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Solar cells based on lead-free perovskite have demonstrated great potential for renewable energy. The SCAPS-
1D simulation software was used in this study to perform device modelling of a lead-free perovskite solar cell of
the architecture Glass/FTO/CdS/CHsNHsSnls/Graphene/Pt. For the performance evaluation, an optimization
process of the different parameters such as thickness of the ETM, Absorber, Bandgap energy of the hole transport
material was conducted. Extensive discussion on its effect on the performance of the solar cell parameters were
stated. An optimal ETM and Absorber layer thickness was achieved at 40nm and 950nm. The Bandgap energy gave
an optimal performance of device parameters at 0.9eV. Temperature variations were simulated and it was noted
that the device had a minimal decrease in PSC parameters performance with increasing temperature. The final
optimized device structure achieved a PCE, Voc, Jsc and FF of 25.65%, 0.9606 V, 33.2491(mA/cm?), and 80.32%
respectively. Therefore, we expect that our findings will pave the way for the development of lead-free and highly

effective perovskite solar cells.
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Introduction

As we confront the pressing challenges of climate
change and diminishing fossil fuel reserves, the
imperative for clean and sustainable energy sources has
reached unprecedented urgency. Solar energy, leveraging
the abundant power of the sun, emerges as a beacon of
hope in this endeavor [1,2]. In stark contrast to
conventional energy sources that emit harmful greenhouse
gases, solar energy stands as a renewable resource capable
of generating electricity without polluting the
environment. This introduction explores the manifold
advantages of solar energy and investigates the promising
potential of tin-based perovskite solar cells, a
groundbreaking technology poised to propel solar energy
to new heights. Solar energy offers a plethora of benefits
that underscore its viability as a cornerstone of a
sustainable future. The sun's energy is virtually limitless,
in stark contrast to fossil fuels, which are finite resources
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requiring millions of years to replenish. This ensures a
reliable and enduring source of power for generations to
come [3,4]. Solar energy production does not entail
combustion or the release of harmful pollutants such as
greenhouse gases, sulfur oxides, or nitrogen oxides. This
notable characteristic significantly mitigates our carbon
footprint and contributes to the global effort to combat
climate change [5]. Solar energy can be harnessed across
various scales, ranging from large-scale solar farms
supplying electricity to entire grids to rooftop solar panels
powering individual residences. This versatility renders it
a suitable solution for both centralized and decentralized
energy production, thereby enhancing energy resilience
and accessibility [6]. Once installed, solar panels
necessitate minimal ongoing maintenance, boasting
lifespans of 25 years or more. This translates to substantial
cost savings compared to traditional energy sources,
which entail constant fuel replenishment and maintenance
expenditures [7]. The solar industry is experiencing rapid
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expansion, fostering job creation and bolstering the green
economy. Furthermore, as solar technology continues to
advance, it becomes increasingly cost-competitive with
conventional sources, rendering it a more appealing option
for consumers [8]. While silicon-based solar cells have
long reigned supreme in the realm of photovoltaics, a
rising contender has emerged: tin-based perovskite solar
cells. Perovskites, a class of materials distinguished by
their unique crystal structure, exhibit exceptional light-
harvesting capabilities [9]. Though still in the
developmental stage, tin-based perovskite cells have
demonstrated efficiencies surpassing 14%, showcasing
substantial potential to rival or even outperform traditional
silicon cells [10]. Perovskites can be synthesized via
simpler and less energy-intensive processes relative to
silicon, potentially leading to decreased production
expenses [11]. As of today, the power conversion
efficiency (PCE) of PSCs has improved from 3.1% to
25.7% for single-junction cells, and up to 31.3% for
tandem architectures [12, 13]. PSCs produced using
solution-based chemical processes have shown promising
PCE levels with cost advantages [14], making them a
competitive alternative to traditional silicon solar cells.
Tin-based perovskite cells can be deposited onto
lightweight and flexible substrates, opening avenues for
novel applications in building-integrated photovoltaics
and portable power solutions [15]. The advancement of
tin-based perovskite solar cells signifies a significant
stride forward in photovoltaic technology. While
challenges pertaining to long-term stability and large-
scale manufacturing necessitate further attention, the
prospective benefits of this technology are unequivocal.
As ongoing research refines tin-based perovskites, they
are poised to exert a transformative influence on the future
of solar energy, enabling more efficient and sustainable
harnessing of the sun's power.

L [-e() L= qIp(e) — n(x) + N3 () = N7 () + pe (x) = n, ()]

I. Device structure and simulation
methology

The cell model used for this simulation in Fig.1
describes the structure of the perovskites based on
FTO/ETM/CH3NH3Snls/HTM/Pt  which  consists  of
transparent conducting oxide, the electron transport
material, methyl ammonium tin tri-iodide, the hole
transport material (Graphene) and the metal back contact
Platinum. The electron transporting materials (ETMS)
consist of Cadmium Sulphide (CdS). The cell was
illuminated through transparent conductive oxide (FTO),
which serves as a window layer and passes across the
electron transport layer (CdS), which serves as a buffer
layer and enters the absorber layer to the hole transport
material.

1.2. SCAPS-1D Basic Semiconductor Equation

SCAPS-1D simulator was developed by Marc
Burgelman et al in 2000 [16] to simulate the electrical
characteristics i.e. simulating alternating current and
direct current electrical attributes of thin-film hetero-
junction solar cells. SCAPS-1D is a one-dimensional solar
cell simulation program based on three coupled
differential equations by solving the basic semiconductor
equations such as Poisson equation, continuity of
electrons and holes [17]. SCAPS analyses the physics
model in PSCs and it explains the recombination profiles,
electric field distribution, carrier transport mechanism and
individual current densities. Poisson’s equation can be
given by:

(1b)

where @ is the electrostatic potential, q is the charge, ¢ is the dielectric constant of the medium, p is the free hole density,
n is the free electron density, N}t is the ionized-donor density,
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Fig. 1. Device architecture of the Tin-based perovskite solar cell and Energy band alignment for the proposed
device.
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N, isthe

ionized-acceptor density, n, and p, are trapped electrons
density and trapped hole density respectively.
The continuity equations of electrons can be described

by:

on(xt) _ dJn
n_;: = 28 1 (G (x,£) — qRy (%, 1). (2a)
an(x,t) = 10/ + G, (X, t) _ Rn(x, t). (2b)

at q Ox
Where J, is the electron current density, G is the
generation rate, R is the recombination rate.

The continuity equations of holes can be described by:

oP(xt) _ djp

o = o TUGr(x, 1) —aRp(x, t) (3a)
dP(x, 2
%:-%£+Gp(x,t) — Rp(x, 1) (30)

where Jp is the hole current density.

1.3. Basic Parameters

The basic material parameters are meticulously
chosen, drawing from a blend of experimental data and
theoretical findings. The FTO, CdS (ETM) absorber layer
parameters are referenced from [18, 19]. The HTM layer,
primarily composed of Graphene, is cited from
Gagandeep et al., 2019 [20]. The work function of the
cathode electrode (Pt) stands at 5.65eV [21], facilitating
its role as the back contact for hole transport. The defect
layer parameters for the absorber layer, between
ETL/CH3NH3Snl3), and CH3NH3Snl3/Graphene [18], The
simulations were conducted within a voltage range
scanning from OV to 1.1V.

I1. Results and discussion

2.1.: Initial Device Simulation

An initial device simulation was carried out for a
CH3NH3SnI3 based device in the planar electron intrinsic
hole(nip) configuration with Graphene as HTL, CdS as
ETL’s with Platinum having 5.65eV metal work function
at the metal/ HTL interface. This configuration achieved
an open-circuit voltage (Voc) of 0.9286V, represents the
maximum voltage across the terminals of the solar cell
when no current is flowing. This value indicates the
efficiency of charge separation and the minimization of
recombination processes within the cell. The short-circuit
current density (Jsc) of 31.6897mA/cm? denotes the
maximum current density generated when the voltage
across the cell is zero (short-circuited condition). This
value indicates the cell's ability to generate a substantial
current under illumination. The fill factor (FF) of 77.45%,
represents how well the solar cell utilizes the available
power. A higher FF suggests efficient charge extraction
and lower losses within the cell. The power conversion
efficiency (PCE) of 22.79%, indicates the overall

=2 [p(x) = n(x) + N3(x) = N3(x) + pe(x) = n, (0]
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(1a)

efficiency of the solar cell in converting incident light into
electrical energy. This PCE value suggests a relatively
high conversion efficiency for the tin-based perovskite
solar cell.

2.2. Effect of varying the ETM Thickness

The thickness ETM’s on the PSC was varied from
0.005um to 0.0400um, it was noted that the Voc and Jsc
increases slightly with increasing ETM thickness, going
from 0.928515V to 0.928592V and 31.68433(mA/cm?) to
31.69346 (mA/cm?). This is due to the fact that a thicker
ETM can provide a more efficient pathway for electron
transport. The energy level alignment at the
ETM/perovskite interface can influence charge extraction
and recombination [22]. A thicker ETM layer might lead
to a better alignment of energy levels, reducing energy
barriers for electron transport and potentially minimizing
losses due to recombination, thus increasing the Voc and
improving the overall current flow. The FF is seen to
increase from 77.40% to 77.49% as the ETM thickness
increases from 0.005pm to 0.0400um. The increase in FF
indicates improved charge extraction and reduced resistive
losses within the solar cell structure. The overall efficiency
is a function of the increased Voc, Jsc, and FF, which
reached an optimal value of 22.81% at 0.04 um. Figure (2)
below shows the graphs of PV parameters as a function of
ETM thickness.

2.3. Effect of varying the Absorber layer Thickness

A thicker absorber layer allows for greater light
absorption due to the increased path length for photons
within the perovskite material, [23]. A thicker absorber
layer can absorb more photons and generate more
electron-hole pairs [24]. This may have resulted in an
increase in all the device parameters. The absorber layer
thickness is varied from 0.600 to 0.950. This results in a
higher Voc, as there is a greater potential difference
between the electron-rich and hole-rich regions within the
PSC. Short-Circuit current density (Jsc) is seen to increase
significantly from 30.72689 (mA/cm?) to 32.45283
(mA/cm?). However, an optimal absorber thickness at
0.950um with a FF of 77.95% is achieved. This is due to
reduced resistive losses with increasing absorber layer
thickness within the range of study. The optimal absorber
layer thickness also depends on the wavelength of light
and the optical properties of the perovskite material. The
optimal absorber thickness within the range of study is
seen at 0.95um with a PCE of 23.67%. Fig. (3) below
shows the graphs of the device parameters and the J-V
curves.

2.4. Effect of varying the Bandgap energy of HTM

A bandgap with the right energy level alignment can
help improve Voc by reducing energy losses through
recombination at the interface [25]. It can influence the
charge carrier mobility and concentration within the HTM,
which, in turn, affects the current generation. The
spectrum of incoming light, and the charge transport
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Fig. 2. (a), (b),(c),(d): Photovoltaic parameters as a function of ETM layer thickness.
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Fig. 2. (e) J-V curves as a function of ETM thickness.

mechanisms influence recombination processes [26], and
careful tuning of these properties can lead to an improved
fill factor and overall device efficiency. In this study the
energy of the Bandgap is varied from 0.2 eV to 0.9 eV.

This results in an increase in the Voc from 0.782587V to
0.960022V  because higher bandgap reduces the

thermalization losses. Higher bandgap materials can also
generate higher voltage because they have a lower rate of
non-radiative recombination, resulting in less energy loss
as heat. It is also noted that higher bandgap materials
absorb a larger portion of the solar spectrum, leading to
increased current generation which resulted in the Jsc
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increasing from 31.41 (mA/cm?) to 32.96(mA/cm?). The in efficiency indicates that the higher bandgap HTM

FF increased from 75.03% to 80.32% as the bandgap allows for better utilization of the incident solar radiation.
increases from 0.2 to 0.9 eV. The increase in FF indicates Figure (4) below shows the graphs of PV parameters as a
improved charge extraction and reduced resistive losses function of Bandgap energy.

within the solar cell structure. It was observed that the
efficiency increased from 18.45% to 25.41%. The increase
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2.5. Effect of Temperature variation on device
performance of PSC

The open-circuit voltage (Voc) of the photovoltaic
cell exhibits a slight decline from 0.9570V to 0.8429V
with rising temperature. This phenomenon can be
elucidated by the augmented energy levels of electrons
within the valence band, consequently diminishing the
potential disparity between the electrodes. Conversely, the
short-circuit current density (Jsc) demonstrates minimal
fluctuation, transitioning from 31.69 mA/cm? to 31.67
mA/cm? as temperature increases. This observation
implies that the light absorption characteristics of the
material remain largely unaffected within the temperature

range under consideration. However, the mobility of
charge carriers, encompassing electrons and holes, may
attenuate with escalating temperature. This diminished
mobility translates to slower movement of carriers within
the device, thereby diminishing the overall current
Additionally, the fill factor (FF) experiences a marginal
decline from 77.31% to 76.69% with increasing
temperature.

This reduction indicates a less efficient conversion of
electrical power at elevated temperatures, attributable to
augmented resistive losses within the device, along with
alterations in charge carrier mobility and recombination
dynamics. Interestingly, the FF initially witnesses a slight
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augmentation, reaching 77.45% 300K before
subsequently declining to 76.69% at 360K. This
fluctuation underscores the complex interplay of
temperature and efficiency within the photovoltaic
system. Furthermore, the power conversion efficiency
(PCE) of the photovoltaic cell gradually diminishes from
23.45% to 20.63% with increasing temperature. This
decline in efficiency can be ascribed to several factors,
including reduced carrier mobility, heightened
recombination rates, and altered charge transport
properties at elevated temperatures. Additionally, thermal

at
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expansion may cause a reduction in the bandgap of the
perovskite material, leading to decreased light absorption
and, consequently, lower efficiency. Figure 5 below
illustrates the graphical representation of the photovoltaic
parameters as they vary with changes in temperature.

Conclusion

A tin-based (CH3NH3Snl3) perovskite solar cell has
been designed and constructed using SCAPS. Different
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device parameters along with the working conditions of perovskite solar cell in order to completely replace the
the device have been exclusively studied. According to the lead-based analogues since lead toxicity is a serious threat
obtained simulation results, the ETM and absorber layer to our eco system.

thickness was a crucial factor for the performance of the

device. Increasing the ETM layer was optimal at 40nm. Acknowledgements
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Jix. Onanexan AyBymkyna?, X. [am6o?
JocaigkeHHs eeKTUBHOCTI COHYHUX €JIEMEHTIB MePOBCKITIB HA

OCHOBI 0J10Ba i3 cyab(izom kaamimo sik etm Ta rpaderHom sk htm
3a gonomorow SCAPS-1D

Kageopa dizuxu, Axademin oboponu Hizepii, Kaoyna, Hizepis, jaowolabi@nda.edu.ng
2 upexmopam ingpopmayiiino-xomynixayiiinux mexnonoziti NDA Kaoyna, Kaoyua, Hicepis

BescBuHIIEBI COHSYHI €IEMEHTH Ha OCHOBI MEPOBCKITY JEMOHCTPYIOTh BHCOKHII TOTEHIaNm JuIst
BigHoBIIOBaHOT eHeprii. [Iporpamue 3abesneueHus misi mopaemoBanHs SCAPS-1D BHKOpHCTOBYBanocs s
MOJIETIIOBAaHHSL ~ NIPUCTPOIO  OE3CBHHIIEBOTO  MEPOBCKITHOTO  COHSYHOTO  €JIeMEHTa 3  apXiTeKTypolo
Glass/FTO/CdS/CH3sNHsSnls/Graphene/Pt. [lnst ouiHKH MPOyKTHBHOCTI IPOBEACHO MPOLIEC ONTHMI3aLi pi3HHX
nmapameTpiB, Takux K ToBmuHa ETM, mornunaua, eneprist 3a00poHEHOT 30HN MaTepiaiy AJs TPAaHCHIOPTY TipOK.
Bukxonano oOroBopeHHs X BIUIMBY Ha napameTpu COHS4YHOi Oarapei. OnTumanbHa ToBHmIMHA Imapy ETM i
Marepiany norirHaya Oyna gocsrayta npu 40 HM 1 950 M. Exepris 3a060poHeHo01 30HM 3abe3nedniia ONTUMANbHY
MPOAYKTHBHICTh mapamerpiB mpuctporo mpu 0,9 eB. 3MonenpoBaHO 3MiHM TeMIepaTypHu Ta BiA3HA4YCHO, IIO
KIHIIeBUH NPUCTpPIH NEMOHCTpYE MiHIMaJbHE 3HIDKCHHS HPONyKTHBHOCTI mapameTpiB PSC 3i 30inbIIeHHM
temneparypu. OcraToyHa ONTHUMi30BaHa CTpYKTypa mpucrtporo nocsrna PCE, Voc, Jsc i FF 25,65%, 0,9606 B,
33,2491 (MA/cM?) i 80,32% Bigmosinuo. ToMy, OYiKyeThCs, IO OTPUMAHI BUCHOBKH HPOKIAMYTh IHLIAX IS
PO3po0OKH GE3CBUHIIEBUX | BUCOKOS(EKTUBHUX MEPOBCKITHUX COHSIYHUX OaTapeii.

Kurouosi ciioBa: nipku; enexkrponn; SCAPS-1D.

772


https://doi.org/10.15866/iremos.v14i2.19954
https://doi.org/10.1063/1.5113387
https://doi.org/10.1126/science.aaa9272
http://dx.doi.org/10.1038/nature12509
http://dx.doi.org/10.1002/adfm.201302090
mailto:jaowolabi@nda.edu.ng

