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Perovskite solar cells (PSCs) have attracted significant attention in the field of photovoltaic technology
owing to their exceptional properties. Despite their high efficiency, the commercial viability of lead-
based PSCs is hampered by toxicity. All-inorganic PSCs, particularly those using CsCdls (Cesium
Cadmium Triiodide), are promising alternatives. In this study, CsCdlz-based PSCs were investigated by
optimizing various device components. We first investigated nine different back metal contacts (BMCs),
and Ni (Nickel) was chosen as the BMC. Following BMC optimization, we assessed the effect of different
electron transport layers (ETLs) and hole transport layers (HTLs). Eight distinct HTLs were combined with
six ETLs to create unique structures. These configurations were optimized using SCAPS-1D simulation
software, with successive enhancements to the thickness and defect density of the absorber and ETL
thickness. The optimized structure (ITO/ZnO/CsCdls/MoS,/Ni) achieved exceptional performance:
25.06% power conversion efficiency (PCE), 0.936 V open-circuit voltage (Voc), 30.7 mA cm~? short-
circuit current density (Jsc), and 87.14% fill factor (FF). Furthermore, the dependence on several factors
such as (Rs), (Rsn), and temperature changes, recombination, generation rates, band alignment (VBO/

CBO), J-V characteristics, quantum efficiency (QE), capacitance, and Mott—Schottky (MS) analysis was
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Accepted 30th August 2025 explored for the six most promising devices. By using tolerance factor analysis, which includes

Goldschmidt's and a newly proposed parameter, the structural stability of CsCdls is verified. This
DOI: 10.1039/d5ra05441a research represents significant progress toward an efficient, lead-free, and cost-effective solar cell

rsc.li/rsc-advances technology.

In recent years, there has been a tremendous growth in
electricity consumption, with fossil fuels accounting for
a substantial share. Unfortunately, the dependence on fossil
fuels adversely affects the ecosystem and contributes to the

1. Introduction

A move toward efficient and sustainable power sources is
required owing to the rising energy demand worldwide. Reli-

ance on fossil fuels not only depletes natural reserves but also
accelerates environmental degradation and climate change. As
these resources diminish, the search for alternative energy
solutions becomes crucial. Renewable energy, particularly solar
power, offers a promising path forward due to its abundance
and minimal environmental impact. Advancements in solar
technology continue to improve efficiency and affordability,
making it a viable solution to meet future energy needs while
reducing dependence on conventional energy sources.
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greenhouse effect." Numerous studies are currently being con-
ducted to investigate ecologically beneficial alternative energy
sources. Solar cells are becoming the most common and inex-
pensive solution.* To maximize their potential, the development
of innovative materials and technologies, such as SCs is crucial.’
Materials used in photovoltaic cells use the photoelectric effect to
transform light particles, or photons, into electrons. Thus,
a range of materials, such as organic dyes, semiconductor poly-
mers, metallic oxides like silicon, and other chemical structures
with light-absorbing qualities, have been the focus of research on
light-absorbing materials appropriate for photovoltaic applica-
tions. Metal halide perovskites have drawn interest because of
their high carrier mobility, long diffusion length, low excitonic
energy, excellent charge mobility, and small band gap. Perovskite
solar cells are the most recent in a long line of solar cell gener-
ations supported by materials like these.®
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Organic-inorganic perovskite materials have recently been
the subject of intense investigation as a possible replacement
for solar cells made of silicon to increase device efficiency.”®
This is because they are less expensive to produce.’ Thin film
solar cells (TFSCs), one of the several varieties of PV solar cells,
have drawn a lot of attention because of their rapid develop-
ment and high-performance potential.'®** However, the selec-
tion of semiconductor growth processes and materials has
a significant impact on TFSC efficiency. Although efficiency has
increased gradually since the first contemporary silicon solar
cell was created in 1954, substantial progress has been ach-
ieved, using modules that, by 2010, may generate power from up
to 18% of solar radiation.” TFSCs—specifically, organic-inor-
ganic metal halide perovskite solar cells—have gained much
attention recently because of their exceptional optoelectronic
qualities, which include enhanced absorption coefficients,
adjustable band gaps, longer electron and hole diffusion
lengths, cost-effectiveness, effective charge separation, and
solution for solution processing.**** In particular, for next-
generation optoelectronic applications including solar cells,
light-emitting diodes, transistors, and lasers, organic-inorganic
halide perovskites have become exceptional materials."> The
common formula for all perovskites is ABX;, where A represents
for aliphatic or aromatic ammonium, B represents a divalent
metal cation (Ni**, Cu®*, Fe**, Co®*, Cr**, Mn**, Cd**, Pd**, Sn*",
Ge**, Eu**, Yb>* or Pb**), and X is I, Br~ or Cl.*® According to
Kojima et al. (2009), halide perovskite ABX; (A: organic
CH;NH;"; B: Pb, and X: Br, I) has a PCE of 3.8%."” Subsequently,
in-depth studies on materials, deposition methods,
manufacturing processes, and device architecture were carried
out by Yang et al. (2015) and Yin et al. (2015), improving the PCE
to 20.1% experimentally and 31.4% theoretically.'®

PSCs' instability owing to the inclusion of organic materials
has been a significant concern despite their exceptional
performance. Researchers have attempted to combine organic
ions with other inorganic ions (e.g., Cs’) to solve this problem.
The first Cs-based perovskite, CsSnl;, with Schottky solar cells,
was published in 2012 with a PCE of 0.88%." Since then,
considerable efforts have been made to improve the perfor-
mance of CsPbl;-based PSC. Although CsPbl; has an efficiency
of 13.21% and a suitable energy band gap of 1.73 eV, it quickly
deteriorates into the yellow, non-perovskite phase d-CsPbl;,
demonstrating poor phase stability at room temperature.*

Among these halide perovskites, CsPbBr; is commonly
produced by reacting in the same quantities of PbBr, and CsBr
using traditional wet procedures, while a few investigations
have used dry approaches.”** On the other hand, hybrid
halide perovskites produced using solvent-free solid-state
techniques exhibit considerably lower phase separation and
more consistent compositions.”® Conventional solution-based
procedures have been used to successfully synthesize the
novel halide compounds, B-RbCdI;-H,0, and CsCdl;-H,0.**
The space group Pc (no. 7) is present in the monoclinic crystal
structure of both substances.>® Relatively rare, this post-
perovskite structure is seen in just a few oxides, such as
MgGeO3,”® MnGeO3,*® and CalrO;.>” An example of the anti-
post-perovskite structure is the Cr;GeC compound's cubic
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Pm3m symmetry.*® Specific heat measurements and differen-
tial scanning calorimetry (DSC) have corroborated the
discovery of a structural phase transition at a critical temper-
ature of 254 K.'* Numerous studies have been conducted on
the optical properties of perovskite materials**° to theoreti-
cally evaluate their physical properties for various uses. Owing
to their superior optoelectronic properties, such as direct band
gaps, high absorption coefficients, extended carrier lifetimes,
and high carrier mobilities, lead (Pb) PSCs have higher effi-
ciencies than other PSCs.*"*> Nonetheless, the enhanced effi-
ciency has substantial drawbacks, including unstable device
performance, lead poisoning, and shorter shelf life due to
volatile organic cations and hygroscopic.*® Finding a feasible
replacement for Pb-based halide perovskites is therefore
essential. Several investigations are underway to create new
perovskite materials that might provide even greater or
comparable high PCE. In contrast to conventional absorbers,
which have less desirable or even undesirable characteristics,
lead-based perovskites offer superior qualities in terms of
environment, economy, and energy. The efficiency of lead-free
perovskites and their potential to address the problem of Pb-
based hybrid perovskites have attracted the interest of photo-
voltaic (PV) researchers, and CsCdI; may be a good substitute
because of its favorable optoelectronic properties, high
stability, and potential as an absorber layer in solar cells,>***
where Pb-based perovskites face both toxicity and instability
issues.*®

Numerical simulations have been employed in previous
studies, and the findings were astounding. A lead-free PSC
structure with a PCE of 19.03% was developed by Jabar et al.**
With a PCE of 19.03%, the compact CdTe/CsCdI;/SnO, config-
uration was proposed by Jabar et al. as a new perovskite solar
cell structure,® highlighting the necessity for more absorber
tuning. Electron injection from the absorber layer is made
possible by the ETL, which is also referred to as the electron
collecting or extraction layer. The electrode then collects the
electrons transmitted by electron-transporting materials (ETM).
A composite photo-electrode can occasionally be used instead
of an ETL to reduce series resistance in order to increase the
efficiency of charge collection.*” TiO, has been the most popular
ETL in PV research because of its exceptional PV qualities.***
Although there might be other options for TiO, as an ETL, the
performance can be improved by optimizing the extraction,
transformation, and load (ETL) operations. However, the HTL
often aids in the extraction and transmission of holes from the
absorber layer to the electrode. It also serves as an energy
barrier, keeping electrons from flowing toward the anode.”
Typically, when the band structures of heterojunction solar cells
match those of the absorber layer, they operate more effectively.
The excellent PV qualities and advantageous bandgap of spiro-
OMeTAD make it a popular HTL.* Together with spiro-
OMEeTAD, several HTLs, such as CdTe, MoS,, Cu,O, CBTS,
Cul, V,0s5, PEDOT:PSS, P;HT, and spiro-MeOTAD can be
employed by aligning the band with the absorber layer under
investigation.

In this study, the SCAPS-1D simulation software is used in
order to optimize the optoelectronic parameters of CsCdlI;-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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based PSCs. There are four sections of this study. Device
modeling is described in Section 1. A full explanation of the
simulation procedure, together with the parameters of the
devices and materials utilized in the simulations, is provided in
Section 2. Section 3, presents the results of adjusting the BMC of
the ITO/ZnO/CsCdI3/MoS,/Ni solar cell structure, presents the
results. Under HTL-connected conditions, we also investigated
the impact of defect density and absorber layer thickness.
Furthermore, we optimized the thickness of the ETL and HTL
and investigated the effects of their thickness. Following opti-
mization, the six most promising devices were explored to
determine the effects of the series-shunt resistance and
temperature on their performance. Finally, we explored the final
optimized devices in a six-device study using Nyquist, as well as
the generation recombination rate, capacitance, MS character-
istics, J-V characteristics, and QE. The conclusions drawn from
these observations are presented in Section 4. Our study offers
a distinctive and cost-effective method for fabricating high-
performance PSCs.

Finally, the findings of this study were compared and
confirmed against those of earlier studies using CsCdI;
absorber-based PSC devices. The manufacture and commer-
cialization of solar cells will enter a new era with the introduc-
tion of lead-free double perovskite CsCdI;.

2. Design of the proposed device

2.1. SCAPS-1D numerical simulation

We can study the principles of solar cells and identify important
factors affecting their efficiency using a computational model
framework. SCAPS-1D can successfully solve critical equations
involving one-dimensional semiconductors using numerical
techniques.*** Eqn (1) illustrates how the electrostatic potential
and charges are related by Poisson's equation.*
d? q
¥ = ——[p(x) = n(x) + Ng = Na + p, = s ™

Eoér

dx?
In eqn (1), ¢ is the electronic potential, ¢ is the relative
permittivity, ¢, for the permittivity of free space, n and p are the
electron and hole densities, N, and Ny are the densities of
ionized acceptors and donors, p;, and p, are the hole and elec-
tron distributions, and g is the electronic charge, respectively. It
is recognized as the main governing equation because the
continuity equation simultaneously takes into account recom-
bination, generation, drift, and diffusion. The continuity
equations illustrating variations in electron and hole concen-
tration are shown in the eqn (2) and (3).

n 14/,

— = G, — R, 2
Jdt g O0x * ) )
p 144,

- _ - — R

ot q Ox + (Gp P) (3)

In eqn (2), and (3), the current densities of holes and electrons
are indicated by J, and J,, respectively, whereas G, and G,
represent the holes and electrons generation rates, and R;, and
R, represent the combination rates of holes and electrons. The
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drift-diffusion equations for charge carriers are utilized to
measure the hole and electron current densities in the SCs, as
shown in eqn (4) and (5), respectively:

Jn = quane + qDpdn (4)

Jp = quppe + qDpdp (5)

The carrier mobility is represented by u, and u, in eqn (4)
and (5), while D, and Dj, represent the diffusion coefficients of
electrons and holes, respectively. The diffusion coefficient
depends on the mobility and lifespan of the carrier, as
explained by Einstein's relationship.*® Additionally, the updated
Egy.sqre model, a modified version of the traditional sqrt(hv — E)
model, was used to compute the absorption constant for the
films. As seen below, eqn (6) illustrates how the “Tauc laws”

represent this relationship.

a(hv) = (ao + 6o %) Z—‘;— 1 (6)
Here in eqn (6), the photon energy is represented by A, the
bandgap is denoted by E,, and « stands for the absorption
coefficient. The eqn (7) and (8) connect the relationship
between the model constants «, and (, to the conventional
model constants A and B, as shown below, respectively:

oy = A \/E—:, (7)

(8)

Under steady-state circumstances, SCAPS-1D evaluates the
basic semiconductor equations. Fig. 1 shows the SCAPS-1D
simulation procedure. CsCdl; as the perovskite absorber,
PCBM, LBSO, SnS,, IGZO, WS,, and ZnO as ETLs, MoS, as the
HTL, and Ni as the BMC were among the layers used to define
the solar cell structure once the SCAPS-1D simulation was
started. Material parameters (bandgap, electron affinity,
dielectric permittivity, effective density of states, thermal
velocity, carrier mobilities, defect density, etc.) and operating

/ Specify the

circumstances

Define The
Problem

Run SCAPS-1D

Indicate what
will be
calculated

Initiate the
calculation

Display the
simulated
curves

Fig.1 Running procedure SCAPS-1D.
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conditions (temperature, bias voltage range for J-V character-
istics, and illumination intensity AM1.5G) were provided as
inputs. Several measures were taken into consideration, such as
Mott-Schottky characteristics, capacitance, QE, and J-V char-
acteristics. Subsequently, the simulation was started, contain-
ing solutions to the drift-diffusion equations, continuity
equations, and Poisson's equation. The performance of the
solar cell was assessed using graphical tools such as Origin.

2.2. CsCdlI;-based PSC structure

A schematic device architecture of the CsCdIz-based PSC
structure and crystal structure are illustrated in Fig. 2(a) and (c),
respectively. ETLs, HTL, BMC, and CsCdl; absorber layers were
integrated to construct a CsCdlz-based PSC. The CsCdl;
absorber's solar cell structure results in an n-i-p structure. The
depletion zone of the n-i-p structure extends throughout the
intrinsic region, significantly outperforming conventional p-n
junctions for long-wavelength response applications. This
architectural design enables deeper photon penetration into the
semiconductor material, whereas traditional configurations
restrict current generation to electron-hole pairs formed
primarily at the immediate junction interface. The substantially
expanded junction region dramatically enhances the cell's QE

(@

ITO (500 nm)

HTL (CBTS, Cu,0, Cul, CdTe, MoS,, P,HT,
Spiro-MeOTAD,V,05)

Cathode
4.06 eV)

(Al

SnS,
150 nm

-5.774 OO

E¥ Ls Absorber

39 -4.2

(Ad§'s=IN)
apouy

YHTLs

Fig. 2 (a) Schematic device structure, (b) energy band level alignment
of the related (a) ITO, ETLs, and absorber CsCdls, and (b) HTLs, and (c)
crystal structure.
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by facilitating more effective mechanisms for both generating
and separating electron-hole pairs.** The sophisticated CsCdl;
absorber heterostructure demonstrated exceptional light-
harvesting capabilities while ensuring that the heavily doped
HTL and ETL functioned optimally as ohmic contacts. This
arrangement simultaneously accomplishes two critical func-
tions: efficient charge carrier management and effective photon
retention within the active region, resulting in superior photo-
electric conversion performance across the targeted wavelength
spectrum. The software helped us analyze the performance of
various single PSC structures throughout the SCAPS-1D inquiry.

These perovskite structures were formed by setting the
frequency at 1 MHz, the ambient temperature at 300 K, and
using the AM1.5G sunlight spectrum. Furthermore, six ETLs
(PCBM, LBSO, SnS,, IGZO, WS,, and ZnO), ten as HTLs (MoS,,
Cu,0, CBTS, CdTe, V,0s, spiro-MeOTAD, Cul, and P;HT), and
ten as BMCs (Cu, Fe, C, Au, W, Ni, Pd, Pt, and Se) were initially
established through a variety of studies to investigate the
differences in their architectures and optoelectronic character-
istics, which are presented in Tables 1-3.

2.3. Band alignment of CsCdI;-based absorber with different
ETLs

Fig. 2b depicts the band alignment of several heterostructures
utilizing the CsCdI; absorber. The quasi-Fermi levels of elec-
trons (Fy) and holes (F,) are shown, together with the conduc-
tion valence band maxima (Ey) and band minima (E¢). While F,
and E¢ have a harmonic relationship, F, aligns with Ey in each
type of ETL. Additionally, F,, intersects Ec and stops the flow of
electrons from the HTL and holes from the ETLs because MoS,
as the HTL, Ey, and F;, stay at the same level. To get around this,
electrons are effectively collected using an ITO front contact
with a work function (WF) of 3.5 eV, while a nickel (Ni) back
contact is much less expensive than other valuable contacts (Ag,
Au, Pt, Pd, and Se) that have stability, enhanced photostability,
and high efficiency.

3. Results and discussion

3.1. Optimization of CsCdI;-based solar cell

3.1.1. Structural stability of CsCdI;-based solar. The
geometric and structural stability of the single halide perovskite
CsCdl; was assessed using three widely recognized descriptors:
the tolerance factor (¢), the octahedral factor (u), and the revised
tolerance factor (r). These stability indices provide essential
guidelines for predicting whether the material can adopt a cubic
perovskite framework suitable for photovoltaic applications.
The goldschmidt tolerance factor (¢) evaluates how well the
ionic sizes of the A-site cation, the B-site cation, and the halide
anion fit into the perovskite lattice, thereby indicating the
feasibility of forming a symmetric cubic structure. The octahe-
dral factor (u) relates to the geometric stability of the octahedra,
highlighting the degree of distortion within the crystal lattice.
Meanwhile, the newer tolerance factor (t) provides an advanced
measure that accounts for oxidation states and radius ratios,

RSC Adv, 2025, 15, 32679-32707 | 32683
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Table 3 Data table of interfacial properties employed in this CsCdls-based PSC*?

Type of Capture cross section: Energetic Reference for defect Total density
Interface defect electrons/holes (cm?) distribution energy levels, E, (em™?)
ETL/CsCdI, Neutral 10" Single Above the VB maximum 10"
10718
CsCdI;/HTL Neutral 1078 Single Above the VB maximum 10"
10719

offering improved predictive accuracy under different structural
conditions.

The stability factors are calculated using the following rela-
tions: eqn (9)—(11)**>°

R R
T = R—z na <I‘ZA — Ri;z) (9)
R R
t = _ Ra+Rx (10)
V2(Ra + Rx)
Ry
=2 11
S (11)

where R, and Ry correspond to the effective ionic radii of the A-
site and B-site cations, Ryx is the halide anion radius, and n, is
the oxidation state of the A-site cation. For double perovskites
(A,B'B"Xy), the effective B-site radius is calculated as an average,
but in single perovskites such as CsCdl;, Ry directly corre-
sponds to Cd>".

A perovskite is generally considered cubic if ¢ falls within
0.813-1.107 (ref. 55) and u lies between 0.41-0.89.%° Further-
more, a 7 value below 4.18 also signifies stable cubic forma-
tion.* Using Shannon's ionic radii, Cs* (CN = 12, 1.88 A), cd**
(CN =6, 0.95 A), and I (CN = 6, 2.20 A), the calculated values
for CsCdlI; are: t = 0.916, u = 0.432, and t = 4.215, illustrated in
Table 4.

All three parameters reside within the accepted stability
ranges, confirming that CsCdI; is structurally favorable for the
cubic perovskite phase. Shannon's standard radii database is
used for the ionic radii required for these calculations.®”

3.1.2. BMC optimization. In this section, we focus on
optimizing the BMC of the ITO/ETL/CsCdI;/MoS,/BMCs solar
cell structure, which is illustrated in Fig. 3. Nine BMC work
function modifications were made to enhance the output
parameters of the PSC. Work function ratings were used to
classify metals. The shunt resistance and performance of
a device are known to decrease with the work function of the
contact metal. The performance was particularly lower than that
of the other BMCs when Cu was utilized as the BMC. Cu has

Table 4

serious stability issues in addition to its low work function.
When Cu and Fe are used as BMCs with high work functions,
the perovskite-HTM-BMC interfaces experience advantageous
band bending. This provides an effective barrier to electron
transfer from perovskite to metal, and the high Ry, value
reduces the alternative current path previously created by the
low Ry, value. Furthermore, these metals exhibit minimal
interfacial resistance to HTM. Nevertheless, the back contact
work function is larger than that of the previously stated BMCs,
and the solar cell performance remains almost constant. This is
because increasing the work function ratings enhances Ry, and
removes the alternating current channel for the current gener-
ated by light. A lower work function results in a higher FF value
owing to a decrease in the reverse saturation current. For
example, in Fig. 3(f), utilizing ZnO-ETL, BMC using Se, Pt, and
Pd shows a PCE of 26.736%, 26.73% and 26.62%, whereas Ni
showed a PCE of 25.06% and an FF of 87.137%. However,
because Ni is more affordable than Se, Pt, and Pd, it appears to
be a more effective BMC material. Therefore, the solar cell
arrangement using Ni as a BMC appears to be more efficient
than that using the other BMCs. Finally, the best-performing
device configuration was ITO/ZnO/CsCdI;/MoS,/Ni, which
exhibited the highest performance, with a PCE of 25.05032%,
Voc of 0.93616 V, Jsc of 30.7086 mA cm ™2, and FF of 87.13735%
as shown in Fig. 3(f). To effectively capture holes via the BMC, it
is necessary to build an ohmic contact.’® Here, Al is used as the
right contact with a work function value of 4.06 eV.* Further-
more, the work function of the BMCs (Cu, Fe, C, Au, W, Ni, Pd,
Pt, and Se) used in this study were 4.65, 4.81, 5, 5.1, 5.22, 5.5,
5.6, 5.7, and 5.9, respectively.*>* The simulation began with Au
as the BMC. However, when the BMC was adjusted, substantial
changes in the performance characteristics were evident in the
energy band diagram owing to the presence of a Schottky
barrier.

3.1.3. HTL and ETL optimization. To identify which HTL
and ETL were best for the optimizations, eight HTLs and six ETLs
were merged with the absorber layer, and Ni BMC was used as
a reference to create 48 distinct structures ITO/ETLs/CsCdl;/

Shannon's ionic radii (r), goldschmidt tolerance factor (t), octahedral factor (u), and new tolerance factor (z) for CsCdls

The ionic radius
of the anion (A)

The ionic radius of
cations (A)

Goldschmidt tolerance Octahedral New tolerance
DP Ry Rg Rx factor (¢) factor (u) factor (1)
CsCdI; 1.88 0.95 2.20 0.916 0.432 4.215
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ZnO are used as ETL.

HTLs/Ni. The change in PV attributes such as Vo, Jsc, FF, and
PCE for distinct HTLs and ETLs are depicted in Fig. 4(a-d). In
Fig. 4a, Cu,O HTL, as well as WS, and ZnO ETLs, showed the
highest Vo of 1.46 V. Fig. 4b illustrates that MoS, HTL, as well as
WS, and ZnO ETLs, showed the highest Jsc of 30.7 mA.cm ™2,
Fig. 4c shows that the Cu,O HTL and WS, ETL exhibit the highest
FF of 89.58%. Furthermore, Fig. 4d shows that the MoS, HTL and
ZnO ETL exhibited the highest PCE of 25.06%.
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Influence of various BMCs in the structure of ITO/ETL/CsCdls/MoS,/BMCs, where (a) PCBM, (b) LBSO, (c) SnS,, (d) IGZO, (e) WSy, and (f)

In conclusion, MoS, shows the best performance as an HTL
compared to the other HTLs in most cases with different ETLs.
This can be attributed to its exceptional characteristics,
including excellent conductivity, which improves the collection
mechanism and appropriate band alignment, which protects
the device performance from the interfacial trap -effect.
According to analysis, MoS, is chosen as HTL as well as ZnO is
chosen as ETL, and the structure ITO/ZnO/CsCdI;/MoS,/Ni
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the structure of ITO/ETLs/CsCdls/HTLs/Ni. (a) Voc, (b) Jsc, (€) FF, and
(d) PCE.

provides the best PCE among other configurations with other
HTLs, and ETLs of around 25.06%, and it also displays the best
Jsc of around 30.7 mA cm ™~ compared to other HTLs, and ETLs.
Concerning the device's efficiency and other PSC parameters,
MoS, and ZnO were utilized as the ideal HTL and ETL,
respectively, for the enhancement of the absorber.

3.1.4. Band structure of CsCdI; configurations with
different ETLs. Fig. 5(a—f) illustrates the band alignment of the
PSC structure ITO/ETL/CsCdI;/MoS,/Ni for six distinct ETLs.
Each ETL with a CsCdl; absorbing layer and MoS, as the HTL
affects the valence/conduction band offset, or the difference in
the valence band between the absorber layer and HTL in the
energy band diagram. The performance and efficiency of PSCs
are significantly affected by the alignment of the energy levels.
The photogenerated holes and electrons were injected into the
ETL conduction band and moved to the HTL in the PSCs.
Following photoelectric conversion, the generated charge
carriers—electrons and holes accumulate in the BMC and ITO
layers. The energy band alignment disparities at the CsCdI,/
HTL and ETL/CsCdl; interfaces significantly influence the
overall device performance. The interface parameters directly
determine the extent of recombination effects at these critical
boundaries, highlighting the necessity for precise optimization
of the electrical properties of the HTL and ETL. The device
architecture shown in Fig. 5(e and f), uses MoS, as the HTL and
WS, and ZnO as the ETL, revealing a distinctive conduction
band (E.) behavior relative to the Fermi level (F,). Initially, E.
positions above F,,, then converges with F,, at approximately 0.3
pm depth, before transitioning below F,, by the remaining 0.5
pm region. Similar E. behavior patterns emerge across the
alternative CsCdl;-based configurations depicted in Fig. 5(a-d),
which implement PCBM, LBSO, SnS,, and IGZO as ETL mate-
rials while maintaining MoS, as the HTL. These configurations
were consistently demonstrating the characteristic progression
where E. begins above F,, remains marginally higher than F,
beyond 0.2 pm thickness, and subsequently positions below F,,
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through the final 0.5 pm section. The band gaps of the PCBM,
LBSO, SnS,, IGZO, WS,, and ZnO ETLs were 2, 3.12, 1.85, 3.05,
1.8, and 3.3 eV, respectively. In Fig. 5(a-f), F, is constantly
located above the Ey, for all the ETL.

For efficient electron extraction at the ETL/CsCdI; junction,
the ETL must possess a higher electron affinity than CsCdls.
Conversely, effective hole collection at the CsCdI;/HTL interface
requires the MoS, HTL to maintain a lower electron affinity
than that of CsCdl;. The device performance metrics are criti-
cally influenced by the energy-band discontinuities occurring at
both interfaces. Under thermal equilibrium conditions, F,, was
uniform throughout the entire structure. This equilibrium is
disrupted when photons interact with the PSC architecture,
thereby generating distinct quasi-Fermi energy levels.

The MoS, layer's higher electron affinity relative to that of the
CsCdI; absorber facilitates efficient hole collection at the
CsCdI3/MoS, boundary. This advantageous extraction mecha-
nism operates at the interfaces between CsCdl; and various
ETMs, including PCBM, LBSO, SnS,, IGZO, WS,, and ZnO,
enabling effective charge carrier separation and transport
throughout the device structure. Owing to the well-aligned and
nearly similar alignment of the energy band, the devices may
offer a good efficiency of around 25%. In line with previous
studies on CsCdl; perovskites, the study found that increasing
the thickness of the absorber layer decreases the efficiency of
the device structures.?

3.1.5. Effects of VBO and CBO. In perovskite solar cells
(PSCs), the ETL and HTL are essential for efficiently directing
photo-generated charge carriers from the perovskite absorber to
their respective electrodes. Beyond simply guiding charges,
these transport layers act as selective barriers, preventing
unwanted electrons and holes from migrating to incorrect
regions at the ETL/absorber and HTL/absorber interfaces,
thereby minimizing interfacial recombination losses.®* Upon
illumination, the perovskite layer generates electron-hole pairs,
which are then separated and directed toward the appropriate
contacts. The effectiveness of this process is largely determined
by the energy band alignment at these interfaces, specifically
the conduction band offset (CBO) and valence band offset
(VBO), which directly influence carrier extraction efficiency and
the overall power conversion performance of the device.

The CBO at the ETL/absorber interface is calculated as:

CBO = Xabsorber — XETL (12)
where Yabsorber aNd xgr are the electron affinities of the
absorber and ETL, respectively. Depending on the relative
positions of the conduction band minima (CBM), three types of
alignments can occur: (1) cliff-like (negative CBO): arises when
(XETL > Xabsorber), forming a downward energy step that can
promote electron recombination. (2) Flat-band (CBO = 0): ideal
alignment with no energy barrier, allowing smooth electron
transfer, and (3) spike-like (positive CBO): occurs when (xgrr, <
Xabsorber), Creating an upward barrier that may partially hinder
electron transport.

Similarly, the VBO at the absorber/HTL interface can be
expressed as:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Band diagrams of the various ETL materials based on the structure of ITO/ETL/CsCdls/MoS,/Ni, where (a) PCBM, (b) LBSO, (c) SnS,, (d)

IGZO, (e) WS,, and (f) ZnO are used as ETL.

(13)

VBO = XHTL — Xabsorber + Eg.HTL - EgAabsorber

Here, Eg 11y, and Eg apsorber denote the band gaps of the HTL and
absorber, respectively. The VBO determines the efficiency of
hole transport: negative VBO (cliff-like): occurs when the HTL's
valence band maximum (VBM) is higher than the absorber's,
potentially affecting hole collection, zero VBO (flat-band):

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

perfect alignment that facilitates efficient hole transfer and
positive VBO (spike-like): arises when the absorber's VBM is
higher than the HTL's, creating a barrier that can impede holes.
We calculated the VBO and CBO through the eqn (12) and (13).*
For example, in a CsCdI;-based PSC with ZnO as the ETL, the
CBO is calculated as: CBO = 4.146-3.95 = 0.196 eV, indicating
a spike-like barrier. At the HTL interface, the VBO is: VBO =

RSC Adv, 2025, 15, 32679-32707 | 32687
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Table 5 Calculated VBO and CBO values for six distinct ETL with absorber CsCdls

ETLs CBO VBO
Absorber Six ETLs Values Comment (barrier) Values Comment (barrier)
CsCdI; ZnO 0 Flat-band —0.284 Cliff-like

WS, 0.05 Spike-like

PCBM 0.1

SnS, —0.26 Cliff-like

IGZO —0.16

LBSO —-0.4

4.2 eV —4eV+1.29 eV — 1.774 eV = —0.284 eV, which corre-
sponds to a cliff-like barrier. Table 5 summarizes the estimated
CBO and VBO values for various ETLs, illustrating the impact of
interface energetics on charge transport and device efficiency.

3.2. Optimization of absorber and ETL thickness

3D plot mapping techniques were employed to investigate how
the thicknesses of both the absorber and various ETLs influence
the performance parameters across six different single-halide

VOC

ETL PCBM

0.9362
0.9361
0.9359
0.9358
0.9356
0.9354

perovskite solar cell configurations. Selection of the appro-
priate absorber and ETL material are essential to creating high-
performance solar cells. Light capture and effective hole
collection from the absorber layer are demonstrated by a layer
of appropriate thickness. Using 3D plot mapping to analyze the
impact of the absorber and ETL layer thickness on the perfor-
mance of various solar cell designs enables the assessment of
the key parameters needed for the best potential solar cell
performance.

09353 £ 350

0.9351 @
0.9350 72 09

354

09348 < (93

09%)

! o

Fig. 6 3D colormap of Voc when ETL is (a) PCBM, (b) LBSO, (c) SnS,, (d) IGZO, (e) WS,, and (f) ZnO.
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Fig. 6 illustrates how variations in both absorber and ETL
thicknesses affect the Vo parameter across the six different
solar cell configurations. As shown in Fig. 6(a), the PCBM-based
device configuration was explored using ETL thicknesses
ranging from 50 to 250 nm, while the absorber thicknesses
varied between 400 and 1200 nm. According to research,
a decrease in Vpc is often the result of the thickening of the
absorber. However, as shown in Fig. 6(a), increases in the ETL
layer thickness do not affect on Voc when the absorber thick-
ness is constant. Comparable response patterns were exhibited
by the other ETL-based configurations. Fig. 6(a-f) illustrates,
optimal Vo values for all six ETL-based configurations were
observed when the thickness of the absorber layer was between
approximately 400 nm and 500 nm. For the WS, and ZnO-based
structure, the highest Voc was observed when the absorber
thickness was around 500 nm and the ETL thickness was
approximately 50 nm, as illustrated in Fig. 6(e and f). Fig. 6
demonstrates that an increased absorber layer thickness
generally results in a reduced Vo across most of the evaluated
devices. This inverse relationship can be attributed to the
enhanced carrier recombination processes occurring within

JSC

ETL PCBM

View Article Online

RSC Advances

thicker absorber layers, which consequently elevate the satura-
tion current beyond the photocurrent level.*

Fig. 7 depicts the effect of variations in the ETL and absorber
layer thickness on the Jsc of six specific PSCs. Higher Jsc values
resulted from increasing the absorber thickness while main-
taining the ETL thickness constant. Increased generation rate
and Jsc values result from improved light absorption made
possible by a larger absorber layer. The effect of the series
resistance can be mitigated by a thinner ETL layers, which
increases the current by reducing electron-hole pair recombi-
nation. Furthermore, decreasing the ETL thickness contributes
to the creation of rough surfaces and large pinholes, which can
severely affect Voc, Jsc, and overall PCE. The maximum Jsc
performance for all configurations and ETL-based structures
was consistently achieved with an absorber layer thickness of
approximately 400 nm, as demonstrated in Fig. 7(a-f). Among
these devices, the ZnO-based structure exhibited the highest Js¢
values when the absorber thickness ranged from 400 to 500 nm,
combined with an ETL thickness of approximately 170 nm, as
shown in Fig. 7(f). A higher Js¢ is the result of improved light
absorption by the higher absorber layer, which also raises the

JSC
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27.42
26.99
26.56
26.14
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25.29
24.86

30.55
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29.79
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29.39

Fig. 7 3D colormap of Jsc when ETL is (@) PCBM, (b) LBSO, (c) SnS,, (d) IGZO, (e) WS,, and (f) ZnO.
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generation rate."® By decreasing the electron-hole pair recom-
bination, a thin ETL lowers series resistance and increases the
current. Furthermore, Jsc can be severely hampered by the
development of rough surfaces and larger pinholes, which can
be avoided by decreasing the ETL thickness.*® Fig. 8 illustrates
the influence of changes in the thickness of the absorber and
ETL layers on the FF values. In Fig. 8(a—c), for each of the six
ETL-based solar cell designs, it is evident that the FF values
decrease as the absorber layer thickness increases, while
changes in the ETL layer thickness do not affect the FF values.
The decrease in FF may be related to the increase in series
resistance as the absorber thickness increases.*

For the WS,, and ZnO-based devices, the highest FF was
identified, when the thickness of the absorber was around 400
to 500 nm, and the thickness of the ETL was around 130 to
225 nm as shown in Fig. 8(e and f), and the value was 87.14%.
Moreover, the lowest FF value was around 86.76%, as shown in
Fig. 8(a). In contrast, every ETL except PCBM (Fig. 8(a))
demonstrates that the FF values decrease as the absorber and
ETL thickness increase.
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Thicker ETL layers lower the parasitic absorption and series
resistance, improving the charge extraction and maintaining
a higher FF. Furthermore, a thinner perovskite layer minimizes
recombination losses by striking a balance between effective
charge extraction and adequate light absorption.* Together, all
of these factors result in increased efficiency at reduced
absorber thicknesses and ETL. Fig. 9(b—f) depicts a similar
pattern of declining PCE with increasing absorber layer thick-
ness in LBSO, SnS,, IGZO, WS,, and ZnO ETLs-based solar cells.
All ETL-based structures, with the exception of PCBM ETL
Fig. 9(b-f), show the highest PCE values at absorber layer
thicknesses of about 500 nm. As seen in Fig. 9(e and f), the
maximum PCE is achieved in the case of the WS, and ZnO-
based structure when the absorber and ETL thicknesses are
around 400-500 nm and 60-220 nm, respectively. Efficiency is
shown to decline with absorber thickness inclination for all
device configurations for all device architectures, which is
consistent with an earlier study.® The primary layer that collects
and converts photon energy into electrical energy is the
absorber layer. Fig. 6-9 shows how the absorber layer thickness

Fig. 8 3D colormap of FF when ETL is (a) PCBM, (b) LBSO, (c) SnS,, (d) IGZO, (e) WS,, and (f) ZnO.
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affects the device's performance parameters. To study the
impact on Vo, Jsc, FF, and PCE, the thickness was varied from
400 nm to 1200 nm. As the thickness of the absorber layer
increases, all four characteristics begin to decline. A low thick-
ness results in less photon absorption. However, the active layer
thickened considerably. In this scenario, PCE and Jsc drop
because there is a greater possibility that photo-excited carriers
may recombine before they reach the ETL and HTL interfaces. A
similar tendency was observed in a previous study.** Accord-
ingly, the device PCE indicated that the absorber layer should
have a thickness of 500 nm. Fig. 6-9 illustrates how varying the
ETL thickness affects the key solar cell parameters: Voc, Jsc, FF,
and PCE. To achieve optimal photon transmission and device
performance, ETLs are typically designed to be thinner than
HTLs. This thinness requirement stems from the need to
minimize light scattering, as excessive ETL thickness can
impede photon penetration into the active layer, given that light
encounters the ETL first in the device architecture.®* The ETL
thickness was varied between 50 and 250 nm while maintaining
a constant 500 nm absorber layer to evaluate the performance

parameters. The analysis revealed that most device

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

configurations maintained relatively stable performance
parameters despite ETL thickness variations, with PCBM and
LBSO being the notable exceptions. The ITO/ZnO/CsCdI;/MoS,/
Ni structure uniquely demonstrated a slight performance
enhancement with increasing ETL thickness. The ideal SnS,
and LBSO thickness, taking into account manufacturing chal-
lenges and efficiency, is 150 nm and 120 nm, whereas the values
for the other four ETLs are set at 50 nm, which is consistent with
the previous study.*”*

3.2.1. Combined influence of thickness and defect density
of absorber on PV performance. Photovoltaic (PV) performance
is significantly affected by the absorber layer thickness, which
also directly affects the solar cell (SC) performance through the
absorber thickness and absorber defect density (N,).** Photo-
electrons are produced when light interacts with an absorber
layer. Nevertheless, the ETL may not be sufficiently protected
owing to the perovskite layer's poor shape.

Low-quality films increases the defect density, which leads to
increased recombination.®® Elevated N, levels promote recom-
bination inside the absorber layer, reducing the stability of PSCs
and PCE, while also boosting pinhole development and film

RSC Adv, 2025, 15, 32679-32707 | 32691
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degradation.®® Fig. 10-13 shows changes in the absorber
thickness from 400 to 1200 nm and N, from 10** to 10'® cm ™.

In Fig. 10(c), while changing the absorber layer thickness
from 400 to 1200 nm and N, from 10** to =10*® cm ™3, the SnS,
ETL consistently maintained a V¢ value above 0.936 V across
varied thicknesses and defect densities. The same pattern is
observed for IGZO, WS,, and ZnO in Fig. 10(d—f). The lowest
peak value of V¢ shown for PCBM and LBSO ETLs were shown
in Fig. 10(a and b). The Jsc value decreased with increasing
defect density and absorber thickness.

The 3D plots in Fig. 11(a-f) depict how the thickness of the
absorber layer and defect density affect the Jsc of the solar cells
with LBSO, SnS,, IGZO, WS,, and ZnO ETLs. Among all ETLs, an
increase in the defect density generally results in a drop in Jsc,
as seen by the shift from blue or green regions (higher Js¢) to
yellow or red regions (lower Jsc). In contrast, increasing the
absorber thickness typically resulted in an improvement in the
Jsc performance, with the best values observed at a thickness of
500 nm. WS, and ZnO (Fig. 11(e and f)) exhibit a high potential

32692 | RSC Adv, 2025, 15, 32679-32707

Jsc of up to 30.917 mA cm ™2 and 30.878 mA cm ™2, respectively,
which is attributed to their lower defect density (<10'® cm™?)
and thicker layers. While SnS, (Fig. 11c), IGZO (Fig. 11d), and
WS, (Fig. 11e) show similar trends, their peak Jsc values are
slightly lower. The lowest peak value of Jsc is shown for PCBM
and LBSO ETLs in Fig. 11(a and b).

Fig. 12(a-f) shows the effect of the absorber layer thickness
and defect density on the FF of solar cells using various ETLs
such as PCBM, LBSO, SnS,, IGZO, WS, and ZnO. An increase in
the defect density generally results in a decrease in FF, as seen
by the transition from blue/green regions (higher FF) to yellow/
red regions (lower FF) with increasing defect density. The
connection between the absorber layer thickness and FF is more
complicated, with thicker absorber layers in Fig. 12(c—f)
showing a modest enhancement in FF and the highest FF value
of around 87%. The lowest peak value of FF is shown for the
PCBM and LBSO ETLs in Fig. 12(a and b).

Finally, the 3D plots in Fig. 13(a-d) illustrate how varying the
absorber layer thickness and defect density affects the PCE of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solar cells utilizing various ETLs such as PCBM, LBSO, SnS,,
1GZO, WS,, and ZnO. There is a direct link between the PCE,
thicker absorber layers, and lower defect densities across all
ETLs. At an absorber thickness of 500 nm and the defect density
of <10'® cm?, IGZO, WS,, and ZnO ETLs in Fig. 13(d-f)
demonstrate the highest PCE of around 25.2%. The lowest peak
value of the PCE is shown for the PCBM and LBSO ETLs in
Fig. 13(a and b).

The defect densities in this case were below 10'* cm™2, hence
there was no substantial difference in efficiency. Regardless, the
defect density increases and the efficiency decreases regardless of
the absorber thickness, showing that once the defect density
reaches a certain level, the thickness of the absorber layer
becomes irrelevant to the performance. Increased -carrier
recombination, which correlates to an increased N, in the
perovskite layer, speeds up the recombination of photo-generated
carriers. Vo can be expressed as follows using eqn (14).

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

=] (14)

Voc = klh’l [1 +—
e JO
Here, k denotes the Boltzmann constant, T is the operating
temperature, Jsc is the short-circuit current density, J, is the
reverse saturation current, and e is the electron charge.®”%*
Furthermore, J, increases when the diffusion length, Jsc, and
Voc decrease, resulting in lower PCE.**”° As N, increases in solar
cells, carriers find it more challenging to move through the
material.” The overall performance of the device is degraded
because of the reduced band bending in the absorber layer
caused by this increased defect density, which decreases the Vo
and produces a smaller effective barrier.®®”* A higher defect
density also accelerates recombination rates, which lowers the
CB's charge carrier number. This ultimately results in decreased
PCE, FF, Jsc, and Vpc.””
Effects of different absorber types and fault densities on
solar cell performance. Defects in the manufacturing process
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(f) ZnO.

can significantly affect the optoelectrical characteristics of
a material. Examining the association between the defect
density in the absorber layer and the thickness of the absorber
layer is important because flaws inside the absorption layer of
photovoltaic cells can negatively affect their performance. In
our simulation, we incorporated a singular deep-level defect
state exhibiting donor-like characteristics, attributed to its
comparatively lower formation energy relative to that of
conventional donors.” Throughout the simulation, the
absorber layer thickness and defect density were adjusted from
400 to 1200 nm and 10™ to 10'® cm ™3, respectively, to examine
the influence on sunlight harvesting characteristics of the six
optimized PSCs (Fig. 10-13).

Moreover, the defect density has a substantial impact on
the PCE. Higher defect densities cause a significant decline in
the PCE, with a shift from blue/green (greater PCE) to yellow/
red (lower PCE). When the defect densities exceeded 10"

32694 | RSC Adv, 2025, 15, 32679-32707

cm?, the PCE values declined significantly and demonstrated
a smoother decline in PCE as the density increased. To obtain
the optimum PCE, it is essential to maintain low defect
densities and to use thicker absorber layers, as demonstrated
in the plots. SnS,, IGZO, WS,, and ZnO ETLs-based PSCs have
been found to have the highest potential efficiencies, around
25.2%. These ETLs have demonstrated outstanding resilience
to variation of absorber (CsCdl;) thickness and defect density,
making them the best options for optimizing solar cell
performance.

3.3. Optimization of the thickness of absorber and HTL by
observing effects on PV performance parameters

3.3.1. Impact of absorber layer thickness. To improve solar
cell performance, the thickness of the absorber layer must be
optimized. Charge carriers tend to recombine when the
absorber layer is larger than the diffusion width. Because it

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

increases series resistance and prevents charges from reaching
the electrode, this results in a poor PCE. On the other hand,
light absorption decreases with an excessively thin absorber
layer, which lowers the photocurrent.”

Thus, optimizing solar cell performance requires deter-
mining the optimal absorber layer thickness. Because this
parameter greatly impacts the behavior of the ITO/ZnO/CsCdl,/
MoS,/Ni structure, we investigated how changing the absorber
thickness from 400 to 1200 nm affects the device performance.
The relationship between the PSC performance and variations
in the absorber thickness when combined with the ZnO ETL
and MoS, is shown in Fig. 14(a). During the optimization
procedure, when the thickness of the absorber and the reverse
saturation current increased, the Vo of the solar cell
decreased.” This structure, associated with the ZnO-based ETL
and MoS,-based HTL, exhibited the highest Voc of almost
0.9362 V at approximately 500 nm, demonstrating that as
absorber thickness increased, an almost negligible decrease

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

was observed. The absorber thickness in this design decreased
steadily from 0.9362 to 0.9349 V.

The absorber thickness for Jsc ranged from 30.7447 to
29.3897 mA cm™ >, exhibiting a nearly exponential decreasing
pattern over time. This structure, associated with the ZnO ETL,
and MoS, HTL, exhibited the highest jsc of almost 30.7447 mA
cm™ 2, approximately at 500 nm, indicating similar behavior. In
addition, as the absorber thickness increased, an almost linear
decline was observed.

The FF for this structure associated with the ZnO-based ETL
and MoS,-based HTL exhibited a nearly exponential decreasing
pattern with the increase in absorber thickness, which is the
same behavior as the Jsc. This configuration showed a steady
drop with the absorber thickness ranging from 87.1396-
87.0995% and exhibited the highest FF of 87.11862% at
approximately 500 nm.

With regard to the PCE, a declining trend that was similar to
that of the FF and Jsc mentioned above was observed with an

RSC Adv, 2025, 15, 32679-32707 | 32695
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increase in absorber thickness. This shows a nearly exponential
decreasing pattern with absorber thickness from 25.0813 to
23.9322%. In addition, it exhibited the highest PCE of 25.0813%
at approximately 500 nm.

3.3.2. Impact of HTL layer thickness. Fig. 14(b) illustrates
how changing the thickness of the MoS,-based HTL affects the
key performance parameters in CsCdI;-based PSCs that use ZnO
as the ETL. Because MoS, showed the highest PCE in earlier
testing, it was chosen as the HTL for thickness optimization.

We increased the HTL thickness from 100 to 500 nm to
evaluate its effect on the performance of the ITO/ZnO/CsCdl;/
MoS,/Ni structure. Fig. 14(b) shows that most PSC parameters
follow a similar pattern with increasing HTL thickness. The
data revealed an almost linear decrease in the overall perfor-
mance as the HTL thickness increased when paired with the
ZnO ETL. The highest Vo value of 0.936167 V was observed at
a minimum HTL thickness of 100 nm, whereas the lowest was
0.93616 V at 500 nm. It showed a nearly exponential decreasing
trend.

With an increase in HTL thickness, Js¢ exhibited an almost
exponential declining trend, going from 30.7187 to 30.7121 mA
cm 2. The highest Jsc value, 30.7187 mA cm ™2, is measured at
100 nm, whereas the lowest, 30.7121 mA cm™ 2, is measured at
the same thickness.

As the HTL thickness increased, the FF for this structure
associated with the ZnO ETL exhibited a small decline pattern,
which was similar to the trend observed for Vyc. As the HTL
thickness increases, this configuration showed a consistent
decrease, ranging from 87.137423 to 87.137238%, and exhibited
the highest FF of 87.137423% at 100 nm.

In the context of the PCE, as the HTL thickness increased, it
displayed a nearly exponential decreasing pattern. At 100 nm,
the maximum value was 25.0588%, whereas the lowest value
was 25.0532% observed at 500 nm. A prior investigation
demonstrated that increasing the HTL thickness improved

32696 | RSC Adv, 2025, 15, 32679-32707

HTL Thickness (um)

Influence on PV parameters considering the variation in (a) absorber (CsCdls) thickness, and (b) HTL (MoS;) thickness.

efficiency.” The HTL thickness is an important component for
maximizing the device performance. Optimal performance can
be achieved by selecting a thickness that maximizes light
emission and charge transfer within a particular range.

The above 3.3 analysis suggests that the optimal thickness of
the absorber for enhancing PSC parameters is 500 nm. And the
optimal HTL thickness is 200 nm, which is consistent with the
previous study.*’

3.4. Influences of various parameters on the PV parameters

3.4.1. Effect of series resistance. The efficiency of solar cells
is significantly affected by the existence of shunt (Rg,) and series
(Rs) resistances, mostly owing to connections between the cell
layers, manufacturing flaws, and metal contacts that surround
the cell's sidewalls.™ For six single-halide perovskite devices
with six ETLs (ITO/ETLs/CsCdI;/Mo0S,/Ni), Ry, remained
constant at 10° Q cm?, while the effect of R, changed from 0 to 6
Q cm? as shown in Fig. 15. In Fig. 15(d), when R, variation
occurs, the PCE decreases for all six CsCdI; perovskite device
designs. In the ZnO ETL-based CsCdlI; perovskite device struc-
ture, the highest PCE was 25.0518%, and the PCE values drop-
ped roughly to 19.8611% as R, increased. On the contrary, as R
increased in the PCBM ETL-based CsCdl; perovskite device
structure, the lowest PCE was 22.8154%, and the PCE values
dropped by approximately 18.4818%. The ZnO ETL-based
CsCdI; perovskite device structure shows an abrupt drop as
the R, increases. In Fig. 15(c), the FF value, however, was larger
for every solar cell connected to the ETL, and it decreased as R
increased. In Fig. 15(b), the Jsc saw a little drop in all ETL-based
configurations as Ry increased.

The ZnO ETL-based configuration experienced the highest
Jsc value and dropped from 30.7189 to 30.7131 mA cm ™2, and
the PCBM ETL-based structure experienced the lowest Js¢ value
and dropped from 28.0951 to 28.0835 mA cm > As R
increased for all ETL-based devices, the PCE, FF, and Jsc

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decreased while the Vo performance improved, as illustrated
in Fig. 15(a). For the ZnO ETL-associated structure, which
experienced the highest V¢ value, it increased from 0.9362 to
0.9375 V. For the PCBM ETL-associated structure, which
experienced the highest Vo values, it increased from 0.9336 to
0.9353 V. However, changes in R, had little effect on the Jsc and
Voc characteristics for all explored device architectures due to
the slight fluctuation, which is consistent with the previous
work.™ For these specific devices, the currents with Ry = 30 Q
cm’ tended to decrease beyond this range, leading to a slight
reduction.”” Ry is the total resistance between the absorber,
HTL, and ETL, and the solar cell's FMC and BMC, of the solar
cell, which have no influence on the current. Consequently,
characteristics such as consistency, Rs, and Ry, together result
in decreased efficiency, especially with larger modules and
PSC's areas.”®®°

3.4.2. Effect of shunt resistance. In photovoltaic solar cells,
an important internal electrical parameter known as Ry, plays
a crucial role in determining the overall efficiency. This resis-
tance parameter governs leakage currents occurring at the
interfaces where the active layer meets the electrodes, as well as
at the junctions between the donor and acceptor materials.*
For PSCs, Ry issues stem primarily from two sources: physical

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

Influence of variation in series resistance on (a) Voc, (b) Jsc, (c) FF, and (d) PCE.

defects such as pinholes in the photoactive layer that create
leakage pathways, and various recombination losses. Whereas,
R, originates from several factors, including internal resis-
tances, interface barrier effects, the properties of charge-
collecting interlayer materials, and the characteristics of the
metal-based electrodes themselves.** The Shockley equation,
represented by eqn (15) and (16) describes the predicted
behavior of a solar cell's J-V characteristics under ideal one-sun
illumination conditions.*

_ _ q.(V — JRy) _ V — JR;
Jsc = Jpu — Jo [exp ( nkT, Rq, (15)
nkT, Jpu ( Voc )}
Voc = Inc—(1-— 16
oc ( qe ) { Jo Jpu R (16)

where g, is the elementary charge, Jpy represents the photo-
current density, J, is the density of the reverse bias saturation
current, R, refers to the series resistance, Ry, is the shunt
resistance, n is the diode ideality factor, k is the Boltzmann
constant (1.38 x 1023 J K '), and T. denotes the ambient
temperature (298 K). Also, eqn (15) and (16) demonstrate that
Jsc and Vo have a negative inverse relationship with Rg,. This
means that as Ry, increases, so does the Jsc and Vge.
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In this study, we explored the effect of Ry, on six different
solar cell configurations, as shown in Fig. 16. In all configura-
tions, R, was adjusted from 10" to 107 Q cm” when maintaining
a constant R, of 0.5 Q cm?, revealing that photovoltaic perfor-
mance parameters improved as Ry, increased, consistent with
findings from prior research.*® Notably, the Voc and Jsc values
showed substantial improvement in the lower Ry, range from
10'-10® Q ecm?, when the PCE and FF improved across a wider
range of 10'-10° Q ecm?, after which all parameters stabilized.
Specifically in Fig. 16(a), Voc reached its maximum value of
approximately 0.93561 V at an Ry, value of approximately 10° Q
cm” and remained steady thereafter. Likewise, in Fig. 16(b), Jsc
increased between 10'-10* Q cm” Ry, range across all configu-
rations before stabilizing. Among the six tested configurations,
the ITO/ZnO/CsCdI;/MoS,/Ni PSC achieved the highest Js¢ of
approximately 30.56572 mA cm 2, whereas the ITO/PCBM/
CsCdI;/MoS,/Ni PSC configuration produced the lowest Jsc of
approximately 27.95454 mA cm >, Regarding FF in Fig. 16(c),
ITO/ZnO/CsCdI;/MoS,/Ni PSC reached the highest FF of
approximately 83.30486%, whereas ITO/PCBM/CsCdI3/MoS,/Ni
showed the lowest FF of approximately 83.08378%. All

32698 | RSC Adv, 2025, 15, 32679-32707

Influence of variation in shunt resistance on (a) Ve, (b) Jsc, (c) FF, and (d) PCE.

configurations responded similarly to the changes in Rg. In
terms of overall performance, the ITO/ZnO/CsCdl;/MoS,/Ni
configuration achieved the highest PCE of approximately
23.93035%, whereas ITO/PCBM/CsCdI;/MoS,/Ni demonstrated
the lowest PCE of 21.76960% as illustrated in Fig. 16(d). The
changes in several PV parameters when Ry, was varied were in
line with earlier studies.**

3.4.3. Effect of temperature. To assess the stability of the
solar cell performance, a comprehensive understanding of solar
cell performance at high operating temperatures is crucial.
With rising temperatures, many solar cell configurations expe-
rience functional instability owing to interfacial distortion
between layers. However, recent studies have shown improved
stability performance in perovskite-based optoelectronic
devices.*>®*® As shown in Fig. 17, the effect of temperature on the
six PSC designs was investigated.

The temperatures varied from 270 K to 470 K to understand
the connection between temperature and solar cell efficiency.
The photovoltaic parameters across all six configurations
demonstrated significant temperature dependence. Fig. 17(b)
reveals that Jsc increased with temperature for nearly all ideal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solar cell structures, with the notable exception of the PCBM-
based ETL devices. This distinctive temperature response
behavior of PCBM-based ETLs differed markedly from the
temperature response patterns observed in the other ETL
configurations. In contrast, Jsc increased marginally for SnS,,
1GZO, WS,, and ZnO ETLs-based PSC devices, and the LBSO
ETL-based PSC setup roughly increased as the temperature
increased, whereas the PCBM ETL-based PSC setup roughly
decreased as the temperature increased.

In Fig. 17(d), the ITO/ZnO/CsCdI;/MoS,/Ni PSC exhibited the
highest efficiency (PCE) of approximately 26.48666% at 270 K,
which dropped to 16.73522% as the temperature increased
which is consistent with the previous study,** while the ITO/
PCBM/CsCdI;/MoS,/Ni PSC dropped to 11.01699% at 470 K
temperature. However, ITO/LBSO/CsCdI;/MoS,/Ni exhibited
different responses in comparison with other ETL responses
with variations in temperature. It first increased from 21.12127
to 23.23776% at 300 K, then decreased and fell to 16.45326%.
The ITO/WS,/CsCdI;/MoS,/Ni PSC showed the highest FF of
around 88.52340% at 270 K temperature and dropped to
77.58527% with increasing temperature, while the ITO/PCBM/
CsCdI3/MoS,/Ni PSC dropped to 76.85759% at 470 K tempera-
ture, as illustrated in Fig. 17(c). A similar trend was observed for

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

the other four PSCs; the FF decreased as the temperature
increased. Interestingly, the Jsc's response to variations in
temperature is the opposite of the PCE's variation, with the
exception of PCBM. This means that with an increase in
temperature, the Jsc of all ETLs except PCBM increased,
whereas in PCE, they decreased. PCBM showed an exact
response similar to that of PCE. When examining the temper-
ature effects as the temperature increased, all six solar cell
structures exhibited a consistent pattern of decreasing Voc. The
Voc values decreased from around 0.97692 V to around
0.69669 V across most of the ETLs, with PCBM-based ETL
showing the most pronounced reduction, dropping to
a minimum value of 0.68045 V. The inverse connection between
Voc and Jo, which results in a fall in Vo values across all high-
efficiency device designs as temperatures rise, is responsible for
this uniform decrease in Vo with increasing temperatures. At
higher temperatures, J, increased. The below eqn (17) shows the
relationship between Vo and Jo.

Voo = 4801 (.11} (17)

Subsequently, defects increase as the PSC's temperature
increases, resulting in a decrease in Vpc, aligns with the
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previous research.” The current experienced only slight
changes owing to bandgap narrowing as the temperature
increased. However, this variation was minimal and appeared
to stabilize at higher temperatures. Additionally, as the
temperature increases, both the diffusion length and R
undergo changes that directly affect the FF and PCE of the
device.***”

3.4.4. Influence of the capacitance and MS. Fig. 18(a and b)
displays the six solar cells’ M-S and capacitance per unit area
(C) graphs with the bias voltage (V). The well-established M-S
analytical method enables calculation from capacitance-voltage
(C-V) measurements of both the charge carrier density (Ng) and
built-in voltage (Vy;). This experimental approach has gained
widespread adoption in traditional semiconductor devices,
particularly at p-n junctions and semiconductor-metal inter-
faces, where it effectively characterizes fixed depletion layers
and space charge regions. The junction capacitance per unit
area (C) can be quantitatively determined using eqn (18).

1 2ee

—— (Vo = V)

o 18
7 aN, (18)

Here, g represents the electronic charge, ¢ indicates the
dielectric constant of the donor, ¢, refers to vacuum permit-
tivity, and V denotes the applied voltage, as shown in
Fig. 18(b).*® The carrier concentration N is obtained from the
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linear portion's slope, whereas Vj; can be determined by
extending this linear segment to intersect with the voltage axis.
Throughout the measurements, the frequency was maintained
at a constant 1 MHz, with voltage variations ranging from
—0.8 V to 0.8 V, as illustrated in Fig. 18. The Fig. 18(a) demon-
strates that the capacitance for all six optimized devices
increases exponentially as V increases. Each solar cell structure
with different ETLs showed a dramatic exponential increase
when reaching 0.8 V. The ITO/LBSO/CsCdI;/MoS,/Ni configu-
ration achieved the highest capacitance value of approximately
207.65481C. This was closely followed by PCBM, SnS,, IGZO,
and ZnO-based structures, which displayed capacitance values
of approximately 207.36705C, 207.36019C, 207.35957C, and
207.35917C, respectively, and the ITO/WS,/CsCdl;/MoS,/Ni
exhibited the lowest peak capacitance value of approximately
207.35128C. Although there are slight changes among the ETLs
in Fig. 18(a), it seems that they overlap with one another. The
current stays much below saturation levels when running at low
voltages, only reaching full saturation when the contact points
experience voltage surges.* As a result, the capacitance varied
with the applied voltage, demonstrating its suitability for
voltage-controlled solar cell applications.

Meanwhile, to determine built-in potential (V},) of a device,
which measures the effectiveness difference between the
doping level and the electrode, researchers commonly employ

1.2x107
Frequency, F=1MHz
1.05x107* e
91051 (b)
7.5%107°
6x107°+
4.5x107+
—3— SnS, IGZO
3x107° {|-o—ws, Zno
—~2— LBSO PCBM|
—-0.8 0.6 04 —02 00 02 04 06 038
Voltage (V)
1023
~ 102 Absorber thl(”:kness= 0.5um (d)
"')m 1 ‘
g 102"!
3 1020 \‘
g ] /"L
o 10191 J
g 1018 |
£ ] g
= 16 |
§ 10 ] SnS, IGZO y
g 10° 11— Zno
& 10 LBSO PCBM| ‘
00 02 04 06 08 10 12 14
Position (Lm)

(a) Capacitance, (b) MS plot, (c) generation rate, and (d) recombination rate for the CsCdls perovskite solar cell.
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MS analysis.” This widely respected analytical technique has
established itself as a reliable method for identifying built-in
potential values in such devices.®® In our analysis, Fig. 18(b)
shows an opposite pattern. In this case, as the voltage range
changed from —0.8 to 0.8 V, all six PSCs showed an exponential
decrease. When comparing various perovskite solar cell
configurations, our findings revealed notable differences in MS
values. The ITO/ZnO/CsCdI;/MoS,/Ni and ITO/WS,/CsCdI;/
MoS,/Ni structures displayed superior performance, with the
highest Mott-Schottky measurements at around 2.32588 x 10>
1/C%. In contrast, the ITO/LBSO/CsCdI;/MoS,/Ni configuration
showed the most modest results, with measurements reaching
only approximately 2.31908 x 10> 1/C>. Although there are
slight changes among the ETLs as shown in Fig. 18(b), it seems
that they overlap with one another. As seen in Fig. 18(b), as the
applied voltage rises, the Mott-Schottky graph shows
a decrease, which is in accordance with previous observations.**
3.4.5. Influence of the generation and recombination rate.
The generation and recombination rates for the six different
configurations for the six different ETLs are shown in Fig. 18(c
and d). As electrons move from the valence band to the
conduction band during carrier development, holes are left in
the valence band, forming electron-hole pairs.”® As shown in
Fig. 18(c), all six device configurations reached their peak
generation rates at approximately the 850 nm position. In the
SCAPS-1D simulation framework, the photon flux, Npho(4, ),
was used to determine the electron-hole pair generation rate,
G(x), using the relationship given in eqn (19):
G(A, x) = a(4, X)Nphot(4, X) (19)

In the conduction band, recombination involves the formation
and extinction of electrons and holes, in contrast to genera-
tion.** During this process, the defect states of each layer play
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a crucial role in creating energy levels that significantly affect
the recombination behavior. The interfaces, junctions, and
grain boundaries in perovskite solar cells can create uneven
recombination rate distributions throughout the device struc-
ture.' As illustrated in Fig. 18(d), the recombination process
begins at relatively modest rates before intensifying. In this
figure, the IGZO, SnS,, and ZnO ETLs-based PSC exhibit nearly
the highest recombination rates at 0.34635 um, 3.65574 x 10>*
em®s7?, 3.65574 x 10*> em?® s, and 3.65576 x 10> em® s . In
addition, the ITO/WS,/CsCdI;/MoS,/Ni PSC exhibited the lowest
recombination rate at 1.00645 pm, and that is 8.48194 x 10"3
em® sl

3.4.6. J-V and QE characteristics of CsCdl;. Fig. 19(a)
shows the variance in the /-V characteristics of the six studied
solar cell configurations. The voltage in this instance fell
between 0 and 1 V. Up to 0.94 V, the procedure operated
consistently for every structure. All the ETL-based PSC's curves
show nearly parallel photocurrent waves till 0.82 V. Subse-
quently, at 0.92 V, it abruptly collapses to zero before reaching
1 V. The ITO/ZnO/CsCdI;/MoS,/Ni PSC showed the highest
photocurrent value, approximately 30.71887 mA cm ™2, whereas
the ITO/PCBM/CsCdI;/Mo0S,/Ni PSC exhibited the lowest
photocurrent value of approximately 28.09513 mA cm™ > at 0 V.
On the other hand, the SnS,, IGZO, WS,, and LBSO ETL-based
device achieved 30.17945 mA cm 2, 30.47107 mA cm 2,
30.7086 mA cm 2, and 28.58713 mA cm 2, respectively. This
minor variation reflects differences in band alignment, carrier
transport, and optical absorption for each ETL. The Shockley-
Queisser's limit of Jc is 35.82 mA cm™2.°2 The performance of
these devices is primarily affected by the defect concentrations
within the perovskite films, which serve as primary sites for
photoelectron generation. Understanding the electron-hole
recombination dynamics within the perovskite layer is essential
for characterizing the photovoltaic properties of these solar
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(a) J-V characteristics and (b) quantum efficiency (QE) curve of CsCdlz PSC.
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cells, as reflected in their current-voltage (J-V) curves. This
aligns with observations that the exceptional crystallinity of
perovskite materials enhances device functionality while
simultaneously reducing charge-carrier recombination.®

The QE is the fraction of excited carriers that combine in
a radiative manner with total recombination. The QE of a solar
cell is dependent on the incident light wavelength (2). It is
defined as the ratio between the number of photogenerated
charge carriers and the number of incident photons on the
device.* Fig. 19(b) shows the QE curve at particular wavelengths
between 300 and 1000 nm. Sharp exponential growth was
observed for all combinations within the wavelength range of
300-360 nm. Subsequently, between 360 and 670 nm, the SnS,,
IGZO, WS,, and ZnO ETLs based PSC curves demonstrate nearly
constant behavior, illustrating how the QE remains uninflu-
enced except for the LBSO, and PCBM ETLs based PSCs, whose
curves demonstrate slightly increasing behavior until 670 nm.
The QE plot (Fig. 19(b)) against the wavelength showed that
close to 100% of the wavelength between 360 nm, and 690 nm
recombined in a radiative way for SnS,, IGZO, WS,, and ZnO
ETLs, while close to 90%, and 80% of such wavelengths
recombined through other processes, as shown in Fig. 19(b), for
both LBSO and PCBM respectively. Beyond 700 nm, the QE of all
solar cell devices started to decline and abruptly collapsed to
zero before reaching 1 V. As shown in Fig. 19(b), 86% to less
than 11% of the wavelength between 700 nm and 960 nm
recombines in a radiative manner through every ETL as well.
The ITO/ZnO/CsCdl;/MoS,/Ni PSC displayed a slightly higher
QE than the other configurations, approximately 99%, whereas
the ITO/LBSO/CsCdI;/MoS,/Ni PSC displayed a smaller QE than
the other configurations, approximately 81% at 360 nm. A
similar trend of QE response in Fig. 19(b) is observed in the
previous literature.®** Recombination processes reduce the QE of
most solar cells, thereby preventing charge carriers from flow-
ing into the external circuit. Generally, an increase in absorber
layer thickness enhances QE, since a thicker absorber allows the
absorption of a larger fraction of incoming photons.”® Changes
to the front surface that alter carriers produced at the interface
are among the factors that affect the QE and the collection
probability. Additionally, when the forward surface layers
contain high doping concentrations, they can cause free carrier
absorption, which reduces the QE at longer wavelengths.*®

3.4.7. Nyquist pot. Impedance analysis is an effective tool
for analyzing the behavior of perovskite materials containing
various halides.”” Impedance analysis is one of the most effec-
tive approaches for exploring the behavior of perovskite mate-
rials with various halides. To further study the influence of all
ETLs on Vg, Jsc, FF, and PCE obtained from the I~V charac-
teristics, the complex impedance (Z*) was generated to inves-
tigate the impact of ion migration of charge carriers in the
perovskite solar cell. Fig. 20 depicts the Nyquist plot of the
complex impedance, which displays the development of the
imaginary part (Z”) versus the real part (Z') for various ETL
materials. The X-axis indicates the resistance owing to recom-
bination, while the Y-axis represents the geometrical capaci-
tance of the solar cell, indicating that carriers accumulate at the
interface layers. Each curve shows a nearly single semi-circle
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Fig. 20 Nyquist plot of the various ETL materials based on the
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IGZO, WS, and ZnO are used as ETL.

processed within the frequency range of 100-1 MHz. The real
(Z:.) and imaginary (Z;,,) components of the impedance are
plotted against each other. The impedance spectra for each ETL
show only one nearly semi-circle. Furthermore, the width of the
nearly semi-circle varies among the different ETL-based struc-
tures, indicating varied electrical characteristics and perfor-
mance consequences. Moreover, the diameter of this nearly
semi-circle increases as the frequency increases. Specifically,
the wider semicircle associated with the ZnO ETL-based PSC
indicates greater impedance or resistance within the system at
approximately 13 114.0118 ohm c¢m?, which might be related to
slowed charge transport kinetics or increased charge transfer
resistance at the perovskite-ZnO interface. In contrast, the
smaller semi-circle seen for the PCBM ETL-based structure
implies a lower impedance of approximately 8560.356 ohm cm?,
which means smoother charge transport, enhanced interface
properties, or higher charge carrier mobility than other ETL
materials. At high frequencies, the measured resistance is
consistent with the recombination resistance of the material.
The capacitance at these frequencies corresponds to geometric
capacitance, which indicates charge accumulation at the
interfaces.”® The low-frequency response was more baffling,
indicating ionic mobility and hysteresis.*® As ions accumulate
and the reduction barriers decrease, this response becomes
inductive. The impedance plot of the solar cell, also known as
the Nyquist plot, provides a complete qualitative understanding
of the device's capacitance, resistive losses, and rate of recom-
bination defects inside the device.

4. Experimental feasibility and
material synthesis considerations
4.1. CsCdI; perovskite synthesis challenges

The experimental realization of CsCdl; perovskite solar cells
faces several key challenges that must be considered alongside
our computational predictions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.1.1. Crystal structure stability. CsCdI; adopts a cubic
perovskite structure under ambient conditions, but stability
concerns arise due to the relatively large ionic radius of Cd**
compared to traditional perovskite B-site cations like Pb>*. The
Goldschmidt tolerance factor for CsCdl; (¢ = 0.916) suggests
marginal structural stability, which may require careful
synthesis conditions to maintain the desired perovskite phase.>*

4.1.2. Synthesis methods. Several approaches have been
reported for Cd-based perovskite synthesis: (1) solution process-
ing: low-temperature spin-coating methods using CsI and Cdl,
precursors in polar solvents (DMF/DMSO).*® However, the
hygroscopic nature of cesium iodide and the tendency of
cadmium-based perovskites to form secondary phases pose
significant challenges. The formation of non-perovskite phases
such as Cs,Cdl, or CsCd,Is; can occur under non-optimal
synthesis conditions, affecting the optoelectronic properties.*
Additionally, the toxicity concerns associated with cadmium
compounds require careful handling protocols and may limit
widespread commercial applications despite the superior stability
compared to lead-based alternatives.® (2) Vapor deposition:
sequential thermal evaporation of constituent materials, though
requiring precise temperature control due to CdI, volatility'** This
technique involves exposing a solution-processed precursor film
to organic halide vapors, promoting crystallization and grain
growth. For CsCdl;, optimization of annealing temperatures
(typically 150-200 °C) and controlled atmosphere conditions are
crucial for achieving phase-pure materials.” And (3) hot-injection
method: colloidal synthesis for nanocrystal formation, offering
better size control but requiring surface ligand management.'®

4.1.3. Environmental and toxicity concerns. Unlike lead-
based perovskites, cadmium-based materials face significant
regulatory challenges due to Cd toxicity. This necessitates careful
handling protocols and may limit commercial viability despite
superior optoelectronic properties predicted in our simulations.**

4.2. Device fabrication challenges

4.2.1. Interface engineering. Our simulations assume ideal
interfaces, but experimental devices require careful optimiza-
tion of: (1) electron transport layer (ETL) alignment: SnS,,
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PCBM, IGZO, LBSO, WS,, or ZnO with appropriate surface
treatments' (2) hole transport layer (HTL) selection: MoS,,
Cu,0, CBTS, CdTe, V,0s, spiro-OMeTAD, Cul or P;HT with
optimized doping levels' and (3) contact optimization to
minimize series resistance and improve charge extraction."

4.2.2. Film quality control. Achieving the uniform, defect-
free films assumed in our model requires: (1) controlled crys-
tallization through anti-solvent engineering or thermal
annealing'® (2) grain boundary passivation strategies to reduce
non-radiative recombination’® and (3) thickness uniformity
control, particularly critical for the thin absorber layers pre-
dicted to be optimal*®®

4.3. Comparison with experimental benchmarks

4.3.1. Similar architecture performance. While direct
experimental data for CsCdl; devices is limited, comparison
with related systems provides context:

Table 6 distinguishes the performance parameters of the six
device configurations established in this study from those in
previously published works. By combining ETL and HTL with
CsCdl;, Jabar et al. (2024) obtained a PCE of 19.03% when
experimenting with the same absorber material (CsCdlI).** In
this comprehensive study, we conducted an in-depth analysis of
six distinct photovoltaic architectural structures: ITO/PCBM/
CsCdIs/MoS,/Ni, ITO/LBSO/CsCdIs/MoS,/Ni, ITO/SnS,/CsCdls/
MoS,/Ni, ITO/IGZO/CsCdI3/Mo0S,/Ni, ITO/WS,/CsCdIz/MoS,/Ni,
and ITO/ZnO/CsCdI;/MoS,/Ni. The PCE values for these
configurations were measured as 22.82%, 23.24%, 24.6%,
24.85%, 25.05%, and 25.06%, respectively, demonstrating
a clear progression in efficiency across the different electron
transport materials utilized. The V¢ values recorded were
0.9336, 0.9341, 0.9357, 0.9359, 0.9362, and 0.9362 V, showing
incremental improvements with each configuration change.
Similarly, the FF values were determined to be 87.01, 87.02,
87.12, 87.12, 87.14, and 87.14%, exhibiting subtle yet significant
enhancements across the series. Upon careful examination and
detailed analysis of the experimental results, we observed that
the ZnO and WS2-based configurations yielded nearly identical
Voc and FF parameters, specifically 0.9362 V and 87.14%,

Table 6 PV parameters comparison with other published works of CsCdls-based PSC*

Type Device structure Voc (V) Jsc (mA em™2) FF (%) PCE (%) Ref.
E FTO/TiO,/CsPbl;/spiro/Ag 0.66 11.92 52.47 4.13 107
E FTO/TiO,/CsPbl;/spiro/Au 1.11 14.88 65 10.74 108
E FTO/TiO,/CsPbl;/spiro/Ag 1.11 20.23 82 18.40 109
E FTO/TiO,/CsPbl,/C 0.79 18.5 65 9.5 110
E FTO/TiO,/CsPbl;/PTAA/Au 1.059 18.95 75.1 15.07 111
T SnO,/CsCdI;/CdTe 0.9 55 76.5 19.03 34
T ITO/PCBM/CsCdI;/MoS,/Ni 0.9336 28.09513 87.01 22.82 *

T ITO/LBSO/CsCdI;/MoS,/Ni 0.9341 28.58713 87.02 23.24 *

T ITO/SnS,/CsCdl;/MoS,/Ni 0.9357 30.179453 87.12 24.6 *

T ITO/IGZO/CsCdl;/MoS,/Ni 0.9359 30.471072 87.12 24.85 *

T ITO/WS,/CsCdI;/MoS,/Ni 0.9362 30.7086 87.14 25.05 *

T ITO/ZnO/CsCdI3/MoS,/Ni 0.9362 30.71887 87.14 25.06 *

¢ E = experimental; T = theoretical; * = this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively. It was also noted that both the SnS, and IGZO-
based architectural arrangements produced equivalent FF
values of 87.12%. These findings represent a substantial
improvement over previous experimental investigations that
used CsPbl; as the primary absorber material and achieved PCE
ranging from 4.13 to 18.4% as illustrated in Table 6. Based on
Shockley-Queisser's thorough balancing considerations,
a semiconductor band gap of 1.34 eV (928 nm) is necessary to
achieve the maximum light-to-electric power conversion effi-
ciency for AM 1.5G illumination, which is 33.16%.°> And the SQ
limit of Jgc is 35.82 mA cm ™~ 2.2 After a thorough evaluation of all
photovoltaic parameters and performance metrics, we conclu-
sively determined that the ITO/ZnO/CsCdI;/MoS,/Ni configu-
ration demonstrated superior overall performance with the
highest optimization of critical photovoltaic characteristics,
making it the most promising candidate for future development
and practical applications in solar cell technology.

4.3.2. Performance gap analysis. The discrepancy between
our simulated results and typical experimental values for
similar Cs-based perovskites can be attributed to: (1) defect
density assumptions: our model assumes relatively low defect
densities (10'°-10"® ecm™®), while experimental films often
exhibit higher trap densities,"*> (2) interface recombination:
simulations may underestimate interfacial recombination los-
ses that dominate in real devices,'"* (3) optical losses: parasitic
absorption in transport layers and reflection losses not fully
captured in device modeling,** and (4) environmental stability:
degradation mechanisms not accounted for in steady-state
simulations but critical for experimental performance."**

4.4. Recommendations for experimental realization

4.4.1 Based on our computational insights and known
synthesis challenges. (1) Precursor engineering: develop CdI,-
Csl precursor solutions with additives to control crystallization
kinetics,"** (2) atmosphere control: synthesis under an inert
atmosphere to prevent oxidation of Cd>*,"*® (3) interface modi-
fication: surface passivation strategies using Lewis bases to
reduce trap states,” and (4) encapsulation strategies: robust
encapsulation is required due to moisture sensitivity predicted
from our defect calculations.™®

4.5. Experimental implementation limitations

The SCAPS-1D simulation environment employed in this study,
while providing valuable insights into device physics and opti-
mization pathways, inherently assumes ideal conditions that
may not be readily achievable in experimental implementa-
tions. The simulation framework does not account for several
real-world factors that significantly impact device performance,
including grain boundary effects, interfacial defect states
beyond the specified defect densities, hysteresis phenomena,
and long-term stability issues under operational conditions.
Additionally, the one-dimensional nature of SCAPS-1D simula-
tions cannot capture lateral non-uniformities in film thickness,
composition variations, and three-dimensional charge trans-
port phenomena that are prevalent in solution-processed thin
films. The assumed perfect interfaces between layers in the
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simulation may not reflect the complex interfacial chemistry
and potential interdiffusion that occurs during device fabrica-
tion, particularly at elevated processing temperatures. Further-
more, the simulation does not incorporate the effects of
moisture, oxygen exposure, and other environmental factors
that significantly influence perovskite device performance and
stability. While these limitations do not diminish the value of
the computational predictions for identifying optimal device
architectures and material parameters, they highlight the
importance of systematic experimental validation and the ex-
pected performance gaps between simulated and fabricated
devices, particularly in the initial stages of material develop-
ment and device optimization.

5. Conclusion

This investigation enhances CsCdls;-based lead-free single
perovskite solar cells to achieve maximum efficiency and Jsc
when combined with nine BMCs, eight HTLs, and six ETLs.
Initial testing of BMCs revealed nickel (Ni) as the preferred
choice, offering maximum PCE while providing a more cost-
effective alternative to Pd, Pt, and Se. Following the initial
optimization, MoS, was chosen from eight distinct HTLs and
paired with six ETLs to generate six unique configurations. After
adjusting various parameters for each of these six configura-
tions, the best absorber thickness found for all structures was
500 nm, with absorber thicknesses ranging from 400 to
1200 nm. ETL thickness optimization showed that 200 nm was
ideal for SnS,, whereas 50 nm was optimal for the remaining
ETLs. Furthermore, research was conducted on various N,
ultimately identifying 10" cm™? as the optimal defect density.
Further analysis revealed that the device performance reached
its peak when the R; was minimized while the Ry, was maxi-
mized. When both resistance parameters were adjusted exper-
imentally, the findings consistently showed a performance
degradation as the operating temperature increased. The
performance of the ZnO ETL-based structure remains superior
to that of among other ETLs under series, shunt, and temper-
ature variations of 0-6 Q cm?, 10’-10” Q cm?, and 270-470 K,
respectively. Generation, recombination rates, and Mott-
Schottky analysis were explored, demonstrating maximum
generation rates at ~0.85 pm and the maximum recombination
rate at 0.34635 pm. The highest recombination was 3.65574 x
10*? cm® s~ in the ITO/ZnO/CsCdI;/MoS,/Ni structure. The QE
and J-V characteristics indicate a superior response for the ZnO
ETL-based PSC. Compared to the initial devices, the final opti-
mized structures had higher generation rates, QE, and J-V. The
optimized structures are ITO/PCBM/CsCdIz/MoS,/Ni, ITO/
LBSO/CsCdLs/MoS,/Ni, ITO/SnS,/CsCdl;/MoS,/Ni, ITO/IGZO/
CsCdI;/MoS,/Ni, ITO/WS,/CsCdI;/Mo0S,/Ni, and ITO/ZnO/
CsCdI;/MoS,/Ni and their efficiencies were found as 22.82%,
23.24%, 24.6%, 24.85%, 25.05%, and 25.06% respectively.
Among the six assessed structures, ITO/ZnO/CsCdI;/MoS,/Ni
demonstrated the best performance, with a PCE of 33.94%, Vo¢
of 0.9362 V, Js of 30.71887 mA cm 2, and FF of 87.14%. Its
band alignment is responsible for its exceptional performance.
The cubic structure verified utilizing the Goldschmidt tolerance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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factor, the octahedral factor, and a newly proposed tolerance
factor. These results demonstrate that lead-free single perov-
skite materials represent a promising alternative and may prove
to be a practical choice for solar absorption layers in future
photovoltaic applications.
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