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ARTICLE INFO ABSTRACT

Keywords: Perovskite solar cells (PSCs) based on lead have achieved a record power conversion efficiency (PCE) in recent
Perovskite years; however, the toxicity and stability of Pb, especially of CH3NH3PbI3, limits its commercialization. As a
HTL (CsSnl3) result, much effort is being put into developing lead-free PSCs. This paper compares the performances of dif-
ETL (Sn0,) ferent types of lead-free PSCs and their choice of absorber materials using Solar Cell Capacitance Simulator-1D
MASnl, - simulations. In this context, the use of MASnI3, MASnBr3, and MABIl; as solvent-processed absorbers and their
g;:t:;ﬁ efficiency effects on Voc, Jsc, fill factor, and PCE are discussed in this part of the study snippets series. MASnI3 shows the

best comprehensive cell efficiency with a maximum PCE of 30.04%. Similarly, MASnBr; and MABII; deliver high
performance, with maximum PCEs of 29.19% and 27.97%, respectively, obtained at optimized absorber
thicknesses. The outcomes demonstrate the effect of the thickness of the absorber layer, the doping con-
centration, and the defect density on the performance of the device, revealing that the device with MASnI; has
proved superior performance under the above parameters. Additionally, it elaborates on the enhancement
strategies for the hole transport layer and electron transport layer, propagating the idea that defect density at
interfaces must be minimized. This study contributes to the ongoing efforts to make highly efficient, lead-free

PSCs a practical reality while aiding in sustainable energy conversion and storage.

1. Introduction

The growing exhaustion of fossil fuels and the increasing environ-
mental impact of their utilization have led to global attention to re-
newable energy sources [1]. Solar energy has proven to be one of the
most promising alternatives to combat climate change and achieve
sustainability in the energy sector [2-5]. Perovskite solar cells (PSCs)
are a promising photovoltaic technology that has gained widespread
interest because of their unique advantages in efficiency, cost, and the
possibility to prepare them in a simple wet chemistry process [6-8].
The performance of PSCs has risen drastically over just a decade, es-
tablishing PSCs as a fierce competitor to the commonly used silicon-
based photovoltaic cells [9]. They mark a turning point in the devel-
opment of solar energy technologies, and PSCs are now seen as one of
the most favorable candidates for future commercial solar power gen-
eration.

* Corresponding author.

PSCs are considered the third generation of thin-film photovoltaic
technologies [10,11]. Based on organic-inorganic metal halide per-
ovskite semiconductors, these devices have several intrinsic advantages
over classical silicon-based solar cells. Their tunable band gaps, high
absorption coefficients, low exciton binding energies, and potential for
solution-based processing techniques underpin the importance of their
discovery [12]. For these factors, the power conversion efficiency (PCE)
of PSCs has developed by leaps and bounds over the past few years,
going from an initial 3.8% (2009) to contacts of almost 25%, thus ex-
ceeding a large set of other sorts of thin-film solar cells in viability
[13-16]. The scalability of perovskite-based devices also positions them
as an appealing solution for large-scale solar power applications, en-
abling widespread electricity generation.

The structure of PSCs is defined by the ABX3 general formula [17],
where X represents a halogen ion such as Cl~, Br, or I, A can be
either formamidinium (CHNH;" = NH) ion or an organic species like
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Fig. 1. (a) Initial device structures (b) Energy band diagram. ETL = electron transport layer; HTL

Initial simulation parameters of the studied perovskite solar cells
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= hole transport layer.

Properties

Absorbers

HTL ETL FTO
MASnI3 MASnBr; MABII3 CsSnlz SnO,

t [um] 0.5 0.5 0.5 0.35 0.03 0.4

Eg [eV] 1.3 1.3 1.3 1.27 3.3 3.5

X, [eV] 417 4.17 4.17 4.47 4 4

o 8.2 10 6.5 18 9 9

Nc (em™?%) 1% 10'® 2.2 x 1018 1 x10'® 1.58 x 10%° 2.2 x 10" 2.2 x 10'®

Ny (cm™3) 1x 10 1.8 x 10'® 1 x 10%° 1.47 x 10'® 2.2 x 10 1.8 x 10'®

te(em? Vs~ 1) 1.6 1.6 1.6 4.37 200 20

up (em? Vs~ 1) 1.6 1.6 1.6 4.37 80 10

Np (em ™) 0 0 0 0 1 x 10" 1 x 10%°

N (em™3) 3.2 x 10*® 1x 10" 3.2 x 10 1 x 10%° 0 0

N; (cm™%) 1 x 10'° 1 x 10 1 x 10 1 x 10" 1 x 10%° 1 x 10

Ref. [40] [20] [41] [34] [20] [42]

Where, t = thickness, E; = band gap, X. = electron affinity, E, = relative dielectric; N, N, = state densities of conduction and valence band; p,, u, = electron and

hole mobility; Np, Ns, N; = density of donor, acceptor, and defect, respectively; ETL = electron transport layer; HTL = hole transport layer.

Table 2

Input parameters of HTL/perovskite and perovskite/ETL interface defect layers [43]

Parameter

HTL/Perovskite Perovskite/ETL ETL/FTO
Defect density Neutral Neutral Neutral
Electron capture cross section (cm?) 1.0 x 10" 1.0 x 10 1.0 x 10
Hole capture cross section (cm?) 1.0 x 10 1.0 x 10 1.0 x 10"
Energetic distribution Single Single Single

ETL = electron transport layer; HTL = hole transport layer.
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Fig. 2. Variations in the performance of the PSC based on alterations in the thickness of the perovskite layer. (a) Voc; (b) Jse; (¢) FF; (d) PCE. FF = fill factor; J;. =
short-circuit current density; PCE = power conversion efficiency; PSC = perovskite solar cell; V,. = open-circuit voltage.

methyl ammonium (CH3NH; %) ion, and B is an inorganic cation such as
Sn** or Pb?*. While methyl ammonium lead iodide (MAPbI;) has been
widely utilized as an absorber material in PSCs [18], its adoption is
constrained due to the hazardous nature of lead. Consequently, alter-
native materials involving tin (Sn) or bismuth (Bi) have been in-
vestigated as substitutes to mitigate environmental concerns and en-
hance the sustainability of PSC technology [16,19,20]. Although PSCs
show promise to be efficient in converting light into electricity, the
commercial potential of this technology is currently stunted by multiple
challenges, with stability posing one of the biggest objections to large-
scale deployment. Despite their great photo conversion efficiency, the
stability of perovskite materials in the presence of moisture, heat,
oxygen, and ultraviolet (UV) radiation is still an open issue for the PSC
commercial application [21]. Lead-free PSCs, particularly those based
on tin and bismuth, show significant commercial potential with pro-
mising efficiency and stability, positioning them as viable candidates
for large-scale solar energy applications [22-25].

In particular, the perovskite layer itself is susceptible to degradation
due to environmental issues, which can result in the rapid loss of per-
formance of the overall solar cell. Hence, comprehending and tackling
the stability of PSCs at the level of the absorber layer, as well as the
complete device structure, is of utmost importance for the real practical
success of these devices. Besides the inherent vulnerability of the per-
ovskite material itself, interfaces between these layers (the perovskite
absorber, hole transport layer [HTL], and electron transport layer
[ETL]) of the device can lead to performance losses and instability [26].
Therefore, a comprehensive investigation should be conducted to im-
prove the stability of PSCs and discover materials that are capable of
tolerating environmental stresses while retaining high performance
[27].

The optimization of PSCs is not limited to the selection of the ab-
sorber material. Desired high-efficiency requirements of these devices
involve the utilization of effective HTLs and ETLs to efficiently extract
charge carriers from the perovskite absorber layer. HTLs and ETLs are
pivotal in determining the device performance because they transport
holes and electrons to their corresponding electrodes. It is critical to
choose these transport layers since this choice will not only maximize
efficiency but will also help to stabilize the device. Conventional HTLs
(e.g., 2,2,7,7-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobi-
fluorene and Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate))
are principally employed in PSCs; however, they are confronted with
challenges in terms of process cost, stability, and scalability [28,29].
Consequently, candidate materials for the HTL are being explored, in-
clusding alternative materials, such as cesium tin iodide (CsSnl3). For
large-scale production of PSCs, these materials provide stability and
cost benefits, which are major considerations [30]. The ETL material
also plays a significant role, as ETL material is also critical for perfor-
mance and stability. Mesoporous TiO» has been the most widely used
ETL for PSCs because of its good electron-transporting properties and
excellent stability. TiO,, on the other hand, needs to be processed at
high temperatures, hindering the fabrication process and curbing low-
cost scaling potential. Furthermore, TiO,-based PSCs have shown in-
stability under UV irradiation and prolonged forward bias conditions,
which have affected the device performance in the long run [31].
Consequently, the focus of researchers has shifted towards other pro-
mising n-type wide band gap semiconductors, such as SnO,, ZnO, WO3,
etc., which can be processed at lower temperatures and demonstrate
better stability under operational conditions. This is especially sig-
nificant for lead-free and eco-friendly Sn-PSCs, since alternative do-
pant-free ETLs and HTLs can be developed to avoid using toxic



M.A.A. Fahad, M.M. Islam, S. Mahmud et al.

Next Energy 12 (2026) 100645

40
(2) (b)
1.2 1
—9— MASnI; 35 4
—9— MASnBr; -
_L14 —@—MABiIl; £ 30-
< 2
g £
“10- 3251 —@—MASnl,
' -
—&— MASnBr,
201 —O— MABIl,
0.9 -
154 T T T T T T T
10° 10" 10% 10 107 10" 10 10* 165 a8 16 108 H0C 107 105 10°
Absorber Acceptor Density (N,,) Absorber Acceptor Density (N,)
901
© 30 @
851
_ 257
?‘ 80 4 §
3 g
=751  —@—MASnI, < 201
—&— MASnBr;
. —Q—MASnl,
70 1 —Q— MABIl; 1s] —@-masumr,
—Q—MABIl,
65

Absorber Acceptor Density (N,)

1613 1614 1615 1616 1617 1618 lo‘l‘) lOIZU

108 104 105 10 107 108 10 10®
Absorber Acceptor Density (N,)

Fig. 3. Variations in the performance of the PSC based on alterations in the acceptor density of the perovskite layer. (a) V,; (b) Js; (c) FF; (d) PCE. FF = fill factor;
Jse = short-circuit current density; PCE = power conversion efficiency; PSC = perovskite solar cell; V,. = open-circuit voltage.

materials that are present in classical ETLs and HTLs (e.g., nitrogen and
phosphorous doped thin films of TiO, and NiO in comparison to lead-
based alternatives [32]. SnO, is one of the most promising ETLs to date
for optoelectronic properties, low-temperature processes, and high
performance in this context. SnO,-based PSCs have shown great pro-
mise for attaining high PCEs and for overcoming the toxicity issues of
lead-based materials [33]. CsSnl3 has emerged as a potential alternative
as the HTL due to its inherent stability and efficiency as a tin-based
perovskite material over the more traditional carbon HTLs. Ad-
ditionally, using CsSnl; increases the stability of the device with better
hole extraction efficiency [34].

To further enhance the performance of Sn-PSCs, a systematic study
of the influence of the different device parameters, including the
thickness, doping concentration, and defect density of the absorber
layer, and the doping concentration and thickness of the transport
layers, is critical. We model and simulate the performance of a tin/
bismuth-based PSC in this study using the Solar Cell Capacitance
Simulator (SCAPS-1D). CH3NH35n13/ CH3NH38HBF3/CH3NH3Bi13,
SnO,, and CsSnl; are used as absorbers, ETLs, and HTLs, respectively, in
a realistic device configuration simulation. It enables the examination
of various device parameters in order to improve the device's solar cell
performance and stability.

This study is novel in that it presents a direct comparative analysis of
MASnI;, MASnBr;, and MABII; lead-free perovskite absorbers under an
identical device architecture, which provides a benign and green alter-
native to lead-based solar cells. While previous studies have pre-
dominantly focused on individual materials, there is a lack of

comprehensive studies that evaluate and compare these materials under
similar conditions. This will be an important step for future solar-en-
gineering technologies, as this will be a means by which studied PSCs can
meet the increasing demand for renewable energy in a sustainable fashion.

2. Methodology
2.1. Simulation tool

Thorough numerical simulations of the PSC structures were con-
ducted using the SCAPS-1D simulation tool, developed by the
Department of Electronics and Information Systems at the University of
Gent, Belgium. This versatile tool is widely employed for simulating
various solar cell types, including perovskite, CdTe-based, and silicon-
based solar cells. Capable of modeling up to 7 layers in a single-cell
structure, the software facilitates the adjustment of solar cell para-
meters such as band gap, defect density, doping, and thickness [35].
The SCAPS program utilizes Poisson's equation, establishing the con-
nection between photo-carriers and the electrostatic potential within
the semiconductor. Additionally, it employs continuity equations to
depict the kinetics of charge generation and recombination in materials
[36]. The solution to both Poisson's equation and the continuity equa-
tion provides insight into the quantum efficiency (QE) and current-
voltage (J-V) characteristics [37]. By employing Poisson's equation and
the continuity equation, one can deduce the electron and hole densities
[38]. Furthermore, Poisson's equation allows for the determination of
the electric field distribution, denoted as E(x):
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—=§, p(x)=qWNp+p—Ny—n)

Drift and diffusion current densities play a pivotal role in governing
the transport characteristics of charge carriers within a semiconductor.
The ensuing equations delineate the expressions for both drift and
diffusion current densities pertaining to electrons and holes [39].

dn
Jn = qn(x)p, E(x) + ana

d
Jp = gp (), E(x) — quEp

Where, u, and p, = electron and hole mobility, ¢ = dielectric per-
mittivity, p(x) = the space charge distribution, ¢ = charge of an
electron, D, and D,, = the diffusion coefficients of electrons and holes, n
(x) and J, = the concentration and current density of electrons, p(x)
and J, = the concentration and current density of holes.

All simulations were performed under standard AM1.5 G solar illu-
mination with an incident power density of 1000 W/m? at a tempera-
ture of 300 K. The boundary conditions for the simulation assumed
ideal contact interfaces. The SCAPS-1D simulation assumes one-di-
mensional carrier transport under steady-state conditions.

2.2. Device structure

The device structure consists of FTO/SnO,/Perovskite/CsSnls/Ni
(5.35 eV), where SnO, acts as the ETL and CsSnl; serves as the HTL. The

energy band alignment between these layers enables efficient electron
extraction through the ETL and hole extraction through the HTL, while
reducing interfacial recombination losses. Proper alignment of con-
duction and valence bands ensures improved charge separation and
overall device performance. The simulated PSCs are analyzed based on
their device structures, as illustrated in Fig. 1(a) and energy level of all
layer is shown in Fig. 1(b). This study explores 3 distinct device con-
figurations, labeled as D1, D2, and D3, for simulation purposes. The
relevant simulation data is summarized in Table 1 and the input
parameters of HTL/Perovskite and Perovskite/ETL interface defect
layers presented in Table 2.

3. Results and discussion
3.1. Optimization of absorber

The perovskite layer, which creates charge carriers by absorbing
light, determines the PSC performance. Several factors, such as thick-
ness, doping concentration, defect density, etc., of the absorber layer
affect the performance of PSC [44]. In this study, 3 distinct absorber
layers, namely MASnls, MASnBr; and MABil; (MA = CH3NH;™"), have
been optimized.

3.1.1. Thickness optimization

The thickness of the perovskite layer plays a crucial role in gov-
erning the spread and duration of photo-generated holes and elec-
trons. Achieving an optimal absorber layer thickness is essential for
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maximizing photon absorption and generating electron-hole pairs
effectively [45]. To investigate the effect of perovskite layer thick-
ness on the performance of PSCs, the thicknesses of MABII5,
MASnBr3, and MASnI; were varied from 0.1 um to 1.4 um. The open-
circuit voltage (Voc) of MASnl; varies slightly with the absorber
layer thickness, from 1.02V at 0.10 um to 1V at 1.40 pm. In com-
parison, however, MASnBr3 has consistent Voc values, beginning at
1.01V (0.10 um) and rising marginally to 1.05V (1.40 um). Com-
paratively, MABil; exhibits the lowest Voc ranges from 0.96V at
0.10 um to 0.84V at 1.40 um position in Fig. 2 (a), which implies
MABII; is less effective in retaining voltage with increasing absorber
layer thickness and therefore, is also the least stable candidate for the
Voc. In Fig. 2(b), the short-circuit current density (Js.) of MASnI;
increases distinctly with the increase of absorber layer thickness,
showing a peak value of 35.07mA/cm? at 1.40 pm compared to
18.85mA/cm? at 0.10 um, indicating that MASnI; is good at pro-
ducing photo-generated current for thicker absorber layer thick-
nesses. MASnBr; displays a similar trend, where Jsc ranges from
17.64 mA/cm? at 0.10 um to 28.36 mA/cm? at 1.40 um; however, the
values are lower than MASnI; along the range. Jsc (24.04 mA/cm? at
0.10 um - 34.75mA/cm? at 1.40 um) also rises for MABils, but
MASnI; has a higher Jsc than the other 2 giving indicates MABII; has
lower performance in current generation concurrently with in-
creasing thickness.

It is worth noting that the fill factor (FF) of MASnI; is very high
(86.97% for 0.10 pum and 84.51% for 1.40 pm) in Fig. 2(c), indicating

that MASnI; could maintain good efficiency in terms of charge carrier
collection and overall device performance with a lower thickness of
the absorber layer. On the other hand, while the FF of MASnBr; is
improved from 81.75% at 0.10 um to 85.29% at 1.40 pm, it suggests
that this material will achieve higher throughput even if the thickness
of the absorber is increased. The FF of MABIil; decreased the most,
going from 83.14% at 0.10 um to 69.71% at 1.40 um with the thick-
ness of the absorber layer, indicating that the performance of MABil;
will deteriorate rapidly with an increase in the thickness of the ab-
sorber layer, making it the most unstable with respect to the FF.

Among PCE in Fig. 2(d), MASnI; has the best performance at all
thickness, the PCE increases rapidly in the range of 0.10 um to 1.0 pm
is from 16.66% to 29.76% while slightly decrease to 29.65% at the
thickness of 1.40 um, means this material is best suited at the
thickness of near about 1 um, but the stability issue and size of the
device we optimize of MASnI; absorber at 0.80 um. MASnBr;
showing PCE increase rapidly in the range of 0.1 um to 0.8 um and
then increases slightly. So, the PCE of MASnBr3 is 24.32% at 0.80 um,
which is a good performance but still lower than MASnI3. The effi-
ciency is constant after this peak, but slightly decreases on the
thicker layers. In contrast, MABil; shows the unpreferable perfor-
mance, with a maximum (23.83%) at 0.50 um and lower efficiencies
at higher thicknesses. All this indicates that MABIiI; is less efficient,
especially at thicker absorber layers, despite its lower Voc, Jsc, and
FF. Hence, MASnI; emerges as the most favorable material among
others for high-efficiency PSCs.
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3.1.2. Optimization of acceptor density or doping concentration

The functionality of the PSC can be heavily affected by adjusting the
charge transport layers (CTLs) and the perovskite material by doping
[46]. At first, D1 (MASnlI3), D2 (MASnBr3), and D3 (MABIl3) devices
were modeled with different acceptor densities in the perovskite ab-
sorption layer. These were 3.2x10'® cm™3, 1x10'® em™3, and
3.2x10' cm ™2 respectively. Studies on the doping density effect on
the performance of a PSC were simulated by varying the acceptor
concentration from 10'® cm ™2 to 10%° cm ™3,

Voc as a function of the Acceptor Density is depicted for the 3 ab-
sorber materials (MASnI3, MASnBr;, and MABIl3) in Fig. 3(a), which
demonstrates different trends. In MASnI3, Voc increases gradually with
higher acceptor density, reaching a plateau of 1.02V at 10'S, and in-
creases rapidly at higher densities from 1.02V to 1.21V. Voc in
MASnBr; shows a steady line of 0.94V at 10'® and increases up to
1.15V after this point. The increase of Voc for MABil; is also smaller
and reaches 1.13V at higher densities.

In Fig. 3(b), Jsc for each material is shown, showing how Jsc
varies with acceptor density. For lower densities (10*% — 109,
MASnI; shows a relatively stable Jsc of 34.37 mA/cm?, while it starts
to decrease as the density increases, which is pronounced at 10%°.
MASnBr3; begins with an even higher current density of 33.09 mA/
cm? but experiences a gentle decline as the acceptor density in-
creases from 10'6, ultimately reaching its maximum current density
of 25.66 mA/cm? when the acceptor density is equivalent to 10*°,
Likewise, MABil; exhibits an overall decreasing trend for Jsc with a
small maximum at 33.36mA/cm? at 10'°, and then a gradual

decline. This indicates that Jsc of MASnI; is always higher than the
other 2 materials.

MASnI3, the maximum FF value of 87.52% is achieved at an ac-
ceptor density of 10'8, followed by a slow descent in FF until reaching a
plateau of ~83.10% at 10?°. MASnBr; depicts a similar trend, where it
peaks at 84.78% at 10'® and declines afterward. MABil; shows a gra-
dual increase in FF, beginning at 80.2% at 10'® and reaches to 86.29%
at 10'8, while MASnI; consistently maintains superior FF values com-
pared to the other studied materials in Fig. 3 (c).

The plots shown in Fig. 3(d) illustrate the correlation between Ac-
ceptor Density and PCE MASnI; of 10'®, which presents maximum ef-
ficiency of 30.04% with only a small decrease in efficiency as this
density increases. MASnBr; also achieves a maximum PCE of 25.66% at
10'®, and MABIl; also presents the highest PCE 25.15% at 10'7. The
result also implies that MASnI; results in the highest PCE and shows the
best potential for application in future high-efficiency lead-free PSCs.
Overall, MASnI; provides the best performance on all the key para-
meters, including Voc, Jsc, FF, and PCE, thus a competitive material
candidate for lead-free PSCs.

3.1.3. Optimization of defect density

Defect density is a key factor determining the optimal performance
of the absorber layer in PSCs, since it can greatly affect carrier gen-
eration, transport, and recombination processes and embodies the
quality of the entire film. Specifically, a high defect density brings
about more defect states in the absorber and at the interfaces that can
act as recombination centers and catalyze trap-assisted recombination
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through the Shockley—Read-Hall channel. During this process, electrons
and holes are trapped by trap states and non-radiatively recombine,
which results in reduced carrier lifetime and deteriorated device per-
formance. Low quality of the film leads to an enhancement in the
density of defects [47]. The perovskite layer may contain different
kinds of defects, interstitials, vacancies, Frenkel, or Schottky defects. It
has been reported that the stability of PSCs was greatly impaired by the
higher defect density [48]. In this work, N, was systematically varied in
the range of 10'2 cm ™3 to 102° cm ™2 to explore its impact on the device
performance and stability of PSCs.

In Fig. 4(a) MASnl;, Voc initially starts at 1.04V at a defect
density of 10'2, and decreases gently with increasing defect density
until reaching 0.90V at 10'® then decreases rapidly. This trend is
also seen for MASnBr3;, where Voc decreases from 1.01V at 102 to
0.86V at the level of 10%®. A similar pattern can be observed in
MABiI; with the Voc starting at 1.01 V at 10'2 and dropping to 0.90 V
at 10'°. As can be seen, Voc drops for each material as defect density
increases, indicative of efficiency loss from recombination at higher
defect density.

Fig. 4(b) shows the dependence of Defect Density, the Jsc is steady
at ~34.28mA/cm? at defect density of 10'2 to 10'%, and decreases
gradually by increasing the defect density, reaching 16.85 mA/cm? at
10'® for MASnI5;. MASnBr; shows a trend paralleling this, beginning at
34.49 mA/cm? and dropping to 16.12 mA/cm? at 10'®, For MABil5, the
trend is similar, with a decrease from 32.46 mA/cm? to 13.96 mA/cm?>
for 10'®, This means that the current density decreases with increasing
defect density due to the increasing recombination rate with more de-
fects. Similar effects were performed in CH3NH3PbI3 [49], CH3NH3SnI3

[50,51], and CH3NH3SnBrs [52]. But all absorbers show better Jsc in
104, then it dropped.

Fig. 4(c) shows MASnI;, FF starts from a high value of 87.86% at the
defect density 102 and decreases as the defect density increases, and it
falls to 53.08% at the 10'®. MASnBr; also exhibits a similar trend in
which FF declines from 87.87% at 10'2 to 51.47% at 10'®. MABIl; si-
milarly shows a decline in FF from 87.46% to 61.34% at 10'®. As the
defect density went up, the FF went down, which corresponds with the
detrimental effects of defects on the solar cell's efficiency and perfor-
mance as a whole.

The PCE for the 3 absorber materials is shown in Fig. 4(d). MASnI; has
a high PCE of 31.21% at a defect density of 10'2, then slightly decays to
30.04% at 10, then quickly falls to 6.07% at a defect density of 10'®, The
MASnBr; data demonstrates a similar trend; starting at 30.68% and in 10**
PCE is 29.19%, then decreasing to 5.29% at 10'®. The initial PCE of
MARBIl; is lower at 28.54% at 10'2, and it decreases to 5.76% at 10'®, but
27.97% in 10**. Here we confirm that increasing defect density leads to a
strong drop in PCE and that all 3 materials exhibit a significant drop in
efficiency at increasing defect density, but all absorber are shows better
PCE at defect density of 10*. This emphasizes the importance of defect
minimization to attain optimal performance in PSCs.

3.2. Optimization of HTL

The HTL within solar cells serves a dual function: enabling the
movement of charges from the absorber to the specific electrodes and
functioning as a separating layer between the absorber and the
electrode [53]. The efficiency of PSCs is influenced by the impact of
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the HTL, which blocks electrons, diminishes electron-hole re-
combination, and aids in the migration of holes from the absorber
layer to the back-contact layer [54]. To optimize PSC performance,
the HTL requires a fitting band gap, positive charge carrier mobility,
ideal thickness, optimal doping charge concentration, and minimal
defect density.

3.2.1. Thickness optimization of HTL

In this investigation, the HTL employed was CsSnlz, with the
thickness ranging from 0.1 to 0.5 um, aimed at analyzing its influ-
ence on perovskite structure solar cell efficiency. Fig. 5(a) indicates
an Voc correlation with HTL Thickness for MASnl3;, MASnBr3, and
MABiI; absorbers with the previously noted HTLs. For MASnlI3, Voc is
stable at 1.02V for all HTL thicknesses from 0.05 to 0.50 um. This
implies that varying the thickness of the HTL doesn't greatly influ-
ence the Voc in MASnls;. A similar trend is observed for MASnBrs,
where Voc does not vary within the entire range of HTL thicknesses,
remaining between 0.98V and 0.99V. For MABIil3;, however, Voc
increases slightly as the HTL thickness is increased from 0.98 V at
0.05 pm to 1.00 V at 0.50 um, signifying a mild positive effect of HTL
thickness on Voc for MABil3.

Fig. 5(b) displays the impact of HTL thickness on the Jsc of 3 ab-
sorbers. MASnI; and MASnBr; show almost constant current density,
which is near about 34.2 mA/cm?. MABiI; showed a similar trend, with
Jsc increasing from 30.66 mA/cm? at 0.05um to 32.81 mA/cm? at
0.50 um, demonstrating a direct correlation between the insertion of
thicker HTL layers and the improvement in current density. The FF for

all absorbers stays constant at about 86% for all HTL thicknesses,
meaning that HTL thickness does not greatly affect FF, as shown in
Fig. 5(c).

PCE of MASnI3, rises from 29.85% for a 0.05 um thick to 30.14%
for a 0.50 um thick HTL, resulting in a slow performed improvement
in efficiency with the increase of the thickness of the HTL layers,
which is illustrated in Fig. 5(d). The trend also exists for MASnBrs,
where PCE also increases from 28.75% (0.05um) to 29.36%
(0.50 pm), and MABII; shows a higher increment from 25.86% with
0.05 pm to 28.57% with 0.50 pm, confirming that thicker HTL layers
can enhance MABIl; performance. So, regardless of HTL thickness,
MASnI; demonstrates stable behavior with negligible alterations to
Voc, Jsc, FF, and PCE.

3.2.2. Optimization of HTL doping concentration

The performance of the PSC device is critically dependent on the HTL,
in particular, the charge carrier concentration [55]. To investigate the
effect of the doping density of the HTL on the efficiency of PSCs, we
studied the doping charge concentration of the acceptor (N,) within the
HTL from 10 to 10%° cm 2. Fig. 6(a) plots, Voc of CsSnl; advances from
0.71V at a doping density of 102 to fairly 1.04 V at 10%° for MASnI;. An
evident increasing trend could also be seen in Voc with increasing acceptor
density, indicating a better charge separation from excitons and less re-
combination, which is consistent with results indicated in the literature.
The same trend is observed for the Voc in MASnBr; and MABil;, where
MASnBr; starts at 0.66 V at low carrier concentration and rises to 1.00 V at
10%°, while CsSnl; Voc trends from 0.67V to 1.03V over the same
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concentration range. These findings demonstrate that greater acceptor
density leads to increased voltage per material.

For MASnIs, Jsc is 32.58 mA/cm? with N, is 102, and it becomes
stable towards 10%° with a Jsc of 34.42mA/cm?, indicating a strong
enhancement in current density with increasing acceptor density. In
accordance with this trend, MASnBr; achieves 32.89 mA/cm? at 10'2
and 34.62 mA/cm? at 10%°. The improvements in Jsc are most apparent
for MABil3, where the Jsc improved from 26.91 mA/cm? to 33.36 mA/
cm?, as shown in Fig. 6(b).

FF as a function of the acceptor atoms per unit area is shown for
MASnI; within shown in the lower left-hand corner of Fig. 6(c), which
signifies the improvement of the overall device performance with the
increase in the acceptor atoms per unit area; FF goes from 74.09% at
10'? to 85.97% at 10°°. FF is also increased from 72.61% to 85.52% in
MASnBrs;. The FF of MABil; was also improved, from 75.99% at 102 to
87.18% at 10?°, confirming that higher acceptor densities also en-
hanced the efficiency of charge collection and FF.

In Fig. 6(d), the case of MASnI;, the PCE increases linearly from
17.06% at 10'? to 30.65% at 10%°, showing a considerable improve-
ment with increasing acceptor densities. MASnBr; also exhibits an up-
ward trend, growing from 15.77% to 29.73%. The efficiency augmen-
tation is most pronounced for MABil3, for which the PCE increases from
13.61% to 29.95%, indicating that a larger acceptor density is a pow-
erful means of boosting the PCE of the solar cells. This also suggests that
improvement in the performance of PSCs and deployment efficiency in
practical applications requires key optimization towards acceptor
density.

10

3.2.3. Optimization of HTL defect density

Variations in each device parameter corresponding to the defect
density (Np within the HTL are depicted in Fig. 7 Variations in each
device parameter corresponding to the defect density (N,) within the
HTL, ranging from 10" cm ™3 to 10?° cm™3. The variation of defect
density doesn’t large effect on Voc and FF for all 3 absorbers, Voc and
FF is 0.98 V to 1.02V and ~ 86% respectively, which is shown in Fig. 7
(a) and (c¢).

The current density for MASnI; and MASnBr; also stays fixed for all
defect density is ~34 mA/cm?. But, MABil; shows the Jsc is ~32mA/
cm? at 102 to 10'°, then it dropped to ~30 mA/cm? at higher defect
density, as illustrated in Fig. 7(b).

The defect density does not impact the mobility for PCE to a great
extent since PCE decreases steadily from 30.04% to 29.84% (for
MASnI3) only until the defect density reaches 10%°, above which PCE
remains constant. Similarly, PCE of MASnBr; also drops from 29.20% to
28.70% as defect density increases. Specifically, the PCE for MABil3
exhibits a decline from 28.01% at 102 to 25.48% at 10%°, which sig-
nifies that defects significantly influence the performance, as shown in
Fig. 7 (d).

So, higher Defect Density produces relatively small changes in Voc
and FF, while Jsc and PCE decrease gradually with respect to Defect
Density for each material. It also suggests that the exclusion of defects
will be extremely important to enhance the performance, and particu-
larly the PCE of PSCs.
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3.3. Optimization of ETL

The ETL enhances electron transfer by reducing the recombination
of electron-hole pairs and obstructing the passage of light-generated
holes [54]. The most effective ETL should exhibit superior electron
mobility, well-suited doping levels and thickness, as well as an optimal
band gap. In Figs. 8-10, try to show the variation of performance of
those 3 devices with the change of thickness of ETL. But in all of the
figures, there is no noticeable change in the ETL thickness. MASnI3
performs much better (~30%) then other 2 absorbers MASnBr; and
MABII3, which are ~29% and ~ 28%.

3.4. Interface defect density optimization

Defects at the interfaces of PSCs stem from mismatches in en-
ergy levels between the absorber and CTLs (including HTLs and
ETLs), coupled with varying trap defect densities [56]. The esca-
lation of interface defects amplifies trap numbers and resistance,
inducing recombination and diminishing the overall cell perfor-
mance [57].

Fig. 11(a-c) illustrates the relationship between Interface Defect
Density and PCE for 3 different absorber and ETL configurations:
CsSnl3/MASnI3;, MASnlI3/SnO,, CsSnl;/MASnBrs, MASnBr3;/SnO,, and
CsSnl3/MABII;. For CsSnl;/MASnI;, PCE remains stable at 30.04% from
10'° to 10", showing minimal impact of defect density on efficiency at
lower defect densities. However, as the Interface Defect Density in-
creases beyond 102, PCE gradually decreases, dropping to 29.79% at
10%°, indicating that higher defect densities at the interface

11

significantly affect performance. Similarly, MASnI3/SnO, starts with
PCE at 30.04% at 10'°, maintaining stable performance up to 10**, but
after that, PCE decreases significantly to 26.88% at 10* as shown in
Fig. 11(a).

Fig. 11(b) shows the trend for CsSnl;/MASnBr;, where PCE be-
gins at 29.18% and slightly decreases with increasing defect density,
dropping to 28.66% at 10%°, showing a moderate sensitivity to in-
terface defects. In contrast, MASnBr;/SnO, experiences a more rapid
drop, starting at 29.18% and falling to 25.90% at 102°, indicating a
stronger degradation in performance as interface defect density in-
creases.

Fig. 11(c) illustrates the trend for CsSnl3/MABil3;, where PCE re-
mains stable at 27.94% at 10'° and gradually decreases to 25.27% at
10%°, showing more gradual degradation with higher defect density.
However, MABil3/SnO, demonstrates the most significant performance
loss, with PCE decreasing from 27.94% at 10'° to 21.79% at 10%°,
highlighting its higher sensitivity to interface defects.

Interface defect density significantly impacts the performance of
PSCs. While CsSnl3/MASnI; shows more stability at higher defect
densities, MASnlI3/SnO, and MABIl;/SnO, are more sensitive to inter-
face defect density and show significant performance degradation as
the defect density increases. This emphasizes the need for low-defect
interfaces to ensure optimal efficiency in solar cell devices.

3.5. Metal electrode’s work function optimization

For both charge extraction and transport, the interaction between
the perovskite absorber and the back-contact electrode is critical to the
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efficiency of PSCs [58]. One important aspect of this alignment is the
work function of the metal electrode, which is the energy needed to
transfer an electron from the Fermi level of the electrode to the vacuum.
Additionally, the optimal work function for PSC electrodes is between
5.0eV and 5.65 eV, as illustrated in Fig. 11(d), providing minimal en-
ergy loss and higher efficiency [59].

Metals like Gold (Au), Carbon (C), and Tungsten (W) have work
functions in this range, Nickel (Ni) with a work function of 5.35€V is
chosen for being more suitable for perovskite energy levels [60]. Nickel
guarantees optimal energy level matching for maximized charge ex-
traction efficiency and minimized metal/organic interface recombina-
tion. The mechanical stability, chemical stability, corrosion resistance,
and the ability of nickel to form a stable interface with the perovskite
layer make nickel ideal for long-term operation of the device.

3.6. Device performance affected via resistance

The shunt resistance (Ry,) and the series resistance (R;) are the es-
sential factors in determining the current-voltage (J-V) properties, and
they greatly influence the device performances in PSCs [61]. These
resistances mainly stem from layer-to-layer contacts, metal contacts,
and production faults, resulting in low efficiency of the solar cell. The J-
V characteristics of a hetero-junction solar cell are typically represented
by the diode equation [62]:

J= J - Jo[exp(qe(v+ ]RS)) - 1]
nKgT

_V+ IR
Ry

12

Where, J = circuit current, J, = photocurrent generated by light ab-
sorption, V = applied voltage, and J, - reverse saturation current.

Both Series Resistance (Rs) and Shunt Resistance (Rsh) have a
significant impact on the performance of PSCs, which can be ob-
tained through I-V characterization of the devices. The series re-
sistance is very crucial for the performance of the PSC. With the
increasing value of Rs, the performance of the entire device de-
grades. The Voc and Jsc are almost unchanged with negligible al-
terations (~1.02V, ~34mA/cm? for MASnI, 0.99 V, ~34 mA/cm?
for MASnBr;, and 1.00V, ~32mA/cm? for MABil;), whereas FF is
highly reduced as Rs increases. The FF drops from 83.16% to 65.32%
with the change of Rs 1-7 Q.cm? for MASnI;. Same condition for
MASnBr; and MABil;, FF drops down 82.42-63.84% and
83.66-66.36%, respectively (Fig. 12). This phenomenon can be ob-
served as the filament resistance, which hinders the movement of
charge carriers and leads to a reduced overall efficiency. The in-
creasing Rs amounts yield a steadily decreasing PCE. When Rs is
raised from 1 Q-cm? to 7 Q-cm?, the absorber shows PCE decreases
from 28.78% to 22.58% for MASnI;, 28.10-21.75% for MASnBrs;,
and 27.01-21.39% for MABIl;. This phenomenon is mainly asso-
ciated with the larger losses in the charge transport and extraction
processes [63].

Conversely, shunt resistance has a detrimental impact on the PSC
performance. The decline in Rsh produces an increment in the leakage
current [64], which brings down PCE and FF values. For all absorbers,
PCE increases when Rsh goes up from 10 Qcm? to 1 X 10° Qcm?
Specifically, the increase in PCE for MASnI; is from 2.87% to 29.84%,
MASnNBr3; from 2.96% to 29.19%, and MABII; from 2.60% to 27.97%. At
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higher Rsh values, this enhancement can be attributed to superior
charge collection and lower recombination losses. But after 10*, the
performance of absorber are near about same, so the shunt resistance at
10° is more preferable.

3.7. Effect of temperature

Temperature is the underlying factor in determining the effi-
ciency and stability of PSCs and provides valuable insight into how
temperature influences device performance [65]. This decline in
performance can be attributed to the elevated temperature, causing
an increase in recombination rate and saturation current. For
MASnI3;, Voc initially records at 1.02V (300K) and decreases to
0.89V (400 K), while MASnBr; displays a similar initial to final de-
crease from 0.99V to 0.85V, and MABil; decreases from 1.00V to
0.87 V. The noted reduction in Voc directly scaled with increased
temperature and can be attributed to a greater thermal energy,
leading to a higher likelihood of recombination and loss of charge
carriers.

Jsc does not vary significantly with temperature, MASnI; and
MASnBr; present ~ 34 mA/cm?, and MABil; likewise ~32.31 mA/cm?.
Whereas Jsc is less sensitive to temperature than Voc, it still tends to
decrease slightly from thermal effects on charge mobility and transport
[66].

FF also drops with temperature; however, the rate of change is lower
than that of Voc. For MASnI;, the FF reduces from 86.12% at 300K to
82.05% at 400K. In contrast, for MASnBr;, the FF decreases from
85.64% to 81.24%, and for MABIl3, there is a drop in FF from 86.62% to
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82.53%. This is apparently attributed to the higher carrier recombina-
tion and decreased overall performance of the device at higher tem-
peratures, resulting in FF dropping.

The overall performance of devices, characterized by PCE,
trends similarly down with elevated temperature. With respect to
MASnI;, PCE initially decreases from 30.04-24.95%, as we increase
temperature from 300K to 400 K, while for MASnBr; we observe a
decrease from 29.19% to 23.83%, and for MABil3 from 27.97% to
23.27%. The reduction in PCE with temperature is due to the effects
of a decreased Voc, Jsc, and a decline in FF (Fig. 13). It has been
established that higher temperatures can contribute to the de-
gradation of PSCs, where the performance of PSCs can be attributed
to changes in Voc, and lesser changes in Jsc and FF under increasing
temperature. This behavior can be attributed to thermal effects on
carrier dynamics, recombination rates, and material properties
[67].

3.8. Optimized J-V curve and quantum efficiency (QE)

Fig. 14 shows the current-voltage (J-V) curve extracted from the final
PSCs modeling with 3 different absorber materials (MASnI;, MASnBrs,
and MABIl;. The figure also illustrates a comparative graphical re-
presentation of the device performance before and after optimization. We
found that the device with MASnI; as the acceptor has the best perfor-
mance with a Voc of 1.019V, Jsc of 34.22 mA/cm?, FF of 86.12%, and
PCE of 30.04%. High current density and low recombination losses
translate into high charge carrier collection and good device perfor-
mance, as evidenced by the shape of the J-V curve. For MASnBr3, the
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values are slightly lower with Voc of 0.990V, Jsc of 34.43 mA/cm?, FF of
85.64%, and PCE of 29.19% respectively. This lowers its efficiency re-
lative to MASnI3 because it shows a slightly lower current density and FF.
MABIl; shows Voc of 0.999 V, Jsc of 32.31 mA/cm?, FF of 86.62%, and
PCE of 27.97%, reflecting a decline in performance, due to reduced
current, as evidenced by the J-V curve. The relationship of the J-V curve
to the performance values for the devices is obvious. The superior current
and voltage characteristics of MASnI; also account for its best efficiency.
On the other hand, MABIl; gives much lower current generation and
conversion efficiency, which is in accordance with its overall preference
in the J-V curve.

Those fig. also exhibits the efficiency of photon-to-charge conversion in
each individual material over a wide wavelength range, 100-1100 nm, for
all the devices associated with the research. The exponential increase ob-
served in QE fig. is seen for all structures within the 280-360 nm range, and
reached a maximum QE value of ~99.99% at 360 nm wavelength. The
value is consistent along the visible region (360 nm to 780 nm), then QE
gradually decreases to zero when the wavelength reaches 950 nm. QE is
also dependent on the absorber thickness, as the absorber thickness in-
creases, the QE also improves, since a thicker absorber has a greater ca-
pacity to capture photons [68]. It is important to note that the high-power
conversion efficiencies (PCEs) obtained in this study represent the theore-
tical upper limits under idealized simulation conditions. These findings
provide valuable insight into the potential of lead-free perovskite materials
and offer guidance for future experimental improvements aimed at bridging
the gap between theoretical predictions and real-world device performance.
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3.9. Comparison with similar work

A comparative overview of various PSCs, focusing on Voc, Jsc,
FF, and PCE, is illustrated in Section 3.9 (Table 3). These para-
meters are key indicators of the efficiency and stability of the solar
uuuhe MASnl;-based devices, Voc ranges from 0.87V to 1.02V,
with the highest value of 1.019V observed in our FTO/SnOy/
MASnI3/CsSnl; configuration and Jsc for MASnI; peaks at 34.6 mA/
cm? in the TiO2/MASnl3/2,2’,7,7’-Tetrakis(N,N-di-p-methox-
yphenylamine)-9,9’-spirobifluorene structure, reflecting strong
photon absorption and current generation capabilities, while
MASnBr; and MABII; exhibit comparable performance but slightly
lower Jsc values (34.43mA/cm? and 32.31 mA/cm?, respectively).
For FF, MASnI; achieves a maximum of 86.62% in the FTO/SnO5/
MABil; /CsSnl; structure, indicating high charge collection effi-
ciency, with minimal recombination losses. The PCE for MASnI5-
based devices reaches a peak of 30.04%, setting a new benchmark
in lead-free PSC performance. This is in contrast to MASnBrs
(29.19%) and MABIil; (27.97%), highlighting MASnI; as the most
efficient material for these devices. The enhanced performance of
MASnI; over MASnBr; and MABIiI; can be ascribed to the more fa-
vorable optoelectronic properties, including higher carrier mobi-
lity, better band alignment with transport layers, and less re-
combination losses. The enhanced photocurrent observed in
MASnI3 mainly comes from the better light absorption and charge-
exciton generation compared to others.
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Table 3

Comparison of performance analysis with similar work
Stricture Voc(V) Jsc (mA/cm?) FF (%) PCE (%) Ref.
MASnI; based 0.87 33.2 78.70 23.1 [69]
ITO/PEDOT:PSS/MASnI3/PCBM/Ag - - - 25.2 [70]
Al/n-MASnI3/p-Si/Au - - - 27.2 [71]
TiO2/MASnI3,MASnI3/Spiro-OMeTAD 0.96 34.6 83.34 27.77 [51]
FTO/SnO,/MABil3/CsSnls 0.99 32.31 86.62 27.97 This work
FTO/SnO2/MASnBr3 /CsSnI3 0.99 34.43 85.64 29.19 This Work
FTO/Sn0O,/MASnI3/CsSnl; 1.019 34.22 86.11 30.04 This work

FF = fill factor; Jsc = short-circuit current density; PCE = power conversion efficiency; PEDOT:PSS = Poly(3,4-ethylenedioxythiophene):Poly(styrenesulfonate);
Spiro-OMeTAD = 2,2’,7,7’-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene; Voc = open-circuit voltage.
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4. Conclusions

Herein, we investigate the performance of lead-free PSCs via SCAPS-
1D simulation, as well as reveal critical factors for device efficiency.
The ideal thickness of the absorber layer is 800 nm for devices D1 and
D2, while it is 500 nm in the case of device D3, which has a direct effect
on efficiency. The best performance is achieved at a doping con-
centration of 10'® cm ™2 for D1 and D2 and at 10'” ¢cm ™3 for D3, em-
phasizing the role of the density of doping layers in efficiency max-
imization. The higher device performance is due to lower defect
densities within the perovskite absorber layer. The performance of HTL
and ETL moves towards saturation with a change of thickness, while the
optimized structure should be developed on the basis of the absorber
layer. Furthermore, higher doping densities of the HTL lead to better
device performance, and it is critical to control defect density in both
HTL and ETL for device stability and efficiency. The donor doping
density in the ETL is also crucial, and 1017 em ™2 gives the best per-
formance. The study also shows that higher shunt resistance and lower
series resistance are important to obtain maximum efficiency. The top
performing device exhibited a Voc of over 1.019V, Jsc of 34.22mA/
cm?, FF of 86.116%, and a PCE of well above the 30% mark. These
findings provide important insights into the design of high-efficiency
lead-free PSCs and highlight the importance of material quality and
performance parameters. Although the obtained efficiencies represent
idealized simulation limits, the study offers practical guidance for fu-
ture experimental efforts to develop stable, efficient, and en-
vironmentally friendly perovskite solar devices.
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