° em™>. In these lead-free PSCs, a similar trend
to that observed in lead-based PSCs was found: reducing N
positively impacts device efficiency by mitigating non-radiative
recombination.

Lazemi et al. (2018)® studied the influence of CuSCN as the
HTL in an n-i-p MASI-based PSC. The study showed that V. is
more sensitive to defect density (N,) variations than J,.. The best
efficiency of 26.05% was obtained using an N, of 4.5 x 10'°
cm " in the absorber layer.

Kumar et al. (2020)" investigated how changes in various
parameters could improve solar cell performance in an n-i-p
PSC, using FASI as the light absorber layer, TiO, as the ETL, and
Spiro-MeOTAD as the HTL. The N, value was varied between 10'*
and 10"° cm 3, achieving an optimized PCE value of 9.39% when
a N, of 10"° cm > was used. It also evaluated how variation in the
values used for doping the absorber can influence the output
parameters of the solar cell. An optimized efficiency of 10.90%
was also achieved with a doping concentration of 10" ecm ™3,

Sunny et al. (2021)** evaluated the performance of an HTL-
free PSC using MASI as the absorber and TiO, as the ETL by
varying several factors, including the absorber doping density.
The N, used in the absorber layer was 10™* ¢cm>. The output
parameters remained nearly constant up to a doping concen-
tration of 10"> em™. Beyond this value, V,., FF, and PCE
increased, while J,. decreased.
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Singh et al. (2024)*> studied the influence of N, that varied
between 1 x 10"* em ™ and 4 x 10" em ™ in a regular PSC with
the FTO/SnO,/FASnI;/Cul/Au configuration. The authors ob-
tained as output parameters a V,. of 1.28 V, a J,. of 27.72 mA
em™>, an FF of 85.33% and an efficiency of 30.33% when using
a thickness of 450 nm of FASI perovskite and a defect density
considered ideal (1 x 10" ecm™3).

As previously highlighted, the optimization of layer thick-
ness is crucial for achieving a balance between light absorption
and charge extraction in PSCs. Thickness engineering
approaches have been applied to adjust the absorber, ETL, and
HTL layers, resulting in improved device efficiencies through
controlled adjustments.** Therefore, precise optimization is
required to balance light absorption and charge extraction.

Shamna et al. (2020)* evaluated how the thickness of the MASI
perovskite, the ETL (PCBM) and the HTL (NiO) affects the overall
performance of the simulated PSC in the inverted p-i-n config-
uration, using an ideal N, (1 x 10" cm ™). As the thickness of the
MASI perovskite increased from 200 to 600 nm, the PCE of the
solar cell also increased, reaching a maximum of 22.95% at
600 nm, but efficiency decreased at thicknesses beyond this value.
However, the FF and the V,. values decreased with increasing
thickness. The authors noted that varying the ETL and HTL
thicknesses did not significantly affect the output parameters.

Yasin et al. (2021)** simulated an n-i-p PSC using MASI
perovskite as both the hole-absorbing and hole-transporting
layers, and CH3;NH;SnCl; as the electron-transporting layer (n-
type). The authors introduced various modifications to the
device layers, including adjustments to layer thickness. Specif-
ically, for MASI as the light-absorbing layer, a significant
reduction in device efficiency and short-circuit current density
(Jsc) was observed at thicknesses of 200 nm or greater, which
was attributed to charge recombination. From these results, the
authors also reduced the thickness of the ETL (CH3NH;SnCl;),
as it is closer to the surface of the absorber layer and can
enhance the conduction of absorbed charges. The highest effi-
ciency was achieved with an ETL thickness of 10 nm, while the
MASI layer, used as a p-type layer, was optimized at a thickness
of 600 nm. Finally, an efficiency of 16.19% was achieved,
considering a high value of N, (1 x 10" em ™) in the light-
absorbing layer.

Danladi et al. (2022)* investigated how the thickness of the
MASI and ETL (ZnO) layers affects the overall efficiency of an n-
i-p PSC, using CuO as the HTL and a high N, of 1 x 10"® em .
By varying the MASI thickness between 100 and 1000 nm, the
highest PCE value was obtained with a 600 nm of perovskite
layer. Below this thickness, light absorption was less efficient,
as above 600 nm, the efficiency values declined. Regarding ETL,
an increase in thickness reduced J,., and consequently, the PCE
values decreased, therefore optimizing its thickness at 300 nm.
The authors obtained a final efficiency of 15.10% with the
optimizations performed.

2.2 PSCs based on other metals instead of tin

In order to overcome the toxicity caused by lead in PSCs,
elements with a +2 oxidation state are possible candidates for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Candidate Elements to Replace Lead in ABX; Perovskites

[ Alkaline-earth metals
[ Transition metals

[ Group 13 elements o || nim »
[I Group 14 elements =

Fig. 11 Elements studied as potential substitutes for lead in ABXs
perovskites, inspired by Chatterjee and Pal (2018)*¢ and Filip and
Giustino (2016).%¢

its replacement, as illustrated in Fig. 11. Lead belongs to group
14, and elements from the same group, such as tin and
germanium, have similar electronic configurations, which can
facilitate substitution.

With regard to germanium, the cation that occupies the A site
of Ge-perovskites plays a fundamental role in the performance of
these solar cells because when cations such as methyl-
ammonium (MA) and formamidine (FA) are used in their struc-
ture, the bandgap of the material is very large (or wide), which
makes its light absorption not very efficient. Cations even larger
than those mentioned affect not only the bandgap but also the
dimensionality of the perovskite, thereby worsening the device's
performance. Smaller cations, such as cesium, are ideal for Ge-
perovskites, as their use maintains the dimensionality of the
material, in addition to leading to a smaller bandgap, which is
more appropriate for PSCs. Ge-perovskites still face challenges
when it comes to oxidation of Ge*", as is the case with tin.>**

Transition metals and alkaline earth metals are also good
alternatives for replacing lead because of their great abundance
and low toxicity of most of them. However, while alkaline earth
metals can be susceptible to humidity, transition metals
commonly used in perovskites generally have smaller ionic radii
compared to lead. This reduction in ionic size can decrease the
dimensionality of the material. In addition, multiple oxidation
states of these metals can affect the chemical stability in
perovskite.*®

Filip and Giustino (2016)* investigated, through computa-
tional modeling based on DFT calculations, which metals are
the best candidates to replace lead at the metallic site. They
selected elements with an oxidation state of +2, using Cs as the
cation of site A and four different halogens at the X site.
Initially, elements with a bandgap below 3.5 eV were chosen.
Then, they evaluated which crystal structures preserved the
perovskite geometry after structural distortions, and finally
analyzed which of these remaining structures exhibited
a bandgap smaller than 2 eV. Their study identified perovskites
containing Ni and Mg at the metallic site as promising candi-
dates. However, the authors emphasize that none of the metals
studied matched the electronic properties of lead, suggesting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that mixed Mg-Pb perovskites are a more promising approach
than a complete lead replacement.

Group 15 elements, such as antimony and bismuth, have
also shown promise as candidates for lead substitution in
perovskites. Bi >, like lead, possesses s-orbital lone pairs and
exhibits a high dielectric constant, which can contribute to the
detection of defects. Another advantage of bismuth is its lower
sensitivity to environmental conditions. It can be used in
binary, ternary, or quaternary forms, each presenting specific
challenges for practical application: the binary form BiX; shows
carrier lifetimes insufficient for efficient exciton separation; the
films obtained for the ternary form exhibit numerous defects
and low luminescence, requiring further investigation of their
photophysical properties; finally, in the case of quaternary
double perovskites, their wide bandgap limits potential appli-
cations, highlighting the need to explore additional structures
of this type.®”

As highlighted by Chen et al. (2025),°® double perovskites are
considered a viable option for lead-free materials. However,
they face challenges such as the limited tunability of their
emission properties, as mentioned above for bismuth. Strate-
gies such as doping can help to tailor the luminescence prop-
erties of lead-free perovskites. Antimony, which also possesses
lone pair s-orbitals, is an attractive element to enhance these
capabilities. The Sb®" ion can introduce additional electronic
states that improve optical absorption, thereby increasing light-
harvesting efficiency.

Based on this context, the second part of this review focuses
on key simulation studies involving perovskites containing
metals other than tin at the metallic site, aiming to highlight
promising candidates and approaches beyond the traditional
lead- and tin-based materials.

2.2.1 Composition and interface engineering in PSCs using
other metals instead of tin at the B-site. Chakraborty et al.
(2019)* analyzed four perovskites using cesium as the cation at
the A site and titanium as the metal at the B site. Since cesium
and titanium perovskites have variable bandgaps, ranging from
1.4 to 1.8 eV, the authors varied the X-site anion to assess the
influence of these exchanges. The perovskites studied were
Cs,TiBrg, Cs,Tils, Cs,TiFs and Cs,TiCls. The n-i-p configura-
tion of the simulated PSC is CuSCN(HTL)/Cs,TiXe/CdS(Buffer
layer)/p-Si. Initially, the influence of the absorber layer thick-
ness was evaluated, varying it between 100 nm and 4000 nm.
The best performance was obtained when the thickness reached
1500 nm for all perovskites, except the Cs,TiBrs perovskite,
which achieved the highest PCE among the four PSCs of 6.68%,
for a thickness of 1000 nm.

Since the output parameters, Js. and V., are highly sensitive
to the device temperature, the study evaluated this influence
considering temperatures ranging from 27 to 100 °C. For the
perovskites Cs,TiBrg, Cs,TiFs and Cs,TiClg, Ji. increased with
increasing temperature, attributed to the reduction in the
material's bandgap, which led to the generation of more elec-
tron-hole pairs. In contrast, V,. decreased as the temperature
increased due to the increase in the saturation current (J,). In
contrast to this behavior, the perovskite Cs,TiCls exhibited
a nearly constant V,, while J. still increased with temperature.
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The optimized operating temperatures were identified as 80 °C
for the bromine-based perovskite, 60 °C for the iodine-based
one, and 75 °C for both the chlorine and fluorine-based
perovskites. The authors also investigated how variations in
series resistance, which primarily affect parameters such as FF
and Jg, influence device performance.

The authors did not report the defect density values assumed
for the perovskite layers under investigation. Instead, it briefly
mentioned bulk recombination of carriers as a possible reason
for the limited improvements in Jg, Vo, and PCE with increased
absorber thickness. Without explicit N, data, the discussion
loses robustness, since defect density is an essential parameter
to produce predictions that more accurately reflect real device
behavior.

Hussain et al. (2021)” simulated a PSC using double perov-
skite (FA),BiCuls as the absorber layer, where two for-
mamidinium (FA) cations occupy the A site, replacing the
methylammonium (MA) cation, and bismuth and copper
replace lead at the B site, in order to address problems such as
instability and toxicity. The studied solar cell had the TiO,/
(FA),BiCulg/Spiro-MeOTAD structure in the regular configura-
tion. The authors first compared the output parameters of the
PSC using the double perovskite with those of a standard PSC
based on MAPI as the absorber layer. The efficiency of the
(FA),BiCulg, based PSC was 24.98%, while the MAPI-based solar
cell reached 26.43%, considering an N; of 2 x 10" cm ™ in the
(FA),BiCuls layer. Experimental data from the literature
corroborate the simulation results, highlighting the potential of
(FA),BiCul as a promising lead-free alternative for PSCs.
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The study evaluated the influence of interface defects on
device performance by analyzing two interface defect layers: IL1,
located between TiO, (ETL) and (FA),BiCulg, and IL2, located
between Spiro-MeOTAD (HTL) and (FA),BiCuls. The N, values
were varied from 103 to 10"” em 3 for IL1, and from 10** to 10**
cm™ for IL2. The results showed that lower N, values at both
interfaces led to higher efficiency and improved output
parameters.

Finally, the authors also evaluated the influence of variations
in the charge carrier mobility in the absorber layer, considering
values ranging from 2 x 10> to 20 cm® V' s~ . Fig. 12 shows
that V,. decreases when charge mobility increases, while Jg.
increases with increasing electron mobility (u.). This occurs
because, with high charge carrier mobility, the carrier density in
the depletion region decreases, reducing the V,.. In contrast,
a decrease in the mobility of the charge carrier negatively affects
Jse, as the probability of dissociation and recombination of the
charge increases, reducing both FF and PCE. Therefore, a value
of 2 ecm® V7' s7" was observed to be optimal to balance the
output parameters.

In the work of Ashfaq et al. (2023),” the use of single, double
or triple layers of the perovskite Cs,TiXe, with X being one of the
halides Br™, ClI” or I, was evaluated as the absorber layer in
a PSC, using IGZO as ETL and CuSbS, as HTL in a PSC with n-i-
p configuration. Although the authors adopted an N, of 10°
cm 3, claimed as the fabrication limit for lead-free perovskites,
this value is unrealistically low even compared to typical Pb-
based PSCs, as previously discussed in this review. Conse-
quently, the resulting device performances are overly optimistic
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Fig. 12 Variation of V. (a), FF (b), Jsc (c) and PCE (d) according to charge mobility, reproduced from Hussain et al. (2021)7° (https://doi.org/
10.1155/2021/6668687) under the Creative Commons Attribution License.
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and do not reflect experimental realities, thereby limiting the
practical relevance of the simulations. In particular, the study
showed that the values for J, V.., FF and PCE did not differ
significantly between N, values ranging from 10*° to 10** cm 7,
raising questions about the practical relevance of assuming
extremely low N, values.

After optimization, single-layer solar cells using Cs,TiBrg and
Cs,Tilg perovskites achieved the best results, including effi-
ciencies of 29.19% and 22.56%, respectively. The PSC with the
Cs,TiCls absorber layer achieved an efficiency of only 12.68%.
The PSC using the double layer of Cs,TiBrs/Cs,TiCls perovskites
achieved a slightly higher PCE than that of the single layer using
the bromine-containing perovskite composition of 30.06%. The
simulated solar cell with the triple absorber layer achieved an
efficiency of only 13.19%.

Kundara and Baghel (2023)> simulated n-i-p PSCs with
copper-based perovskites, (MA),CuCl,, (MA),CuCl,I,, and
(MA),CuCl,Br,, using an ideal N, value of 10'* em™>. Different
ETLs (PCBM, Cg, TiO,) and HTLs (PEDOT:PSS, Cu,O, Cul,
Spiro-MeOTAD) were evaluated, with subsequent optimization
of perovskite thickness. The best configurations achieved PCEs
of 18.41%, 17.38%, and 28.31% for (MA),CuCl, (MA),CuCl,1,,
and (MA),CuCl,Br,, respectively. Compared with experimental
reports, which produced PCEs below 3% for all three absorbers,
the significantly lower experimental efficiencies were attributed
to the use of TiO, and Spiro-MeOTAD as charge transport layers,
considered unsuitable for these compositions.

Hasan et al. (2024)™ investigated the use of zincoxy-sulfide
ETL (ZnOy»5S0.75) in a PSC with n-i-p configuration, using
antimony-containing perovskite in the metal site, Cs;Sb,lo, as
the absorber layer, and Spiro-MeOTAD as the HTL. The authors
note that the experimental efficiencies obtained for antimony
perovskites remain very low (1.8-2.5%) due to charge recombi-
nation losses and inadequate band alignment at the PSC
interfaces. The composition engineering performed in the ETL
was chosen as the method because the previous simulation
study carried out by Zhang et al. (2023),”* cited in this review,
demonstrated the potential of this approach in the ETL. The
optimized PSC has the Mo/Spiro-MeOTAD/Cs;Sb,lo/
ZnO0y »5S0.75/FTO/Al configuration. In this work, the defect
density attributed to perovskite was considered ideal (10"
em™?). After studying the influence of the thicknesses of the
active layers and changes in the defects value at the interfaces,
an efficiency of 20.25% was reached, a value much higher than
in the experimental studies.

Noman et al. (2024)7® investigated the use of a Bil; layer at the
interface between the perovskite and the HTL, in order to
passivate defects and improve hole extraction, employing Spiro-
MeOTAD and TiO, as HTL and ETL, respectively. For compar-
ison, both the lead-free perovskite MAGel; and the Pb-based
perovskite MAPbI; were used, with both PSCs configured in
the regular architecture. An ideal defect density (N;) of 1 x 10**
cm ? was assumed in the MAGel, layer.

When comparing the energy band alignment of the lead-free
perovskite and the HTL with and without the Bil; interlayer
(Fig. 13), the authors observed that the presence of the Bil; layer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Energy band alignment of the MAGels perovskite/HTL inter-
face: (a) without and (b) with the Bils interlayer. Reproduced and
adapted from Noman et al. (2024)”® (doi: https://doi.org/10.1038/
s41598-024-56246-4) under a Creative Commons Attribution (CC
BY 4.0) license.

had a more significant effect on the MAGel; perovskite than on
the MAPI-based PSC.

The formation of a cliff can be observed at the perovskite/
HTL interface in graph (a) (Fig. 13), with a valence band offset
(VBO) of —0.68 eV. This cliff causes a substantial hole-blocking
barrier at the interface, negatively impacting solar cell effi-
ciency. With the addition of the interlayer, hole transport is
facilitated, with the VBO between MAGel; and Bil; reaching
—0.06 eV, significantly reducing the cliff between the interfaces
while still maintaining a slight offset that helps suppress charge
recombination. With the use of the interlayer, the PSC efficiency
increased from 11.90% to 15.57%.

Abbasi et al. (2025)”® proposed a PSC using CsInCl, as the
absorber layer. Indium was selected for its lower toxicity and
higher oxidation resistance compared to lead, while cesium was
chosen for the A-site due to its thermal stability. Chlorine was
used as the X-site halide because its stronger ionic bonding,
relative to iodine, reduces halide migration in the crystalline
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film. Despite these advantages, CsInCl; demonstrated poor
performance compared to MAPI, mainly due to suboptimal
light absorption and inefficient charge carrier dynamics. One
strategy that can be used to overcome this limitation is the
plasmonics effect, which is based on the interaction of light
with free electrons from metal nanoparticles, such as silver (Ag)
and gold (Au). The authors report that this is the first study to
investigate the use of Au and Ag dopants at the indium metal
site through DFT calculations and SCAPS-1D simulations.

The regular device used N,N'-bis-(1-naphthalenyl)-N,N'-bis-
phenyl-(1,1-biphenyl)-4,4’-diamine (nPB) as the HTL and Alq;
(Al(CoHgNO);) as the ETL, with an ideal N, value of 1 x 10"
cm " in the perovskite layer. From the computational calcula-
tions, the perovskites CsInCl;, Ag-doped CsInCl, and Au-doped
CsInCl; exhibited bandgaps of 1.632 eV, 1.404 eV, and 1.101 eV,
respectively. Based on these results and on the CBO and VBO
values calculated from SCAPS-1D simulations, it was observed
that the device with Au-doped CsInCl; presented a nearly ideal
band alignment and, consequently, a high PCE (25.53%)
compared to the PSC with Ag-doped CsInCl; (20.57%) and the
PSC with pure CsInCl; (17.66%).

2.2.2 Influence of ETLs/HTLs in PSCs using other metals
instead of tin at the B-site. Lakhdar and Hima (2020)"” analyzed
the effect of ETL when CH;NH;Gel; perovskite was used as the
absorber layer in a PSC with a p-i-n configuration. The authors
also simulated PSCs using MAPI for comparison and initial
validation purposes. Different ETLs (PCBM, IGZO, SnO,,
fullerene-Cgy, ZnO and TiO,) were used in the simulations, and
it was observed that using thickness values of 50 nm for the ETL
and 650 nm for the perovskite layer with an N, considered ideal,
the best efficiencies were achieved when Cg,, SNO, and TiO,
were used. The lowest PCE was observed for the PSC using
IGZO, which the authors attributed to the band misalignment
between this ETL and the perovskite.

Ahmed et al. (2021)”® proposed an all-inorganic n-i-p PSC
using Cs,TiBrg as the absorber layer, investigating different ETL
and HTL materials. The N, value is 4.17 x 10" cm™ in the
perovskite layer. As HTLs, the candidates evaluated were
CuSCN, Cul, NiO, and MoO;. The VBO was calculated for each
HTL, and all showed negative values, indicating the absence of
a barrier for hole transport from the perovskite to the electrode.
Among them, MoO; exhibited the best band alignment with the
inorganic perovskite, resulting in a simulated PCE of 4.58%. For
the ETLs considered in the simulations (SnO,, ZnO, TiO,, and
CdS), SnO, provided the best performance, with a PCE of 4.75%
using an absorber thickness of 130 nm. After further optimi-
zations, including adjustments to the thickness of the HTL and
ETL layers, as well as reductions in the defect density of both the
perovskite and the interfaces, the device configured as FTO/
Sn0,/Cs,TiBrs/MoO;/Au achieved a PCE of 11.49%.

He et al. (2021)” performed the first simulation study
applying Cs,CuSb,Cl;, perovskite (CCSC) as an absorber layer
in a PSC. The authors chose this material for its photoelectric
properties, demonstrated in previous studies, suitable bandgap
for PSCs (around 1.0 eV), and environmental stability. However,
CCSC has low charge mobility, which can impact its perfor-
mance as an absorber layer. Experimentally, this limitation can
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be mitigated through the use of CCSC nanocrystals. Conse-
quently, different ETLs and HTLs were evaluated in an n-i-p
solar cell configuration, using an N, in the CCSC of 1 x 10"
em™>,

The authors analyzed the use of P3HT, PEDOT:PSS, Cu,0,
Cul, and Spiro-MeOTAD as HTLs, while keeping TiO, as the ETL
in the simulations. Among them, Cu,O was the only HTL that
presented a positive VBO. A large positive VBO at the HTL/
absorber interface can form an energy spike that hinders hole
transport. A small VBO at the HTL/absorber interface not only
avoids significant barriers to hole extraction but also increases
the activation energy, contributing to reduced charge recombi-
nation. This effect was confirmed in the simulations, as the best
device performance was achieved with Cu,O as the HTL,
reaching a PCE of 16.11%. With Cu,O fixed as the HTL, the
influence of different ETLs, TiO,, PCBM, ZnO, and IGZO, was
evaluated. All configurations exhibited negative CBO values.
The ETL TiO, provided a slightly higher PCE (16.11%)
compared to PCBM (16.01%), mainly attributed to its higher
dielectric constant. After further optimizations, including
adjustment of layer thicknesses and interface defect densities,
the device achieved a maximum efficiency of 23.07%.

Deepthi Jayan and Sebastian (2021)* conducted a study to
compare the performance of a lead-free PSC using MAGel;
perovskite with a Pb-based PSC using MAPI in a regular
configuration. Different materials were used as ETLs, HTLs, and
metallic contacts. The N, used in the study was considered ideal
for both perovskites. Better performance was achieved for both
PSCs when inorganic ETLs and HTLs replaced organic mate-
rials. Thus, the optimized configurations with the best output
parameters were for the lead-containing solar cell FTO/SnO,/
MAPbI;/NiO/Au, obtaining 20.80% efficiency and for the lead-
free PSC, FTO/SnO,/MAGel;/CuO/Pd with a PCE of 13.12%.
From the Quantum Efficiency (QE) graph of the PSCs, it was
observed that the solar cell using MAGel; reaches a QE of zero at
660 nm, while the Pb-based PSC does so at 830 nm. This
difference is attributed to the larger bandgap of the lead-free
PSC (1.9 eV), which results in reduced absorption of photons
in the near-infrared region. Consequently, this is one of the
factors that contributes to the lower efficiency of the lead-free
solar cell.

Ahmad et al. (2022)** employed different ETLs (WS,, ZnO,
Sn0,, TiO,, ZnSe, and WO;) in simulations using the perovskite
NH;(CH,),NH;MnCl, as the light-absorbing layer in a solar cell
with n-i-p configuration. Defect density was set at 10" cm ™2 in
the perovskite layer. The simulated device with ZnSe as the ETL
demonstrated slightly higher efficiency (20.30%) compared to
the other ETLs. This improvement was attributed to the high
electron and hole mobility of ZnSe, together with favorable
energy level alignment with the perovskite, which facilitated
electron transport. The authors also fabricated a PSC using the
perovskite NH;(CH,),NH;MnCl, and TiO, as an ETL to validate
the simulated results. The experimental device exhibited an
efficiency of only 0.12%, which the authors attributed to defects
in the perovskite film and its rapid crystallization.

Chabri et al. (2022)* performed several simulations by
changing the ETL (SnO,, ZnO and CdS) and HTL (Cul, NiO and
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MoOs) of an n-i-p PSCs using the all-inorganic perovskite
Cs,Tilg. After selecting MoO; and ZnO as HTL and ETL mate-
rials, respectively, the authors optimized the thicknesses of the
transport and absorber layers, also varying the defect density
values of the inorganic perovskite between 10" and 10® cm .
At the end of the optimizations, they obtained an efficiency of
22.50%, using an N, of 10" ecm . It is worth noting that, as in
other studies discussed in this review, a defect density below the
commonly accepted ideal value was used, potentially leading to
unrealistic simulated device results.

Pindolia et al. (2022)* tested different inorganic ETLs and
HTLs in n-i-p PSCs incorporating the perovskite RbGels, using
an N, of 10'®* cm ™. In the case of HTLs, when TiO, was used as
ETL, Cul delivered the highest PCE (12.81%) among the tested
materials. However, the FF value presented by the device was
very low, at only 12.21%. Based on these results, NiO was
selected as the HTL for further optimizations, achieving an
efficiency of 9.89% and a FF of 64.28% when used in the solar
cell, with a thickness of 100 nm. Regarding the ETLs, WS,
showed inferior performance, mainly due to its low bandgap
and highly negative CBO. In contrast, TiO, provided the best
results. Following additional optimizations, the PSC with the
FTO/TiO,/RbGel;/NiO/Ag configuration reached an efficiency of
10.11%.

Jan and Noman (2022)* simulated a PSC in the regular n-i-p
configuration, using the lead-free perovskite containing
germanium in the metallic site and methylammonium in the
cationic site, MAGel;, and TiO, as ETL. Considering an N, of
10" ecm™?, a significant increase in solar cell efficiency was
observed when copper HTLs replaced Spiro-MeOTAD. The use
of CuSbS, increased PCE from 17.74% to 21.42%, while the
CuAlO, HTL achieved an efficiency of 23.56%.

Ahmad et al. (2023)* simulated four different inverted PSC
architectures using CsGel; as the absorber layer, selected as
a fully inorganic and less toxic alternative to lead-based perov-
skites. Moreover, CsGel; has a bandgap of 1.65 eV, which is
closer to that of MAPDI; (1.55 eV) compared to the germanium-
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based MAGel; (1.9 eV). The defect density in the perovskite was
set to 1 x 10" em ™. The simulated configurations were Cgo/
CsGel3/CuSCN; Cg0/CsGel;/CuSbS,; PCBM/CsGel;/CuSCN; and
PCBM/CsGel;/CusSbs,. Devices employing Cg, as the ETL out-
performed those using PCBM, with the FTO/Cg,/CsGel3/CuSCN/
Au configuration achieving the highest efficiency of 12.24%.

For an ideal band alignment between the ETL and the
perovskite, a minimal CBO and a maximal VBO are required to
ensure a continuous electron flow while blocking hole trans-
port. For Cgs, and PCBM, the CBO values with the CsGel;
perovskite are identical because of their similar electron affin-
ities. However, the VBO values differ: PCBM exhibits a VBO of
0.8 eV, higher than Cg, (0.5 eV), which is attributed to its larger
bandgap. Given this similarity in CBO, the authors attributed
the differences in output parameters to the HTLs. The use of
Cusbs, induces small offsets in both the conduction and
valence bands, creating pronounced spikes at the perovskite/
HTL and ETL/perovskite interfaces. These spikes promote
carrier trapping, increase recombination, and reduce PCE in
devices with both Cgq and PCBM, compared to those using
CuSCN as the HTL. These spikes can be observed in Fig. 14 for
PSCs with Cg (a) and PCBM (b), where the green line represents
the valence band energy (E,) and the black line the conduction
band energy (E.). However, although the authors attribute the
performance variation exclusively to the HTLs, it is evident that
changing the ETL also significantly affects the output parame-
ters. For instance, V,. increased from 0.69 V in the PCBM/
CsGelz/CuSCN PSC to 0.88 V in the Cgy/CsGel;/CuSCN cell.
Further optimizations were carried out, including adjustments
in layer thicknesses and defect densities. As a result, the best
performance was achieved with the Cgy/CsGel3/CuSCN PSC,
reaching a V,. of 1.0169 V, a J,. of 19.653 mA cm ™2, an FF of
88.13%, and an optimized PCE of 17.61%.

Hossain et al. (2023)% investigated the potential of bismuth-
based perovskite Cs;Bi,I, as a light-absorbing layer in a regular
PSC, using DFT calculations and evaluated different HTLs and
ETLs for this material through SCAPS-1D simulations. DFT
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Fig. 14 Energy band alignments of PSCs using PCBM as the ETL and CuSCN and CuSbS; as HTLs. Reproduced by Ahmad et al. (2023)% (https://
doi.org/10.1098/rs0s.221127) under a Creative Commons Attribution (CC BY 4.0) license.
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calculations were used to determine parameters related to the
structural properties of Cs;Bi,ly perovskite, such as the band
structure, the density of states and defects and the optical
properties. Subsequently, the simulation study was carried out
using SCAPS-1D, and the best performance (with an efficiency of
16.61%) was achieved when WS, was used as the ETL and Cu,O
as the HTL in the regular PSC with the configuration ITO/WS,/
Cs;3Biyls/Cu,0/Au, considering an N, of 10" em ™ in the
absorber layer.

Zhang et al. (2023)™ investigated the use of different hole
and electron transport layers (HTLs and ETLs) for devices based
on Cs;Sb,l, antimony perovskite. Although solar cells employ-
ing this perovskite still exhibit low efficiency in experimental
devices, they based their simulations on previously reported
properties, including the higher stability of Cs;Sb,l, films
compared to MAPI when fabricated via the two-step deposition
method,* along with a suitable bandgap of 2 eV.*® Based on
these conclusions, the authors carried out simulations using
SCAPS-1D combined with DFT calculations to evaluate how the
band alignment of different materials with the perovskite can
improve PSC performance in the n-i-p configuration, consid-
ering an ideal defect density (N) for Cs;Sb,l,.

Among the ETLs analyzed, ZnOS exhibited significantly
superior performance compared to the others. While the
devices using WS,, CdS, TiO,, SnO,, and ZnO reached PCE
values of 2.00%, 3.23%, 4.34%, 5.47%, and 4.52%, respectively,
the solar cell with ZnOS achieved a much higher efficiency of
12.34%. This outstanding result is directly attributed to its
favorable CBO of —0.3 eV, which enables efficient electron
extraction while minimizing recombination losses. In addition
to the highest PCE, the device with ZnOS also showed superior
values for all other output parameters, including the FF, con-
firming that this ETL offers the best energy level alignment with
the Cs;Sb,ly perovskite among those evaluated.

Regarding the different HTLs studied, the one that presented
the best performance was Cu,O, achieving an efficiency of
13.86%. After further optimizations, including adjustments in
the layer thickness and the type of metal contact used, the
authors determined that the FTO/ZnOS/Cs;Sb,le/Cu,O/C
configuration yielded the best performance, achieving a final
efficiency of 18.29%.

Mehrabian et al. (2023)* investigated the influence of
different ETLs (ZnO, Cgo, CdS, SnO,, PCBM, and TiO,) on the
performance of a regular PSC, using the double perovskite
Cs,AgBiBrs as the absorber layer, which contains aluminum
and bismuth as B-site metals. The inorganic HTL selected for
the study was Cu,O. Initially, considering an absorber thickness
of 50 nm, the highest efficiency (18.40%) was obtained with ZnO
as the ETL, while the lowest (12.11%) occurred using SnO,,
mainly due to the band misalignment between SnO, and Cs,-
AgBiBrg perovskite. When the thickness of the absorber layer
was increased to 400 nm, the PCE with ZnO further improved,
reaching 20.08%, assuming a defect density (V) of 10"* cm >,

Rehman et al. (2024)* also investigated the influence of
different HTLs, ETLs, and other parameters on the performance
of a PSC using potassium germanium trichloride (KGeCls)
perovskite as the absorber layer. The authors emphasize that
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incorporating cations such as potassium (K) and rubidium (Rb)
in the A-site of the perovskite, instead of organic compounds
like MA and FA, improves the thermal stability of the PSC. For
this perovskite, WS, demonstrated good performance as the
ETL, combined with MoO; as the HTL. Assuming an ideal defect
density (Ng) of 10** cm ™3, the device with a p-i-n configuration
of FTO/Mo00O;/KGeCl;/WS,/Au achieved a FF of 81.76% and
a PCE of 29.83%.

Utsho et al.(2025)°" investigated the impact of different ETLs
(WS,, Cg0, PCBM and TiO,) on the performance of an n-i-p PSC
using double perovskite Cs,CuBiBr, as the absorber layer and
Cu,BasnS, (CBTS) as HTL. The study also explored the influ-
ence of varying the thicknesses of both the absorber and ETL
layers. Among the configurations, the best performance was
achieved with a perovskite thickness between 500 and 650 nm
and a WS, ETL thickness between 30 and 150 nm, reaching
a PCE of 19.71%, the highest of all simulated devices, using an
N of 1 x 10"® em ™2 in the absorber layer. The superior perfor-
mance of WS, is attributed to its ideal CBO of zero with the
perovskite, which enables efficient electron transport without
introducing energy barriers. After further optimizations, the
device with the ITO/WS,/Cs,CuBiBrs/CBTS/Ni configuration
delivered the best overall performance, mainly due to the
favorable band alignment between the layers.

Kundara and Baghel (2025)* investigated the use of different
ETLs (CdS, PCBM, Ceo, WS,) and HTLs (Cul, Spiro-MeOTAD,
Cu,0, PEDOT:PSS, MoS,) in a PSC in the inverted configura-
tion using the perovskite KGeCl; and an N, of the absorber layer
considered ideal (1 x 10" cm™?). Among the different config-
urations tested, the one that obtained the highest efficiency
(25.61%) was FTO/WS,/KGeCl;/PEDOT:PSS/Au. Subsequently,
the authors performed further optimizations involving variable
parameters, such as absorber thickness and donor and acceptor
carrier concentration values (N, and N,) values, achieving a PCE
of 31.00%.

Shimul et al. (2025)* analyzed the use of WS,, ZnO, PCBM,
and Cg as ETLs in an n-i-p PSC employing Cu,O as the HTL
and a magnesium arsenic perovskite (Mg;AsBr3) as the absorber
layer. The application of this type of perovskite has been
increasingly investigated for photovoltaic purposes through
computational modeling. Accordingly, the study employed DFT
calculations to determine optoelectronic properties such as the
band structure and density of states (DOS). Subsequently, the
authors used the SCAPS-1D and wxAMPS simulation tools to
evaluate the device performance using this absorber layer,
assuming an ideal defect density (1 x 10" cm™>). After various
optimizations, the results obtained from the two simulation
software packages were highly consistent, with the device using
WS, as the ETL exhibiting the best performance (32.55%) and
the PSC with Cgy as the ETL showing the lowest efficiency
(31.63%).

Ijam (2025)** explored the application of different ETLs
[IGZN, PCBM, TiO,, WS,, and Zn(Oy 3,S,.7)] and HTLs [graphene
oxide (GO), MoO3, Sb,S;, V,05, Zn;P,, and CuSbS,] in a regular
PSC using the double perovskite Cs,AgBi75Sbo,sBr, as the
light-absorbing layer. An ideal defect density (N, = 1 x 10"*
cm73) was assumed for the absorber. When Zn;P, was fixed as
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the HTL, the device simulated with Zn(Og3, So) as the ETL
showed the best output parameters, reaching a PCE of 17.57%.
Keeping this ETL and varying the HTLs, V,Os yielded the
highest values of Ji., FF, and PCE, achieving an efficiency of
21.05%. This superior performance was attributed to its VBO of
+0.22 eV, which resulted in a spike at the HTL/absorber inter-
face. In contrast, the worst performance was obtained with GO
as the HTL, resulting in a PCE of only 12.20%, which was
correlated with a VBO of —0.6 eV, forming a cliff at the HTL/
absorber interface. After optimizing the thicknesses of the
absorber layer and the transport layers (ETL and HTL), the study
reported a maximum PCE of 28.43% and a FF of 91.94% for the
device configured as FTO/Zn(Oy3, So.7)/CS»AgBig75Sbg.25BI/
V,05/Pt.

2.2.3 Influence of adjustable parameters on PSC perfor-
mance (doping concentration and defect density) in PSCs using
other metals instead of tin at the B-site. Miah et al. (2023)*
modified various factors, including the thickness of the solar
cell layer, the defect density, the temperature and resistance, to
optimize the all-inorganic TiO,/CsGel;/MoO; PSC in an n-i-p
configuration. CsGel; perovskite was chosen based on prom-
ising results obtained from the experimental studies. MoOj;
oxide was chosen as the HTL due to several factors, including its
good environmental stability and the ability to form an interface
that fits both the absorber layer and the rear contact electrode.
Finally, TiO, was chosen as ETL due to its thermal and chemical
stability.

The authors varied the bulk and amphoteric defect density of
the perovskite between 1 x 10'® and 1 x 10" em >, observing
a significant decrease in the values of the output parameters,
especially the FF and the PCE. The authors optimized the bulk
and amphoteric defect density at 1 x 10" cm >, As in other
studies analyzed in this review, an N; below the ideal was used,
once again rendering the efficiency (22.84%) and other output
parameters achieved in this work unrealistic. The increase of
the interface defect density from 1 x 10" to 1 x 10" cm™>
affected the ETL/CsGel; interface more significantly than the
CsGel;/HTL interface.

Different metals were tested as rear contacts, with varying
work function values. The best performance was achieved when
metals with a work function between 5.0 and 5.7 eV were used.
This result aligns with the literature, as metals with higher work
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function values have their Fermi level closer to the valence
band, which facilitates the transport of majority carriers. In
PSCs with a regular configuration, this majority carrier is typi-
cally the hole, since the metal electrode is directly in contact
with the HTL. Finally, after further optimizations, including
temperature variations and series resistance adjustments, the
authors achieved a PCE of 22.85% for the studied PSC.

Mahammedi et al. (2024)*® optimized several parameters to
enhance the performance of a PSC based on the double perov-
skite Bi,FeCrOg (BFCO), which contains iron and chromium at
the B-site. This perovskite is a multiferroic material, allowing for
tunable bandgap properties. The authors used two experimental
PSCs as reference points to validate their initial simulations and
to investigate strategies for enhancing the performance of
devices with BFCO as the absorber layer. In both experimental
PSCs, niobium-doped strontium titanate (Nb:SrTiO; or NSTO)
was used as the ETL, as this substrate supports favorable growth
of the perovskite film due to its compatible crystal structure,
thereby reducing the formation of defects in the film.

One of the experimental PSCs was HTL-free, reaching an
efficiency of 0.8%, while the other was a p-i-n device using NiO
as the HTL and achieved a PCE of 2.0%. Following this initial
stage, an n-i-p PSC was simulated with the configuration ITO/n-
NSTO/i-BFCO/p-NiO, using the same HTL and ETL as in the
experimental p-i-n cell. The simulated solar cell in a regular
configuration achieved a slightly higher efficiency of 2.98%,
which was attributed to the improved band alignment between
the HTL and the perovskite when the device architecture was
reversed to n-i-p, as shown in Fig. 15. In the p-i-n configura-
tion, a conduction band spike is observed at the interface
between NiO and the perovskite. When this misalignment is too
large, it can act as a barrier for electrons, leading to their
accumulation at the interface, which promotes interfacial
recombination, as indicated by the black curve in the Fig. 15.
This charge recombination reduces the output parameters of
the device. Subsequently, the authors performed further opti-
mizations regarding layer thicknesses and defect density values.
For an N; of 2 x 10'® em™ and a BFCO thickness of 150 nm,
a PCE of 7.3% was achieved, demonstrating that proper band
alignment and optimized thicknesses can significantly enhance
the overall device performance.
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Fig. 15 Band alignment of simulated n—i—p and p—i—n PSCs, reproduced and adapted from Mahammedi et al. (2024)°¢ (https://doi.org/10.1016/
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Rahaman et al. (2024)”” simulated three different PSCs in the
n-i-p configuration, employing La-doped BaSnO; as the ETL
due to its suitable band alignment and high electron mobility,
and CuSbS, as the HTL, one of the copper-based compounds
studied as an alternative to organic HTLs in PSCs. The study
aimed to evaluate and compare the performance of devices
using three different absorber layers: MAPI, MASI, and
Cs,TiBrg.

The authors varied the perovskite thickness between 500 and
2500 nm and observed that the highest efficiency was obtained
for the PSC using MASI, reaching 26.77% at a thickness of
816 nm, followed by 21.15% for Cs,TiBr (1026 nm) and 20.96%
for MAPI (1237 nm). However, the fill factor of the PSC based on
MAPI remained higher. The defect density in the absorber layer
was also evaluated in the range of 10'° to 10"* cm ™2, along with
the effect of temperature on device performance. The authors
concluded that MASI perovskite presents the most significant
potential as a lead-free alternative in traditional PSCs. As
highlighted multiple times throughout this review, an N, of 10*°
cm ? is considerably suboptimal, and even unrealistic in
practical contexts. However, its recurrent use in simulation-
based research articles reinforces the need for a more
rigorous discussion of the criteria adopted to define defect
density values.

Through DFT calculations, Ravidas et al. (2025)°® obtained
the optoelectronic properties of the RbGel; perovskite. They
used this results to simulate PSCs with different HTLs and ETLs
in a solar cell with the n-i-p configuration. The ETLs studied
were TiO,, PCBM, WS,, Cgso, and CdS, and the HTLs were the
materials Spiro-MeOTAD, CuSbS,, PEDOT:PSS, P3HT and PTAA.
The PSC using PTAA as the HTL and TiO, as the ETL achieved
slightly higher efficiency among other PSC combinations, and
was therefore selected for subsequent optimizations. In the
end, the output parameters of the remaining configurations
showed minor variations, with the PSC yielding approximately
24% efficiency for an N, considered ideal.

3 Conclusion

This review presented the main advances in lead-free PSC
simulations carried out between 2016 and 2025 using the free
SCAPS-1D software. Theoretical studies are essential to under-
stand the factors that influence the performance of these
devices, allowing the evaluation of parameters such as band
alignment, as well as VBO and CBO values. These analyses
provide important information for selecting materials that can
lead to more efficient and stable solar cells.

A total of 26 studies on lead-free PSCs using tin (Sn) as an
alternative B-site metal were analyzed. Among these, 19 inves-
tigated devices with the regular n-i—p configuration, while only
two employed the inverted architecture. One of the 26 studies,
conducted previously by our research group, explored the use of
fullerene Cqo and its derivative PCBM as interlayers in both
configurations. Moreover, four studies focused on HTL-free
PSCs.

We also discussed results from 28 studies that investigated
lead-free perovskites containing alternative B-site metals.
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Among these studies, single B-site metals such as titanium,
germanium, copper, antimony, bismuth, arsenic, manganese,
and indium were considered, as well as double perovskites
including FeCr, AgBi, CuSb, CuBi, and BiSb. Of these, 23 used
the regular configuration, while four adopted the inverted (p-i-
n) structure. Only one study explored both architectures and
also simulated an HTL-free device.

In general, there is a clear preference for the regular n-i-p
configuration in the 54 simulation studies of lead-free PSCs
analyzed in this review. This trend contrasts with that observed
in lead-based PSCs, where inverted devices (p-i-n) are more
frequently adopted due to their better performance in experi-
mental solar cells, particularly in terms of lower hysteresis and
compatibility with low-temperature fabrication.*

One possible reason for this difference is that the regular
structure is more widely established and may be considered
a safer and more reliable starting point for lead-free devices,
which are still in the process of active development. However,
this trend has been changing in recent years, with researchers
increasingly preferring to develop lead-free PSCs in the inverted
configuration, as highlighted by Aktas et al. (2022).>* As shown
in Table 1 of this review, the highest efficiencies of tin-based
solar cells reported to date have been obtained in the p-i-n
configuration.

The reviewed studies demonstrate that the parameters used
in the simulations are critical in ensuring results that closely
reflect experimental observations. In particular, the defect
density in the absorber layer (N, and at the interfaces has
a significant impact on the accuracy of the predictions.
Assuming idealized N values that are substantially lower than
those typically found in real devices can lead to overly optimistic
and practically unattainable results. Among the studies di-
scussed in this review, 28 employed an N, value considered ideal
(between 10" and 10" ¢cm™3), while 4 used an N, value below
10" em™?, which compromises the validity of their results.
These four studies that employed sub-ideal N values (10'°-10"*
em™?) involved alternative B-site metals. Two studies did not
specify which defect density was used, only mentioning the
study of defects at device interfaces. The remaining 20 studies
adopted N, values equal to or above 10" cm ™, leading to more
realistic and reliable results.

Among the strategies discussed in this work, composition
engineering emerged as one of the most promising approaches
to improve the performance of lead-free PSCs. This method
enables the optimization of band alignment at the perovskite/
ETL and perovskite/HTL interfaces, facilitating charge extrac-
tion and reducing recombination losses. Furthermore,
advanced research on HTL-free and homojunction PSCs may
offer a viable path toward enhancing the stability and cost-
effectiveness of these devices.

Concerning composition engineering, relatively few works
have applied this approach to perovskites with alternative
metals, while tin-based PSCs have more frequently used this
method. In these latter cases, there is a tendency to adopt
idealized N, values. In contrast, studies using tin-based PSCs
generally use more realistic N values, typically within the range
of 10"°-10"” ecm?, resulting in efficiencies below 20%. While

© 2025 The Author(s). Published by the Royal Society of Chemistry
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these results appear more consistent with experimental obser-
vations, they are still noticeably higher than the best-
performing lead-free PSCs reported to date, which reach
around 14%.

It is important to emphasize that perovskites incorporating
alternative B-site metals, other than tin, have received little
experimental attention. The lack of practical studies to support
the simulation findings limits a realistic assessment of their
photovoltaic potential. It may partly explain the frequent use of
idealized parameters in such simulations.

Therefore, the relevance of simulation studies for the
development of Pb-free PSCs is emphasized, provided that
realistic parameters are used. Advances in such simulations,
combined with experimental research, represent a significant
step forward in the pursuit of more sustainable and efficient
solar cells.
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