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This study presents a numerical investigation and optimization of lead-free perovskite solar cells using SCAPS-1D simulation. The
proposed device is composed of formamidinium tin iodide (FASnls, absorptive layer), zirconium disulfide (ZrS2, electron transport
material), gold (Au, the back contact), and Fluorine-doped tin oxide (SnOz:F, the front contact).The effects of varying the thickness,
defect density, doping concentration, operating temperature, and back-contact work function on the photovoltaic performance were
studied to determine the optimal device architecture with the highest power conversion efficiency (PCE). Results reveal that the initial
performance of FASnls/ZrS: solar cells was as follows: open-circuit voltage (Voc) =0.99V, short-circuit current (Jsc) = 20.7mA/cm?,
Fill factor (FF)=60.13%, and power conversion efficiency (PCE)=12.4%.After optimization, the performance of FASnls/ZrS:
significantly improved, achieving a PCE of 23.3%, FF of 82.4%, and Jscof 30.2mA/cm?This remarkable improvement in these
parameters is attributed to the increase in thickness and doping density of the FASnls and ZrS: layers which lead to improved light
absorption and charge generation. Additionally, the 5.3 eV work function of the back contact was found to provide better energy-level
alignment with the FASnls layer, thereby facilitating charge extraction. These findings offer valuable insights into the design of
efficient, stable, and lead-free perovskite solar cells.
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1. INTRODUCTION

Over the last decade, human demand for energy has increased due to our growing reliance on technology, resulting
in a corresponding rise in the use of fossil fuels [1]. They are non-renewable and take a long time to form. Additionally,
burning fossil fuels releases CO, gas, which accumulates in the atmosphere [1]. Thus, considerable efforts have been
made to replace fossil fuels with renewable energy sources, such as solar and nuclear energy. Solar energy is produced
using solar cells, which offer a promising renewable energy source, providing an environmentally friendly way to curb
CO: emissions and meet the growing demand for green energy [1.2]. This has led to an increasing demand for ecologically
friendly photovoltaic devices, such as tin-based perovskite solar cells (PSCs) [2,3]. They have been considered promising
alternatives to lead-based counterparts due to their remarkable optoelectronic properties, which include high absorption
coefficients, adjustable bandgaps, and cost-effective manufacturing processes that together improve the utilization and
potential of solar energy [3,4,5]. For example, Formamidinium (FA)-based lead-free perovskite solar cells exhibit higher
efficiency, greater stability, and reduced toxicity [6]. In addition, tin (Sn)-based PSCs are gaining attention as promising
alternatives to their lead (Pb)-based counterparts, offering similar optoelectronic properties such as high carrier mobility,
strong light absorption, and long carrier diffusion lengths. Also, they offer significantly lower environmental and health
hazards [7].

In recent years, considerable work has been conducted on lead-free PSCs by utilizing various ETL, HTL, and
absorber layers. In this context, Ateeq et al used SCAPS simulation to improve performance of FTO/CeO/FASnls/Cul/Au
for a lead-free solar cell by optimizing different values for bandgap, electron affinity, acceptor density, thickness, defect
density, and back contact work function [8]. After optimization, the efficiency improved from 22.06% to 24.87%, and the
current density increased from 26.03 to 30.68 mA/cm?. Various hole transport layers (HTLs), including PEDOT:PSS,
Spiro-OMeTAD, PCBM, Cu.0, MoOs, and Si, have been investigated in perovskite solar cells. In another study,
Almufarij et al. optimized a lead-free n-i-p MASnl: device using graphene, ZnO:Al, and 3C-SiC interface layers,
achieving a theoretical efficiency of 30.43% and highlighting MASnIs as a promising non-toxic material for sustainable
energy [9].

On the other hand, ETL materials can be prepared from various materials, such as transition-metal dichalcogenides
(TMDCs). ZrS; is a two-dimensional (2D) transition metal disulfide synthesized as a thin film for application in flexible
transparent devices [10]. Various growth techniques can be employed to achieve tunability of bandgap energy, electronic,
and optical properties for ZrS, thin films, such as Chemical Vapor Deposition (CVD) and Atomic Layer Deposition
(ALD) [11]. It has a high electron mobility and a small energy gap, making it useful for solar cell applications [10]. In
this study, we report the optimization of FASnl; /ZrS; solar cells using the SCAPS-1D software [12, 13]. The effects of
absorber layer thickness, defect density states, doping density, and the work function of the back metal contact on the
performance of FASnls/ZrS, solar cells are investigated.
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2. SIMULATION TOOL
Numerical simulation can play a vital role in optimizing various solar cell structures, such as those using SILVACO,
COMSOL, SETFOS, and SCAPS-1D [14]. In this work, the SCAPS-1D simulation was employed to investigate the
efficiency of solar cells comprising FASnl; and ZrS,. This program was developed by researchers at the University of
Gent's Department of Electronics and Information Systems (ELIS), Belgium, for two reasons: to simulate the physical
phenomena that occur within the solar cell and to predict how well the solar cell would operate under various conditions,
such as differences in temperature, illumination angles, and sun radiation [12]. The program solves Poisson’s and
continuity equations for free electrons and holes in the conduction and valence bands, which are commonly used in

different mechanisms of electronic devices. The equations are given below:
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Where ¢ is the dielectric constant, q is the electron charge, Na and Np are ionized acceptors and donor density, ¥ is the
electrostatic potential, Jp is current density due to hole, Jn is current density due to electron, Gop is the carrier generation
rate, R is the total recombination rate, p is free hole density, n is the free electron density, p,, and p, are the hole and
electron distribution. The following drift-diffusion equations (2) and (3) represent the holes and electrons carrier transport
properties of the semiconducting material. The structure of the HTL-free FASnIs-based perovskite solar cell is illustrated

in Figure (1).
The figure shows that the proposed solar cell is composed
1 of these layers: FASnlsas absorber material, ZrS, as

Dark

electron transport material (ETL), and two electrodes:
gold (Au) as the back contact and fluorine-doped tin oxide
(SnO2:F) as the front contact. The proposed device
configurations are developed by modifying the properties
of the materials used in this study. Table 1 summarizes the
input parameters for HTL-free FASnls-based perovskite
solar cells, as obtained from the literature, to evaluate their
performance [11,15]. To establish a stable reference frame
for our analysis, we examined the most significant
parameters that influence the performance of the tested
device. In general, the main unchanged parameters based
Figure 1. Schematic diagrams of SnO2:F/ZrS2/FASnI3 Au solar on published data are the effective density of states at
cells 1 x 10" cm™ for the valence band and 10" cm™ for the
conduction band of these solar cells. For charge carrier behavior at the interfaces, we applied surface recombination
velocities of 1x10° cm/s for electrons and a slightly higher 107 cm/s for holes, reflecting common trends in perovskite
materials.

Loy

Class/SnO,F substrate

Table 1. Simulation parameters of each layer of the proposed solar cell [11-15].

Parameters ZrS, FAnSI;
. Varyin Varyin;
Thickness (jum) 0210 14 02120
Bandgap (eV) 1.5 1.750
Electron affinity (eV) 4.7 4.125
Dielectric permittivity (relative) 16.4 8.2
CB effective density of states (cm™) 2.2x10"" 1x10'®
VB effective density of states (cm) 1.8x10*"° 1x10'8
Electron mobility (cm?*/V-s) 300 22
Hole mobility (cm? /V-s) 30 22
Shallow uniform donor density ND (cm®) 1x10" 0
Shallow uniform acceptor density NA (cm™) 0 1x10'°
Metal work function (eV) Back contact (Au electrode) 5.1 Front contact (SnO2:F electrode) 4.4

3. RESULTS AND DISCUSSION
3.1. Effect of Thickness of ZrS: Layer and FAnSIz Layer
The thickness of the components in solar cells plays a vital role in improving their efficiency, as it is a key factor in
optimizing solar cells performance. The power conversion efficiency of solar cells depends on the efficiency of photon
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absorption, exciton generation, and migration. Solar cells with a thicker layer enhance light absorption and increase charge
generation, but they produce a longer path and affect the generation and migration of photo-generated charge carriers. On
the other hand, the thinner layers in solar cells may decrease light absorption but facilitate charge-carrier movement.
Figure 2 shows the parameters of the FASnls/ZrS, solar cell when the thicknesses of the ZrS: and FASnls layers were
varied from 0.2 pum to 1.4 pm and 0.2 pm to 2.0 pum, respectively.
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Figure 2. Effect of thickness of ZrS, and FASnI; on the parameters of ZrS2/FASnls solar cells

The results reveal that thinner FASnl; and ZrS; layers produce lower fill factor and PCE compared to their thicker layers
in FASnl; /ZrS; solar cells. Figures 2a and 2b show that the short-circuit current density increases (Jsc) and reaches its peak
value with an increase in thickness, while the open-circuit voltage (Voc) remains constant. However, the Jsc gets saturated
with minor changes when the thickness of ZrS, and FASnI; changes from 0.8 pmto 1.4 um and 1.2 pm to 2 pm, respectively.
This saturation behavior suggests that beyond these thresholds, additional thickness does not contribute to further light
absorption or current generation, likely because most incident photons are already absorbed. On the other hand, the open-
circuit voltage (Vo) remained relatively constant across the thickness range studied, as it is more closely governed by the
interface recombination rates and energy level alignment between the absorber and transport layers rather than by optical
thickness [16]. Moreover, Figures 2c and 2d show that the efficiency (PCE) and fill factor (FF) were enhanced with
increasing layer thickness, ranging from 12% to 21.32% and 60% to 72%, respectively. The above results are attributed to
improved light absorption in the thicker active layers, which leads to enhancement of photogeneration of charge carriers.
Similarly, the increase in FF indicates more efficient charge extraction and minimizes the effect of series resistance.

3.2. Effect of the Total Defect Density in Active Layers and Interfaces

Another essential factor that may significantly impact the device's efficiency is the defect density of the active layers.
The level of defect density directly influences the quality of the interface and the bulk body of the solar cells, where the
photo-generated charge is transported to the top and bottom electrodes [17,18]. As is known, the source of defect density
in electronic devices comes from point defects, stacking faults, dislocations, and grain boundaries, which affect the
performance of thin-film solar cells [18]. Additionally, different interfaces are formed in PSCs due to the use of various
deposition techniques for each layer. The defects at the interface are influenced by the quality of the materials and the
deposition methods, which occur due to interactions between the absorber precursor and the charge transport layer (CTL)
solutions, leading to two main types of interface defects: those at the HTL/Perovskite and Perovskite/ETL interfaces.
Figure 3 shows the fluctuation in device efficiency with varying defect densities in the ZrS. and FASnI; layers, as well as
at the interface between ZrS: and FASnls.

Figure 3-a illustrates the effect of varying the defect density in the ZrS. and FASnlslayers on the power conversion
efficiency (PCE) of theFASnIs/ZrS: solar cell structure. The results show that efficiency remains unchanged when the
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defect density is below 1x10' cm™3, but then declines rapidly as the defect density increases from 1x10'cm™to 10?° cm.
These results are attributed to an increase in the carrier recombination rate in the bulk of the ZrS, layer due to deep trap
states, which affects the efficient extraction of photo-generated electrons. This leads to a reduction in the diffusion length
and the carrier transport lifetime. On the other hand, PCE remains relatively stable with a slight decrease from ~12.5% to
~11% when the defect densities in FASnls were varied from 1x 10"2cm™ to 1x 10?° cm™. That indicates the tendency of
the FASnls layer to maintain its properties despite the presence of defects that do not affect its lifetimes and transport.
That is attributed to defects usually or shallow states that minimally affect carrier recombination. These results align with
the findings from the literature, indicating severe degradation in device performance when defect densities in ETLs exceed
1x10" cm3, while tin-based perovskites maintain reasonable efficiency even under high defect conditions [19]. Figure
3-b shows the fluctuation in device properties with defect density at ZrS./FASnl; interface. As is known, the defects at
the interface are influenced by the quality of the materials and the deposition methods occurred due to interactions between
the absorber precursor and the charge transport layer (CTL) solutions, leading to two main types of interface defects:
those at the HTL/Perovskite and Perovskite/ETL interfaces.
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Figure 3. Effect of defect density in a) ZrS;andFASnlIslayers and b) ZrSo/FAS interface on the parameters of ZrS2/FASnl; solar cells

3.3. Influence of Doping Densities in ZrS: and FAnSI; Layers
The performance of perovskite and lead-free photovoltaic devices is significantly affected by the doping densities
of theZrS; and FAnSI; layers. Figure 4 illustrates the parameters of the ZrS,/FAnSI; solar cell as functions of the doping
concentration varied from 1x10to 1x10?'cm™
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Figure 4. Effect of doping density in ZrS2 and FASnls layers on the parameters of ZrS2/FASnls solar cells
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Figures 4a and 4b show a slight enhancement in V. and J. as the doping concentration in the ZrS; layer increases.
For the ZrS: layer, PCE increased from 12.4% to 16%, and FF from 54% to 73% (see figures 4c and 4d). These results
suggest that heavy doping in the ZrS, layer enhances conductivity and charge generation by decreasing the series
resistance. On the other hand, the doping density in the FASnls absorber had a much more impact on the solar cell
performance. The FF improved from 47.12% at the lowest doping level to 88.26% at the highest, while the PCE nearly
doubled from 10.93% to 19.50%. That is attributed to several factors: (1) increased built-in electric field strength that
facilitates charge separation and collection, (2) reduced carrier recombination due to higher quasi-Fermi level splitting,
and (3) improved conductivity and reduced resistive losses in the absorber layer [20,21]. Unlike the ZrS: layer, the FASnIs
doping had an immediate and continuous positive effect even at lower doping levels. This confirms that optimizing the
absorber layer doping plays a more critical role in achieving high-efficiency solar cell performance.

3.4. Impact of the operating temperature
The operating temperature of perovskite solar cells (PSCs) affects their performance as they are typically installed
outdoors and exposed to environmental conditions [22]. Table 2 summarizes the effect of different operating
temperatures on the performance of the FASnI3/ZrS, solar cells under initial conditions. It is found that Voc decreases
from 0.99 to 0.82V while Jsc remains relatively constant when the temperature increases from 300K to 420K. The FF
varies from 60 % to 64.9 %. Consequently, the power conversion efficiency decreases from approximately 12.2% at
300 K to 11% at 420 K.

Table 2. The parameter of FASnI3/ZrS: solar cells as a function of temperature

Temperature PCE FF Jsc Voc
X) (%) (%) (mA/em?) \2)
300 12.2 60.12 20.7 0.99
320 12.4 60.26 20.67 0.99
340 12.3 60.88 20.64 0.98
360 12.1 61.97 20.62 0.9
380 11.8 63.15 20.60 091
400 11.4 64.14 20.57 0.86
420 11.0 64.92 20.54 0.82

The results reveal that rising temperatures negatively affect solar cell performance, mainly by reducing V., Js, and

PCE. This decline is caused by an increase in reverse saturation current density (Jo) due to the increased thermal
generation of charge carriers, as explained by the Shockley diode Equation [23]:

HKBT
q

Voe

/SC [/UC
[ln( 1+ Jo lsRsh] (4)
where Voc is the open circuit voltage, n is the ideality factor, Kg is the Boltzmann constant, Jo is the reverse current, Ry, is the
shunt resistance, T is the temperature (absolute), and q is the electric charge. The relationship between Voc and Jo is inverse
and logarithmic.

Additionally, high temperatures promote recombination by narrowing the semiconductor's energy bandgap, further
reducing V.. According to the literature [23,24], higher temperatures change the properties of the materials used and
reduce both the efficiency and V. of solar cells. This degradation is attributed to a change in the physical and chemical
properties of the semiconductor materials used in solar cells. High temperatures break some of the bonds between atoms
or molecules in solar cells. These effects reduce the energy gap of materials, change the mobility, and concentrations of
charge carriers. Finally, there was a slight reduction in J, as charge-separation processing at the interface was also
reduced.

3.5 Effect of back-contact work function

In general, the performance of solar cells mainly depends on the alignment of energy levels at the interface between
the materials used in fabrication. The properties of interfacial layers between the back and front contact electrodes, as
well as the ETL and HTL, play a vital role in achieving high efficiency [25,26]. Figure 5 shows the PCEs of ZrS,/FASnl3
solar cells as a function of different back-contact work functions. These metals are: Silver (Ag, 4.6 ¢V), Indium tin oxide
(ITO, 4.7¢V), Iron (Fe, 4.8¢V), Cobalt (Co, 4.9C), Gold (Au, 5.1eV), Tungsten (W, 5.2ev), Nickel (Ni, 5.3) [27]. The
PCE curve shows that increasing the back-contact work function from 4.6 eV to 5.3 eV increases PCE from 6.7% to
13.1%. That depends on the properties of the interfacial contact between the metals and the FASnl; layers, which are
determined by the chemical interaction between them. Metals with high work functions (W and Ni) form near-ohmic
contacts with the FASnl; layer, consequently facilitating hole extraction and producing high PCE. In contrast, metals with
lower work functions, such as Ag and ITO, produce low PCE due to forming in Schottky barriers that hinder hole
extraction. These results emphasize that better energy-level alignment at the metal (work function > 5eV) /FASnls
interface enhances charge-carrier extraction and overall solar cell efficiency.
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3.6 Device optimization

Optimal device performance is achieved by optimizing various variables of the solar cells. Figure 6 illustrates the
difference in the current-voltage characteristics of optimized and non-optimized solar cells.In this work, an optimization
route is presented that significantly enhances the efficiency of FASnl3/ZrS, solar cells, offering an essential reference for
further development of high-performance photovoltaic devices. After optimization, the open-circuit voltage (VOC) was
adjusted from 0.99 V to 0.93 V, while the short-circuit current density (JSC) increased from 20.7 mA/cm? to 30.2 mA/cm?.
This was accompanied by an improvement in the fill factor (FF) from 60.1% to 82.4%, leading to an enhancement in the
power conversion efficiency (PCE) from 12.4% to 23.3%. These enhancements are attributed to increasing the thickness
of the FASnl; absorber layer from 0.2um to 1.5um, which improves photon absorption, generates more electron-hole
pairs, and increases the short-circuit current density. Additionally, the ZrS: electron transport layer thickness was modified
to 1.0 um, which facilitated more efficient electron extraction and minimized recombination losses at the interface. A
significant increase in the acceptor doping concentration of both FASnl; and ZrS, — from 1x10'7 cm™ to 1x10?' cm™ —
strengthened the built-in electric field across the junction, enhancing charge carrier separation and reducing resistive
losses. Finally, increasing the back contact work function to 5.3 eV optimized the energy level alignment, improving hole
collection and suppressing recombination at the rear interface
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Figure 6. J-V curves before and after optimization

4. CONCLUSIONS

This study successfully demonstrated the numerical optimization of lead-free FASnls/ZrS: perovskite solar cells
using SCAPS-1D simulation. By systematically varying key parameters such as layer thickness, defect density, doping
concentration, operating temperature, and back-contact work function, the device performance was significantly
enhanced. The optimized solar cell achieved a remarkable power conversion efficiency of 23.3%, with improved open-
circuit voltage, short-circuit current, and fill factor compared to the initial design. The improvements are mainly attributed
to increased thickness and doping density of the absorber and electron transport layers, as well as better energy alignment
through a higher back-contact work function. These results provide valuable guidance for developing efficient and
environmentally friendly lead-free perovskite solar cells.
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YUCJOBE JOCJJIIKEHHS BE3CBUHIEBUX ITIEPOBCKUTHIX COHSIYHUX EJTEMEHTIB HA OCHOBI
CTPYKTYPHU FASnI/ZrS: 3A JOITOMOI'OIO CUMYJISITOPA SCAPS-1D
Xmya Aab-JAmyp
Vuisepcumem Myma, paxynvmem npupodnuuux nayk, kagedpa disuku, 61710, Hopoanis

VYV 1mpOMy JOCHIIKEHHI INPEICTaBICHO YHCENbHE JOCHIDKCHHS Ta ONTHMI3AL[il0 COHSYHMX EJIEMEHTIB Ha OCHOBI OE3CBHMHLIEBOIO
MEePOBCKiTY 3a monomororo mojemoBanHs SCAPS-1D. 3anponoHoBaHHi TPHCTPI CKIamaeThes 3 HoauAay (opMamiluHi-0J10Ba
(FASnl3, nornunatounii map), aucynbginy UMpkoHito (ZrSz, MaTepian i NepeHocy eneKTpOHiB), 3010Ta (Au, 3a/Hiil KOHTAaKT) Ta
neroBaHoro ¢ropom okcumy onosa (SnOz:F, mepenniii koHtakT). Byno nocmikeHO BIUIMB 3MiHM TOBIIMHHM, IIIBHOCTI Je(EKTiB,
KOHLICHTpALl JIeryBaHHs1, pOO040i TeMIepaTypu Ta poOOTH BUXOY 3aJHHOIO KOHTAKTY HA XapaKTEPHCTUKU (HOTOCIEKTPUYHOI CHCTEMH
3 METOI0 BH3HAYCHHS ONTUMAJBHOI apXiTEKTypH HPHCTPOIO 3 HaWBHIIOK edekTuBHICTIO mepeTBopeHHs eneprii (PCE). Pesymbratn
MIOKa3yloTh, IO IIOYAaTKOBAa IPOIYKTHBHICTH COHSYHUX eneMeHTiB FASnls/ZrS: Oyma HacTymHOIO: Hampyra XOJOCTOTO XOIy
(VOC) = 0,99 B, crpym kopotkoro 3amukanss (JSC) = 20,7 mA/cm?, koedimient 3anosrenss (FF) = 60,13% ta koedilieHT nepeTBOPEHHS
notyxHocti (PCE) = 12,4%. Ilicis ontumizanii npoxykrusHicts FASnIs/ZrS. 3nauno noxparmmnacs, nocsraysim PCE 23,3%, FF 82,4%
ta JSC 30,2 MA/cM?. Lle nmomiTHE MOKpaIIeHHs X NapaMeTpPiB MOSCHIOETHCS 30UTBIICHHSM TOBLIMHU Ta IIUIBHOCTI JIETyBaHHs [IapiB
FASnls ta ZrS>, 110 npu3BOAUTb A0 MOKPALICHOTO TOIIMHAHHS CBITIA Ta reHepauii 3apsay. Kpim Toro, Oyno BusBIeHO, 1o poOoTa
BHUXOJly 3BOPOTHOI'O KOHTAaKTy 5,3 €B CTBOpIOE Kpallle y3ro/DKeHHs eHepreTHYHHUX DiBHIB i3 mapom FASnls, mo crnpuse BHIydeHHIO
3apany. Lli pesynpTaTH MpOMOHYIOTH IiHHY iH(OpMAI0 Mpo PO3poOKYy €PEeKTHUBHUX, CTAOUIBHUX Ta OE3CBHHIIEBHX IEPOBCKITHUX
COHSTYHHX €JIEMEHTIB.

KmrouoBi cnoBa: FASnls; ZrS., SCAPS-1D; Oesceunyesi neposckimmui COHAUHI enemenmu; wiap eneKmpoH-mpancnopmy;
omoenexmpuyine MOOENOBAHHS, COHAYHA eHEeP2is



