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Abstract: Organometallic halide perovskite (PVK)-based solar cells (PSC) have gained significant
popularity owing to their efficiency, adaptability, and versatility. However, the presence of lead in
conventional PVK poses environmental risks and hinders effective commercialization. Although
lead-free PVK solar cells have been developed, their conversion efficiency is limited due to intrinsic
losses. To address this challenge, we present a simulation study focusing on methylammonium
tin bromide (MASnBr3) as an alternative material. In our investigation, the MASnBr3 layers are
strategically placed between a copper iodide (Cul)-based hole transporting material (HTM) and a
zinc oxide (ZnO)-based electron transporting material (ETM). We optimize the active layer thickness,
operating temperature, defect density analysis, and series resistances to assess device performance.
Furthermore, we employ contour mapping, considering both thickness and defect density, for a
detailed investigation. Our primary objective is to achieve unprecedented efficiency in lead-free
MASnBr3-based PSCs. Remarkably, our study achieves the highest Jsc (short-circuit current density)
of 34.09 mA/cm?, Voc (open-circuit voltage) of 1.15 V, FF (fill factor) of 82.06%, and optimized
conversion efficiency of 32.19%. These advancements in conversion efficiency pave the way for the
development of lead-free PVK solar cells in the desired direction.

Keywords: perovskite (PVK); methylammonium tin bromide (MASnBr3); hole transport material
(HTM); power conversion efficiency (PCE)

1. Introduction

Scientists have been actively working on enhancing the efficiency (7) of solar cells
as a clean and pollutant-free alternative to traditional fossil fuels. Among the various
types of solar cells, perovskite solar cells (PSC) have gained significant attention due
to their exceptional properties. These properties include higher absorbance value, cost-
effectiveness, extended charge diffusion, improved carrier mobility, lower trap density,
lower binding energy, and variable band gaps [1-5]. The pioneering work by Kojima et al.
introduced the noble structure of PSC. They demonstrated that by using CH3NH3;PbX3 as
the halide material to form the active layer, the power conversion efficiency (PCE) of PSC
could be enhanced up to 3.8% [6]. Despite significant advancements in PSC performance
over the years, there is still ample room for further research and development. To improve
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the efficiency of these devices, careful selection of materials and ideal thicknesses in device
design is crucial. Because active layers are often thin and absorb more photons than other
layers, the PSC offers a smaller photocurrent density. However, increasing the thickness of
the active layer leads to losses associated with recombination, as a thicker perovskite active
layer hinders efficient charge extraction [7-10].

In the conventional design of perovskite solar cells (PSC), the perovskite layer is
positioned between the hole transport layer (HTL) and the electron transport layer (ETL).
The efficiency of PSCs was improved by incorporating titanium dioxide (TiO,) as the ETL
and applying an annealing treatment, resulting in an enhancement of up to 6.5% [11]. To
further enhance effectiveness and stability, Kim et al. simultaneously employed Spiro-
OMeTAD as the HTL [12]. Another study conducted by Liu et al. demonstrated a signifi-
cant efficiency improvement of 15.4% by utilizing a complex device structure consisting of
ITO/TiO,/CH3NH3Pbl;_Cly /Spiro-OMeTAD/ Ag layers [13]. However, Spiro-OMeTAD
is relatively expensive compared to other HTL materials. In our simulation study, we em-
ployed copper iodide (Cul) as the HTL for the entire experiment due to its cost-effectiveness.
Additionally, Xi et al. provided theoretical insights into improving efficiency by incorporat-
ing graphene in solar devices [14]. It is important to highlight the significance of planar
heterojunction perovskite solar cells, which have emerged as a viable alternative to meso-
scopic counterparts. The simplified structure and straightforward manufacturing process
of planar heterojunction PSCs offer a more accessible and practical approach to harnessing
solar energy, avoiding the complexities and intricate fabrication techniques associated with
mesoscopic designs [15]. However, it is important to note that achieving perfect optoelec-
tronic properties in the light-harvesting layers, devoid of any defects, has a significant
impact on the overall performance of PSC devices. Defects in the perovskite material can
hinder the efficient absorption of light and charge transport, leading to lower device-level
outputs such as reduced photocurrent and lower power conversion efficiency. Therefore,
mitigating defects and improving the optoelectronic properties of the light-harvesting lay-
ers are crucial for maximizing the performance and output of perovskite solar cells [16-18].
Although there have been significant advancements in lead-based perovskite materials
over recent few decades, lead toxicity remains a significant barrier to the broad use of
PSCs [19,20]. These issues can be resolved by substituting Sn for Pb, which offers improved
stability and non-toxicity [21-23]. MASnBrj is a substitute material with a bandgap of
nearly 1.3 eV and a significantly smaller band gap than conventional perovskite (PVK)
material [24-26]. Having a lower bandgap, MASnBr3 can absorb a photon’s wavelength up
to a wider range; therefore, it can improve efficiency. Almost all the available technology
computer-aided design (TCAD) tools for solar cell simulation are equipped with basic
semiconductor equations to solve the optoelectronic performance. However, SCAPS-1D is
user-friendly and open source, and the same is validated through extensive publications of
the article on solar cell simulation using a 1-D solar cell capacitance simulator developed by
ELIS, University of Ghent, Ghent, Belgium SCAPS-1D [27]. In the present work, MASnBrs
has been used to design and simulate PSC using SCAPS-1D; it is primarily preferred in
recent years for the investigation of perovskite solar cells where the drift-diffusion model
was functionalized [28]. The simulator offers unique advantages, including the power to
deposit up to seven semiconducting layers and the ability to grade virtually all characteris-
tics. The computation process is based on solving the Poisson and continuity equations,
and the simulations may be done in both dark and light conditions [29,30]. Apart from
the above aspects, the simulator is suitable for easily analyzing various design models
with recombination kinetics, batch computation with bulk, and interface defect-level calcu-
lation [31,32]. Additionally, the present simulation may be used for both crystalline and
amorphous solar cells.

In this study, we employed AM1.5G solar illumination to compute the optical profile,
which can be translated to the electrical modeling for MASnBrs-based PSCs to evaluate
the carrier transport phenomena and electrical outputs. The lead-free material in the solar
cell can be appreciated for non-toxicity issues as well as better stability. In comparison to
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the MASnI; material, the bromine-based MASnBr; material has been found to offer higher
efficiency in perovskite solar cells. So, the selection of MASnBr; material for designing
a PSC device is done. Moreover, the thorough study in the lead-free PSC can be better
for future optimization of the devices. The selection of other constituent layers in the
PSC devices are from earlier published works [5,33]. Furthermore, the selection of Cul
as the HTM is also considered as one of the better approach to replace the expensive and
most commonly used HTM of Spiro-OMeTAD. Moreover, the main aim is to achieve the
efficiency near to the Shockley—Queisser limit. The current simulation exclusively try to
deal with the mentioned problems. The comprehensive computational study of MASnBr3-
based PSC combines temperature dependence, defect-free methodology, and PVK material
optimization. For PVK-based PSC structures, such as MASnBr3, the key solar cell metrics,
such as short circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and
power conversion efficiency (PCE), are also observed in suitable conditions. Additionally,
to enhance the interpretation of the simulation results, the study and comparison with
earlier work is also provided in the result sections to elucidate the scientific implications.

2. Simulated Device Structures

To simulate the proposed PSC devices, heterojunction PSCs with the ITO/ZnO/MASnBr; /
Cul/Au device configuration have been designed, as shown in Figure 1a. At the same time,
the 0.1-um thick ZnO layer is the ETL, which effectively gathers electrons from MASnBr3
absorber layers in the PSC architecture—similarly, 1 pm ITO top electrode in the simulated
PSC devices. The absorber layer for the devices has a 100 um thickness, and it is retained
between an HTL and an ETL. From the absorber layer, the carriers are successfully collected
and transferred to the cathode by the drift-diffusion mechanism. The thickness of the
Culis 0.1 um, and the cathode of Au material has a thickness of 0.1 um. The parameters
utilized in the PSC device simulation are shown in Table 1. At the same time, the absorption
coefficient of MASnBrj; has been obtained from SCAPS-1D software for use as the absorber
in the PSC device, as shown in Figure 1b. Moreover, Figure 1c depicts the energy levels of
all the constituent layers in the PSC device [33-35]. While Tables 1 and 2 shows the inputs
used in the simulation that is validated from the mentioned published work.

Table 1. The simulated parameters in the architecture of the simulating device [5,33,34].

Parameters ETM PVK HTM
(ZnO) (MASnBr3) (Cul)
t (um) 0.1 0.2-1.6 0.1
Eg (eV) 33 1.3 35
&r 9 10 6.5
X (eV) 4.1 417 2.1
N¢ (1/cm?) 4 % 1018 2.2 x 1018 2.8 x 10
Ny (1/cm?) 1 x 10" 1.8 x 10¥ 1 x 10
fin (cm?/Vs) 100 1.6 1.7 x 1074
pp (cm?/Vs) 50 1.6 2x 1074
Ny (1/cmd) 1% 10° 1 x 1013 1 x 1018
Np (1/cm?) 1 x 1018 1 x 1013 0
N¢ (1/cmd) 1 x 1015 1 x 101 1 x 10

[Here, the symbol used for the parameter is thickness (t), energy bandgap (Ey), relative permittivity (e;), electron
affinity ()), effective density of states at conduction band CB (N.), effective density of states at valence band
VB (Ny), mobility of electrons (y,), mobility of holes (), doping concentration of the acceptor (N4), doping
concentration of donor (Np), and defect density (N¢), respectively.]
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Table 2. Parameter of interface defects used in simulations.

Parameters Cul/ PALs PALs/ZnO
Defect type Neutral Neutral
Capture cross section electrons (cm?) 1x1071 1x10°1
Capture cross section holes (cm?) 1x 1071 1x10°Y
Energy distributions single single
Reference for defect energy level Above the highest EV Above the highest EV
Energy with respect to reference (eV) 0.6 0.6
Total dezliietzgg:;e(%ﬁ’ieg over all 1% 10° 1% 10°
Au
~2.0x10° —— MASNB, -

Absorption Coeffocent (cm

1.0x10° -
AAA
4| 2, _
5.0x10 A'A.A'A
L A
\A
0.0 (b) L : L L .
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Energy Levels (V)

©)

Figure 1. (a) The design of MASnBr3-based PSC device, (b) the absorption coefficient of MASnBrs
material, and (c) energy levels of the constituent layers.

3. Computational Modeling

The utilization of computational simulation approaches plays a crucial role in elu-
cidating and simplifying the underlying principles governing solar devices, including
perovskite solar cells. Numerical modeling offers a cost-effective and time-efficient alter-
native to traditional trial-and-error approaches in solar cell development. Building and
testing physical prototypes can be expensive, time-consuming, and resource-intensive.
Furthermore, computational simulations facilitate the identification and understanding of
complex phenomena that may not be easily observed or measured experimentally.
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The computational simulation approach plays a crucial role in understanding and
simplifying the underlying principles governing solar devices. By examining how various
basic factors influence the optimal output of these devices, numerical modeling becomes
essential. Without such simulations, the practicality of building a solar cell is compromised,
leading to increased costs and longer lead times [35,36]. Over time, numerical simulation
has gained significance, particularly in material science research [37]. The one-dimensional
(1-D) equation governs the steady-state behavior of semiconductor materials. It helps
establish the correlation between the electric fields (E) and the charge density of the p-n
junction, as illustrated below: [7,38].

0%p/0x> = —0E/dx = —p/es = —q-[p — n + Np*(x) — Nao~(x) & Nget(0)]/es, (1)

In this context, the symbol ¢ represents the electrostatic potential, while g refers to
the charge. The term & corresponds to the static relative permittivity of the medium.
The symbols n and p represent the electrons and holes, respectively, within the system.
Additionally, No~ and Np™ denote the density of acceptors and donors, respectively. Lastly,
N gef represents the defect density encompassing both acceptors and donors.

In the context of the PSC structure, the carrier continuity equations and current density
equations are as follows:

The carrier continuity equations describe the conservation of charge carriers (elec-
trons and holes) in the semiconductor material. These equations express how the carrier
concentrations change over time and space due to carrier generation and recombination
processes.

For hole density (jp) and electron density (jn), the continuity equations are given
by [29]:

—0jp/dx + G — Up(np)=0 )

Ojn/9x + G — Un(n,p) =0 3)

where

Jp is the hole current density,

jn is the electron current density,

G is the carrier generation rate,

Up(n,p) is the recombination rate of holes, and

Un(n,p) is the recombination rate of electrons.

The current density of both carriers (holes and electrons) in the PSC can be obtained
from the carrier mobility and carrier concentration gradient, which can be written as:

Jp = qpupE — qDpop/ox 4)

jn =qnunE + gDnon/ox ®)

where

qp is the charge of a hole (positive charge),

gn is the charge of an electron (negative charge),

pp and pn are the hole and electron mobilities, respectively,

E is the electric field,

Dy and Dy, are the diffusion coefficients of holes and electrons, respectively, and

dp/0dx and dn/dx are the spatial gradients of the hole and electron concentrations,
respectively.

Typically, the SCAPS-1D simulator is capable of extracting essential equations related
to solar cell operation, including recombination rate, generation rate, and current density.
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4. Results and Discussions
4.1. The Alignment of the Bandgap of PSC

To check the band alignment of the PSC, we carried out the simulation at 300 K
temperature and obtained the desired outcomes. The bias voltage of 2 V is used in the PSC
simulation. Figure 2 shows the band diagram for the equilibrium simulated PSC devices.
The calculation shows that the MASnBrs-based PSC device provides a very smaller value
of energy barrier, nearly 0.2 eV, between the conduction band minima (EC) of ZnO and
the lowest unoccupied molecular orbit (LUMO) of absorber material. In contrast, a high
value of offset of nearly 1.92 eV between the highest occupied molecular orbit (HOMO)
of the absorber material and HTL layer has been obtained. For MASnBr3-based PSC, the
movement of electrons can be shown from the CB’s higher energy level to the ETL’s lower
energy of CB, which can be understood from Figure 2.

— Ec Fn Fp——Ev
L B UL L DL LN BRI
3_ -
2; Zno ]
1: 100nm_:

o

Energy Level (eV)

1k X _

SF Cul MASNBr, ]
[ 100 nm 100 nm

-3 _ .

_4 :l PRI B R PRI R PRI B

0 50 100 150 200 250 300
X (nm)

Figure 2. The energy band diagrams of MASnBr3z-based PSC device.
4.2. Effect of Active Layer Thickness

It can be noted that thickness optimization of the constituent layer of the PSC is one
of the most promising and effective techniques to optimize the PSC device’s efficiency.
Through careful control of the perovskite layer thickness, researchers can enhance light ab-
sorption, improve charge carrier transport, reduce recombination losses, optimize interface
properties, and achieve stable and reproducible device performance. This optimization
process contributes significantly to the advancement of perovskite solar cell technology and
its potential as a low-cost and efficient renewable energy source. The thickness of the PSC
was increased from 0.2 um to 1.6 um and checked the compatible thickness for optimized
efficiency of the simulated device.

We investigated the impact of active layer thickness, specifically the perovskite-
absorbing layer (PAL), on the output characteristics of perovskite solar cells (PSCs) using
Sn-based materials using the input parameters of the materials from Tables 1 and 2 and
performed simulations or experiments at a temperature of 300 K. The influence of PAL
thickness with that of the electron transport layer (ETL) and hole transport layer (HTL)
was compared and found that PAL thickness had a more significant effect on the device’s
performance. One key parameter that was analyzed is the short-circuit current density (Jsc),
which represents the maximum current density a PSC can generate under short-circuit
conditions. The authors observed that as the PAL thickness increased, the Jgc of the PSC
devices also increased (Figure 3a). This suggests that a thicker PAL enables better light
absorption and more efficient generation of electron-hole pairs within the device. Inter-
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estingly, the authors noted that the increase in Jsc reached a saturation point at a PAL
thickness corresponding to a Jsc value of 34.3 mA/cm?. Beyond this optimal thickness,
further increases in PAL thickness did not result in a significant improvement in Jsc. This
saturation might be attributed to factors such as enhanced charge carrier recombination
or the PAL reaching a point of maximum light absorption. We further explained that the
reason for the increase in Jgc with increasing PAL thickness could be attributed to the
proportional dependency between absorption rate and current density, as referenced in
papers [19,22]. While the exact context and details of these references are not provided, this
relationship suggests that the rate at which light is absorbed by the PAL is directly linked to
the resulting current density. Therefore, as more light is absorbed due to an increase in PAL
thickness, the current density, represented by Jsc, also increases. By examining the impact
of PAL thickness on Jsc, the authors have demonstrated the importance of optimizing the
active layer thickness in Sn-based PSCs. The findings emphasize the significance of PAL
thickness as a critical design parameter for achieving high device performance. Thus, this
study provides insights into the effect of active layer thickness, specifically the PAL, on the
output characteristics of Sn-based perovskite solar cells. The observed increase in Jsc with
PAL thickness highlights the importance of light absorption in achieving higher current
densities. Further investigations and analysis beyond the information provided, such as the
mechanisms underlying the proportional dependency between absorption rate and current
density, would offer a more comprehensive understanding of the observed phenomena
and their implications for optimizing PSC performance.

T T T | — - 1 ! ! ! ! ! 33
.’I_' _ L
7 A " - 1.23 834 ] At T A— L 32
) i L
\ - 83.1 [ a1
—~ 324 - 1.20 82.8 I
E I< o~ ) ) \O
S o > S 825 \. I
< 30- N -1.17 g ] N - 29 8
Q. (e}
E \o\ > L 82.2- -\.\ [ g O
3 g | ° - 1.14 i .
~ 28 ~o, 81.9 1 ~e, |2
81.6 I
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— T T T T T T — 1 T r T T T T 25
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Figure 3. (a,b) The four PSC parameters and (c) J-V characteristics for perovskite solar cell device
structure at optimized preconditions.
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We further investigated the variation in open-circuit voltage Voc with respect to the
active layer thickness (perovskite-absorbing layer, PAL) in the range of 0.2 pm to 1.6 um
for Sn-based PSCs. The open-circuit voltage is an essential parameter that represents the
maximum voltage a solar cell can achieve in the absence of an external load. It reflects
the energy difference between the electron and hole quasi-Fermi levels in the device.
The authors observed that as the PAL thickness increased, the V¢ of the PSCs decreased
monotonically (Figure 3a). This means that thinner PALs led to higher open-circuit voltages,
while thicker PALs resulted in lower open-circuit voltages. One of the main reasons behind
this behavior is an increase in carrier recombination rates within the PSC with increasing
PAL thickness. Carrier recombination refers to the process where electrons and holes
recombine, leading to the loss of charge carriers and reduced current in the device. As
the PAL becomes thicker, the distance for charge carriers to travel within the active layer
also increases. This leads to a higher probability of carrier recombination events, which
negatively impacts the open-circuit voltage. Numerically, this study found that a 0.2 pm
thick PAL resulted in the highest value of V¢, around 1.22 V, while a thicker PAL of
1.6 um yielded a smaller Voc, approximately 1.125 V. These results suggest that there is an
optimal PAL thickness that maximizes the open-circuit voltage in Sn-based PSCs. Beyond
this optimum, further increasing the PAL thickness leads to increased recombination and
reduced open-circuit voltage. Furthermore, the authors compared their findings with a
reference study by Islam et al. [34]. It is noted that the present work offers a much higher
value of open-circuit voltage than the mentioned reference. This indicates the significance
of their study’s results and the potential for achieving higher device performance by
optimizing the active layer thickness in Sn-based PSCs. The investigation into the variation
in open-circuit voltage with active layer thickness provides valuable insights into the design
considerations for improving PSC efficiency. The findings emphasize the importance of
balancing charge carrier transport and recombination processes within the device by
carefully controlling the thickness of the perovskite-absorbing layer. Additionally, the
comparison with a previous study highlights the novelty and potential impact of the current
work in the field of perovskite solar cells. Further discussions on the underlying physical
mechanisms responsible for the observed trends and a deeper analysis of the implications
of the optimal PAL thickness would enhance the results and provide a comprehensive
understanding of the device behavior.

In Figure 3b, the device’s Fill factor (FF) property is depicted. The Fill factor shows the
compatibility of the device. The FF decrease is from 83.44% to 81.7% while increasing the
thickness of the absorber layer from 0.2 um to 1.6 pm. The PCE value keeps increasing with
thickness from 0.2 um to 0.8 um and reaches a maximum for thickness of 0.8 um. After
that, the PCE starts to decrease due to the combined impact of Jsc, Voc, and FF. Apart
from that, the higher efficiency of the PSC may be attributed to the smaller bandgap of
MASNBr3, which is likely to enhance the electron-hole generation rate and contribute to
the conductivity of the PSC. The present simulation is also significant for its non-toxicity
as well as for obtaining higher efficiency. For comparison, the efficiency of the current
finding is significantly higher than that of the earlier reports by Du et al. and Bhattarai
etal. [19,21]. Figure 3c shows the combination of J-V characteristics for the PSC device. It
can be observed that a much better value of Jsc value is saturated at the thickness higher
than 1 pm of the PSC device.

4.3. Effect of Temperature

In the simulation, the SCAPS-1D solves three different equations to account for the
effect of temperature on material properties. According to Equations (6) and (7), the density
of states in the conduction/valence band [Nc(T)/Nvy(T)] varies with temperature. The
thermal velocity vy, (T) also depends on temperature, per Equation (8). Other parameters are
assumed to remain constant regardless of temperature changes. The diffusion coefficient,
which is used in the calculations, is temperature dependent and is given by D = ukT/q.
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The default temperature, Ty, is set to 300 K in SCAPS and should be defined at this
temperature [33].

Nc¢(T) = Nc(To) - (T/Tp)(1.5) (6)
Ny(T) = Ny(To) - (T/To)"(1.5) ()
o (T) = v (To) - (T/To)"(1.5) 8)

An increase in temperature increases all the three parameters, such as Nc(T), Ny(T)
and vy, (T), and the observed performance can be linked with the same. An increase in the
density of states provided more states for the electrons and holes to occupy. However, the
performance of a solar cell can also be affected by temperature-dependent thermal velocity
because it influences the diffusion of carriers in the material. An increase in temperature
has a direct impact on the thermal velocity of carriers (as described by Equation (8)),
which refers to the speed at which carriers move within the material. As temperature
rises, the thermal velocity of carriers also increases. This, in turn, can have adverse
effects on the performance of the solar cell. This further leads to higher reverse saturation
current (Ip) and reduces the device performance, particularly in terms of Voc and FF as
shown in Figure 4a,b. Additionally, due to the temperature dependence of I, the overall
Voc experiences a linear decrease as the open-circuit voltage is affected by changes in

temperature.
34.6 . - T - . : . 1.16 84 T : . - . . 33
- 1.15 i
[ 83 ° s
° L 1.14 \

& 34.44 I 82 .
£ L 113 —_ 318
L . ~y " | S X S
< 112 ~5 : 81 8

L. (e}
gﬁ \ L > . L 30 &
- 34.2- o - 1.11 80 + I
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Figure 4. The photovoltaic parameters, (a) Jsc and Voc, (b) FF and PCE, and (c) J-V characteristics
for different temperatures of the PSC structure.
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Figure 4a,b illustrates the comprehensive analysis of solar cell properties concerning
temperature fluctuations. The four parameters, Jsc, Voc, FF, and PCE decreases as the
temperature increases from 300 K to 375 K, which can be seen from the below observation.
A maximum value of 34.335 mA /cm? at 300 K is shown in the Js. for the MASnBr;-based
PSC devices, respectively. The primary dominant value of the V. impacts the entire
efficiency of the MASnBr;-based PSC devices—the reverse saturation current increases
exponentially with an increase in temperature, which lowers Voc. As the highest V¢ is
1.15 V at 300 K, it keeps on decreasing with an increase in the temperature and reaches a
value of 1.09 V. While FF is highest for MASnBr;-based PSC devices at 300 K, achieving
around 81.75%, its value decreases and drops to a minimum of 78.25%. Finally, it is evident
that the maximum PCE is attained at 300 K, reaching levels of 32.19%.

On the other hand, the ]-V curve is shown in Figure 4c, and it can be well observed that
the temperature is more dominant on the V¢ than the Jsc value. The J-V characteristics
also match with recent work by Du et al. and Singh et al. [21,39]. The exact value of the
results is listed in Table 3.

Table 3. Comparing the photovoltaic (PV) parameters of the simulated device with those obtained
from previous research.

Device Architectures Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
Optimized Device (Present work) 34.09 1.145 82.06 32.19
Bhattarai et al. [19] 33.19 0.876 76.19 22.16
Du et al. [21] 23.36 0.92 79.99 23.36
Singh et al. [39] 25.97 1.203 87.79 27.43

4.4. Effect of the Bulk Defect—Density of the Active Layers

Figure 5 illustrates the impact of the defect densities on the simulated device architec-
tures for eight bulk defect densities, which vary from 1 x 10 cm 2 to 1 x 107 cm~3. The
value of PCE keeps dropping until it reaches a minimum value at the defect density level
of 1 x 10'7 em~3. Numerically, As we can see that PCE drops from 32.19% to 23.72%; when
we change the defect density from 1 x 10 cm 3 to 1 x 10'7 cm~3. The range of different
defect density shows the significant change in PCE. However, experimentally, the suitable
defect density can help in obtaining better efficiency of the solar cell. For this particular
work, a defect density level of 1 x 10'* cm~3 can be used as most optimized condition of
the PSC device. Changing the defect density below 1 x 10'* cm~2 shows no noticeable
output differences in the PSC. It can be achieved that the MASnBrs-based material delivers
the maximum Jsc of 34.091 mA /cm? for lower defectivity of the PSC. The lowest defectivity
achieves the greatest Voc of 1.15 V, which keeps decreasing and reaches the smallest Voc
of 0.81 V. The present simulation achieves a higher value of Jsc than the previous study by
Singh et al. [39]. This is understandable as the J-V parameter has an inverse relationship
with defectivity, meaning that as defect density increases, the PSC'’s effectivity decreases, as
depicted in Figure 5.
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characteristics for MASnBrsz-based PSC over different absorber total defect density.
4.5. Impact of Series Resistance on Outputs of the PSC
The influence of series resistance is depicted in Figure 6. As can be seen, the outputs of
PSC reduce with increasing series resistances. At the resistance value of 0 ), its maximum
efficiency possesses nearly 32.19%, and its lowest value of 27.8%, at a series resistance level
of 4 ().
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Figure 6. Comparison of photovoltaic parameters, (a) Jsc and Voc, (b) FF and PCE and (c) J-V
characteristics for MASnBrs-based PSC over different series resistance.
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On the other hand, the J-V curve also shows that the impact of the resistance is more
on the FF than the Jsc and V. The highest FF for the PSC is achieved for steeper J-V,
reaching a maximum value of FF 82.06%, ultimately achieving a value of PCE 32.19%. The
current density of 34.09 mA/ cm? and Ve of 1.15 V is much higher than previous work by
Bhattarai et al. [19].

4.6. The Collective Impact of Total Defect Density and Thickness

In the previous sections, the performance metrics of PSC devices have been discussed
based on bulk defect density keeping the absorber layer at a fixed thickness. However,
there may be defectivity at various regions of the absorber layer, which comprehend how
the device performs when both defect and thickness variations are combined. Therefore,
the investigation of collective variation in this direction continues to be important, which
is placed in this separate subsection. Determining the perfect defectivity with suitable
thickness on PSC performance as a whole is one of the prime goals in the present work.
First, the defect density is increased from 1 X 10" cm 3 to 5 x 10Y ¢cm—3, while the
thickness of the absorber layers varied from 0.2 pm to 1.6 pm, respectively.

It can be seen from Figure 7a that the Jsc keeps increasing at a higher value of both
thickness and defectivity. On the contrary, the Voc shows opposite characteristics with
both parameters, as shown in Figure 7b. The FF parameter is highest for 0.2 um and
5 x 10'® cm 3, as depicted in Figure 7c. Finally, the most predominant PSC parameter,
i.e., PCE, reaches a maximum value for the thickness and defectivity value of 0.8 um and
1 x 10" cm~3 as shown in Figure 7d. The present work is much improved than the earlier
work by Bhattarai et al. [19].
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Figure 7. Analysis of four output parameters for MASnBrs-based PSC over the combined impact of
perovskite thickness and total defect density.
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4.7. The Quantum Efficiency (QE) and Current vs. Voltage (JV) Analysis

It is crucial to highlight that the external quantum efficiency (EQE) of a perovskite
solar cell is predominantly influenced by the light absorption properties of the absorber
layer (AL). Nonetheless, it’s essential to recognize that other layers within the solar cell
device can also have an impact on the overall EQE. In a representative film based-PSC
structure, the AL is sandwiched between a transparent conductive oxide (TCO), often made
of materials such as ITO and a cathode layer.

The TCO layer serves a dual purpose within the device. Firstly, it allows incident light
to pass through and reach the absorber layer, thereby aiding in light absorption. Secondly,
it serves as the front contact for the solar cell. If the TCO layer is excessively thick or has
high resistance, it could restrict the light that reaches the AL, consequently reducing the
EQE. Likewise, the back contact layer in the device affects EQE through manipulating the
charge efficiency from the solar cell. If the back contact layer is not optimized for efficient
charge extraction, it can lead to losses in EQE. In some solar cell architectures, additional
layers are incorporated to enhance the performance of the device. As an example, PSC often
include an ETL and a HTL improving charge carrier and minimize losses of recombination.
Although the AL is the main contributor to the EQE in a PSC, additional layers are also
influenced the overall performance. Achieving high device efficiency requires optimizing
each layer and considering their interplay in order to maximize light absorption, charge
extraction, and minimize recombination losses. According to Figure 8, the optimized
preconditions for the MASnBrs-based PSC give a very high QE over the incident photons’
wavelength. It was found that the bandgap of the absorbing layer is inversely correlated
with the solar cells” quantum efficiency. This allows for photon absorption up to a broad
range of wavelengths in the MASnBrs-based PSC. The high value of QE, i.e.,, 90%, is
achieved for the present simulation of the MASnBrs-based PSC (Figure 8a), which is
substantially more than the earlier reported result by Bhattarai et al. [24].
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Figure 8. (a) The QE and (b) the ]-V parameter for MASnBr3-based PSC at all optimized conditions.

Figure 8b shows the current density across the voltage for the PSC device. The Sn-
based PSC device produced superior Jsc and V¢ combinations throughout the simulation,
which predicts a gain in efficiency since Jsc and V¢ directly affect efficiency. Accord-
ing to the optimal thickness conditions, defectivity (interface and total defect density),
temperature, and resistivity, the highest Voc of 1.15 V is reached, as shown in Figure 8b.
Additionally, the MASnBr3-based PSC device reaches the Jgc of 32.44 mA/ cm?. It is clear
that the current density of the current simulations is greater than that of the earlier report
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by Du et al. [21]. Additionally, the MASnBr3-based PSC gives an FF of 82.06%, which is
reliable for an ideal PSC device.

5. Conclusions

In the present work, the computational approach is conducted to optimize the op-
toelectronics parameters of the PSC device. The primary aim of the present work is to
optimize the absorber layer thicknesses to obtain the highest efficiency and other perfor-
mance metrics. The investigation offers much-optimized outputs at the thickness of 0.8 pum;
simulations for various absorber layer thicknesses help us comprehend how the device
performs when defect and thickness variations are combined. Determining the impact of
defect density on PSC performance is the primary goal of defect density research. The
efficiency is maximum at the defect density of 1 x 10!* cm™3. The optimized temperature
of 300 K is also reached in the investigation. Similarly, the collective influence of the small-
est series resistance value of 0 () offers unprecedented Jsc leads to attaining the highest
efficiency of 32.19% for the PSC device. Achieving such an efficiency which is near the
Shockley—Queisser limit can be considered one of the main findings of the current work.
Moreover, the change in the photovoltaic parameters Jsc, Voc, FF and PCE induced by the
change in PSC thickness, temperature, defect density and series resistance are presented in
detail giving the idea about non-optimal performance of presented PSC device. The work
can explicitly guide and offer better device optimization using the numerical techniques
that can be fabricated in the near future.
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