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Abstract:  
 

A numerical optimization of lead-free ZnO:Al/PCBM/CsSnI₃/MoO₃ perovskite solar 

cells is performed using the SCAPS-1D simulator. The effects of absorber and transport 

layer thickness, doping concentration, defect density, series and shunt resistances, and 

operating temperature on device performance are systematically investigated. The results 

show that the CsSnI₃ absorber thickness and defect density dominate recombination 

losses and efficiency, while the PCBM layer exhibits strong defect tolerance. Optimized 

absorber thickness (1.2 μm) and acceptor doping (1019 cm-3) significantly enhance charge 

collection and fill factor. Series resistance strongly degrades performance, whereas high 

shunt resistance is essential for achieving high open-circuit voltage. Under optimized 

conditions, a maximum power conversion efficiency of 25.39% is achieved, representing 

a theoretical upper limit for CsSnI₃-based single-junction solar cells. The study provides 

clear guidelines for defect passivation and interface engineering in lead-free perovskite 

photovoltaics. 

 

1. Introduction 
 

As global efforts to decarbonize energy systems 

intensify, the development of photovoltaic (PV) 

technologies that are not only scalable and efficient 

but also environmentally sustainable has become a 

critical priority. Among the most promising 

candidates, hybrid lead-halide perovskites have 

emerged as frontrunners, achieving power 

conversion efficiencies (PCE) exceeding 25% 

within a single decade an unprecedented leap in solar 

energy research and development [1,2]. Despite this 

remarkable progress, their widespread 

commercialization is impeded by major drawbacks, 

primarily the inherent toxicity of lead and long-term 

material instability, both of which raise serious 

environmental and durability concerns [3]. 

In response to these limitations, research has 

increasingly focused on lead-free alternatives, 

particularly cesium tin iodide (CsSnI3), which 

combines an environmentally benign composition 

with attractive optoelectronic properties [4]. CsSnI₃ 
features a direct bandgap of approximately 1.3 eV 

near the Shockley-Queisser limit for single-junction 

solar cells a high absorption coefficient (~ 105 cm-1), 

and adequate carrier mobility (>10 cm²/V·s) [5]. 

Moreover, its fully inorganic structure enhances 

thermal stability and allows low-temperature 
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solution processing, making it compatible with 

scalable and flexible device architectures 

[6].However, the practical application of CsSnI3 

remains challenged by poor ambient stability, 

primarily due to the oxidation of Sn2+ to Sn4+. This 

redox instability introduces deep-level defects that 

severely reduce carrier lifetimes and compromise 

device performance [7]. Additionally, CsSnI3 

exhibits intrinsic p-type conductivity and self-

compensating defects, which complicate doping 

control and lead to inconsistencies in device 

fabrication and operation [8]. 

Recent advances have targeted these challenges 

through material and interface engineering. For 

instance, Jung et al. demonstrated that tailored 

interfacial modifications can enhance device 

efficiencies to over 8%, underscoring the critical role 

of interface quality in performance optimization [9]. 

Complementary computational studies such as those 

by Umama et al. using SCAPS-1D simulations have 

highlighted the sensitivity of device behavior to 

absorber doping levels, defect densities, and 

multilayer architecture design [10]. Tao et al. further 

emphasized the importance of energy level 

alignment and defect passivation to suppress non-

radiative recombination and improve operational 

stability [11]. 

In this work, we present a systematic SCAPS-1D 

numerical optimization of 

ZnO:Al/PCBM/CsSnI₃/MoO₃ lead-free perovskite 

solar cells. The effects of absorber and transport 

layer thickness, doping concentration, defect 

density, series and shunt resistances, and operating 

temperature on photovoltaic performance are 

investigated. The study aims to identify key loss 

mechanisms and establish realistic design guidelines 

for achieving high-efficiency CsSnI₃-based solar 

cells, while clarifying the gap between theoretical 

performance limits and experimentally attainable 

efficiencies. 

Motivated by these findings, this work presents a 

numerical optimization of a planar heterojunction 

CsSnI₃-based solar cell using SCAPS-1D 

simulation. The proposed device architecture 

consists of ZnO:Al as the transparent conductive 

oxide (TCO), PCBM as the electron transport layer 

(ETL), CsSnI₃ as the light-absorbing layer, and 

MoO3 as the hole transport layer (HTL). Each 

material is strategically selected for its synergistic 

contributions to device performance: ZnO:Al offers 

high conductivity and transparency [12], PCBM 

promotes efficient electron extraction and 

suppresses interfacial recombination [13], CsSnI3 

ensures strong light absorption while eliminating 

toxic lead, and MoO3 facilitates selective hole 

collection with superior thermal and chemical 

stability [14].Through comprehensive parametric 

analysis, we examine the influence of key physical 

parameters including absorber thickness, doping 

concentration, ETL thickness, defect density, series 

resistance (RS), shunt resistance (RSH), and operating 

temperature on photovoltaic performance metrics 

such as open-circuit voltage (Voc), short-circuit 

current density (Jsc), fill factor (FF), and overall 

power conversion efficiency (PCE). The study aims 

to identify key loss mechanisms and establish 

realistic design guidelines for achieving high-

efficiency CsSnI₃-based solar cells, while clarifying 

the gap between theoretical performance limits and 

experimentally attainable efficiencies. 
 

2. Material and Methods 

 

This study employs numerical simulations of the 

proposed solar cell (Figure 1a) using the SCAPS-1D 

software developed by Ghent University, which is 

widely used for modeling thin-film and perovskite 

solar cells [15]. The simulator self-consistently 

solves the fundamental semiconductor equations, 

including [10,16] ; 

Poisson’s equation:  

 
𝑑2𝜓(𝑥)

𝑑𝑥2
= −

𝑞

𝜀
𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
−(𝑥)    (1) 

 

ψ(x) is the electrostatic potential across the device, 

q is the elementary charge, ε is the permittivity, n(x) 
and p(x) are the electron and hole densities, and 

ND
+(x), NA

−(x) are the ionized donor and acceptor 

concentrations. 

Electron and Hole continuity equations: 

 
𝑑𝑛(𝑥)

𝑑𝑡
=

1

𝑞

𝑑𝐽𝑛(𝑥)

𝑑𝑥
+ 𝐺(𝑥) − 𝑅(𝑥)                          (2) 

 
𝑑𝑝(𝑥)

𝑑𝑡
= −

1

𝑞

𝑑𝐽𝑝(𝑥)

𝑑𝑥
+ 𝐺(𝑥) − 𝑅(𝑥)                       (3) 

 

where  
dn(x)

dt
 and 

dp(x)

dt
 are the time-dependent 

changes in electron and hole concentrations, 

respectively. Jn(x) and Jp(x) are the electron and 

hole current densities, G(x) is the generation rate, 

and R(x) is the recombination rate. 

Drift-diffusion current equations: 

 

𝐽𝑛 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
                                          (4) 

 

𝐽𝑝 = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
                                          (5) 

 

where J is the total current density, μ is the carrier 

mobility, E  is the electric field, and D is the diffusion 

coefficient for electrons (n) and holes (p).These 

equations describe the electrostatic potential, charge 
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carrier transport, generation, and recombination 

processes within the device. By solving them under 

both illuminated and dark conditions, SCAPS-1D 

enables the evaluation of the internal electric field, 

carrier distribution, and overall photovoltaic 

performance [17]. 

In the investigated solar cell (Figure 1a), the TCO 

(ZnO:Al) collects electrons while efficiently 

transmitting incident light due to its wide bandgap 

(3.429 eV) and high electrical conductivity [18,19]. 

The ETL (PCBM), a fullerene derivative, facilitates 

selective electron extraction and blocks holes, while 

providing favorable energy level alignment with the 

absorber layer [20,21]. The absorber layer (CsSnI₃), 
a lead-free tin-based perovskite, serves as the 

primary photon-absorbing and charge-generating 

layer owing to its direct bandgap (1.3 eV) and high 

charge carrier mobility [10,22]. The HTL (MoO₃) 
exhibits a wide bandgap (3 eV), high 

electronegativity, and high dielectric permittivity, 

enabling efficient hole extraction and electron 

blocking, while ensuring optimal valence band 

alignment with the absorber [23]. The back 

electrode, typically made of a noble metal such as 

silver (Ag) or gold (Au), collects holes and 

completes the external circuit.The energy levels 

presented in Figure 1(a) show that the conduction 

band edge decreases progressively from ZnO:Al (- 

4.2 eV) to PCBM (- 3.7 eV) and then remains nearly 

constant within CsSnI₃, thereby facilitating electron 

transport [24]. Conversely, the valence band edge 

increases significantly from MoO₃ (- 9.7 eV) to 

CsSnI₃ (- 5.5 eV), which promotes efficient hole 

transport [25]. The p-n junction is established within 

the CsSnI₃ absorber layer, with the Fermi level 

positioned around - 3.7 eV, indicating favorable 

energy alignment for efficient separation of 

photogenerated charge carriers [10]. This 

configuration ensures optimal energy level matching 

among all constituent materials, which is crucial for 

minimizing recombination losses and enhancing the 

overall performance of the solar cell.Table 1 

summarizes the parameters of our CsSnI₃-cell solar 

used in the simulation before performance 

optimization. Note that in this table, the bulk defect 

density of the CsSnI₃ absorber was initially assumed 

to be on the order of 10¹² cm-3, representing an 

idealized yet physically attainable scenario. 

Although tin-based perovskites are inherently 

susceptible to elevated defect densities arising from 

the oxidation of Sn²⁺ to Sn⁴⁺ and the associated 

formation of deep-level trap states, recent 

experimental advances have demonstrated that such 

defect densities can be substantially mitigated. In 

particular, the implementation of chemical 

passivation strategies [26], additive engineering, and 

strict control of processing conditions has been 

shown to suppress non-radiative recombination 

centers [27], [28], yielding trap densities 

approaching 10¹² - 10¹³ cm-3 in high-quality CsSnI₃ 
films. Accordingly, the adopted defect density may 

be regarded as a lower-bound estimate 

corresponding to optimized material quality. 

The vacuum-level band diagram presented in Figure 

1(b) suggests a large valence band offset at the 

CsSnI₃/MoO₃ interface, Fermi-level equilibration 

[29], strong band bending within the absorber, and 

the formation of interface dipoles substantially 

reduce the effective hole extraction barrier. As a 

result, MoO₃ functions as an efficient hole-selective 

contact with a high work function [30], enabling hole 

collection via field-assisted transport and tunneling 

mechanisms. These interfacial effects account for 

the high device performance despite the apparently 

large valence band offset. 

In our simulations, both the front and back contacts 

are assumed to be ideal (ohmic). The reference 

temperature is set to 300 K, except for the thermal 

stability analysis. All calculations were performed 

under standard AM1.5G illumination with an 

irradiance of 1000 W·m⁻² [31]. The photovoltaic 

performance of the solar cell was evaluated in terms 

of the open-circuit voltage (Voc), short-circuit 

current density (Jsc), fill factor (FF), and power 

conversion efficiency (PCE), defined as follows: 

𝑃𝐶𝐸 =
𝑉𝑜𝑐∙𝐽𝑠𝑐∙𝐹𝐹

𝑃𝑖𝑛
                                                    (4) 

 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑜𝑐∙𝐽𝑠𝑐
=

𝑉𝑚𝑝∙𝐽𝑚𝑝

𝑉𝑜𝑐∙𝐽𝑠𝑐
                                          (5) 

Vmp and Jmp are the voltage and current density at 

the maximum power point, Pin is the incident solar 

power density, typically 100 mW/cm² under 

AM1.5G illumination.The J-V characteristic curve 

(Figure 1(c)) and the external quantum efficiency 

spectrum curve QE(λ) (Figure 1(d)) were obtained 

by a SCAPS simulation of our initial structure. These 

results demonstrate efficient charge generation and 

extraction within the device architecture on the one 

hand, and excellent light absorption and optimal 

charge collection efficiency in the visible range on 

the other [32]. In particular, we obtained the 

following values: Jsc = 31.16 mA/cm², Voc = 0.8662 

V, FF = 80.14%, and PCE = 21.63%, which are 

consistent with the literature [32-33].The 

optimization of the proposed solar cell is carried out 

in the following section by varying in particular 

some parameters of the CsSnI3 and PCBM layers. 

 

3. Results and Discussions 
 

3.1 Effect of CsSnI₃ and PCBM layer thickness 

 

Figures 2 and 3 illustrate the influence of the CsSnI₃
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Table 1. Input parameters used in the simulation [32,34,35] 

Parameters ZnO:AL PCBM CsSnI3 MoO3 

Thickness (µm) 0.05 0.05 0.4 0.4 

Band gap, Eg (eV) 3.429 2 1.3 3 

Electron affinity, χ (eV) 3.99 3.9 3.6 2 

Dielectric relative permittivity, εr 9 3.9 9.93 35 

CB effective density of states, NC (cm-3) 6.040 × 1018 2.5 × 1021 1.75 × 1019 2.42 × 1019 

VB effective density of states, NV (cm-3) 4.476 × 1019 2.5 × 1021 1.47 × 1018 2.42 × 1019 

Electron mobility, μn (cm2/Vs) 85 2 × 10-1 50 50 

Hole mobility, μh (cm2/Vs) 70 2 × 10-1 5.85 × 102 50 

Shallow uniform acceptor density,Na (cm-3) 0 0 1019 1017 

Shallow uniform donor density, Nd (cm-3) 1.3 × 1016 2.93 × 1017 0 0 

Defect density, Nt (cm-3) 1015 1015 1012 1015 
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Figure 1. (a) Energy level diagram of the studied solar cell, (b) energy band diagram, (c) current density-voltage (J-V) 

characteristic, (d) external quantum efficiency (𝑄𝐸) as a function of wavelength (λ) 

 

absorber and PCBM layer thicknesses on the 

photovoltaic performance of the device. The CsSnI₃ 
thickness was varied from 0.2 to 1.2 μm, while the 

PCBM thickness ranged from 0.1 to 0.5 μm; all other 

device parameters were kept constant.As shown in 

Figure 2, increasing the CsSnI₃ thickness results in a 

pronounced enhancement of the short-circuit current 

density (Jsc) and power conversion efficiency 

(PCE), which increase from 24.86 to 35.05 mA·cm⁻² 
and from 17.7% to 23.36%, respectively, owing to 

improved light absorption. In contrast, the open-

circuit voltage (Voc) exhibits a slight decrease from 

0.914 V to 0.834 V, which is attributed to increased 

bulk recombination in thicker absorber layers. The 

enhancement in Jsc and PCE saturates beyond 

approximately 0.8 μm, indicating diminishing 

performance gains with further thickness increase. 

The fill factor (FF) improves with increasing 

absorber thickness, reaching a maximum value of 

80.44% at 0.6 μm, before slightly declining due to 

enhanced recombination losses and increased 

internal resistance. These results suggest an optimal 

CsSnI₃ thickness of 1.2 μm, yielding a PCE of 

23.36% and an FF of 79.88%, in good agreement 

with previously reported trends for CsSnI₃-based 

solar cells [36-38]. 
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Figure 2. Evolution of Jsc, Voc, FF, and PCE as a function of CsSnI₃ layer thickness 
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Figure 3. Evolution of Jsc, Voc, FF, and PCE as a function of PCBM layer thickness 

 

Figure 3 indicates that the PCBM thickness has a 

relatively minor impact on device performance. An 

optimal PCBM thickness of 0.5 μm results in a PCE 

of 21.82%, while thinner PCBM layers (~0.1 μm) do 

not significantly degrade the photovoltaic  

parameters, in agreement with previous studies [37]. 

  

3.2 Effect of CsSnI₃ and PCBM doping 

concentration 
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Doping is a key strategy for controlling charge 

carrier concentration, electrical conductivity, and 

Fermi level position in solar cell layers. Figures 4 

and 5 present the influence of acceptor (Na) and 

donor (Nd) doping concentrations in the CsSnI₃ 
absorber and PCBM layers, respectively, varied 

from 1014 to 1019 cm-3, while all other parameters 

were kept constant. 

It shoud be noted that the CsSnI₃ absorber layer was 

intentionally doped up to high acceptor 

concentrations (~1019 cm-3) to evaluate the upper 

performance limits associated with strong p-type 

conductivity, which is physically plausible in tin-

based perovskites due to intrinsic self-doping and 

tin-vacancy formation [39,40]. To isolate the effect 

of doping, the defect density was fixed at a low value 

(1012 cm-3), minimizing recombination losses. While 

this represents an idealized scenario, it provides 

insight into the maximum achievable device 

performance, although moderate doping levels may 

be more practical experimentally. 

As shown in Figure 4, Voc and Jsc remain nearly 

unchanged up to 1016 cm-3, followed by a slight 

increase from 0.806 to 0.833 V and from 35.02 to 

35.05 mA cm-2, respectively. In contrast, PCE and 

FF increase more noticeably, rising from 16.9% to 

23.36% and from 59.77% to 79.88%. This 

improvement is attributed to the enhanced internal 

electric field and built-in potential, which promote 

efficient charge separation and extraction. An 

optimal acceptor concentration of 1019 cm-3 is 

identified, offering a favorable balance between 

improved carrier collection and limited 

recombination. 

Figure 5 shows that variations in the donor 

concentration of the PCBM layer have a negligible 

impact on photovoltaic performance. This behavior 

is expected, as transport layers do not participate in 

photogeneration but primarily facilitate selective 

carrier extraction. Once sufficient conductivity and 

energy-level alignment are achieved, further doping 

provides little benefit, particularly for thin layers 

where carrier transport is already efficient [36].  

 

3.3 Effect of CsSnI₃ and PCBM defect densities 

 

Figure 6 shows the evolution of Jsc, Voc, FF, and PCE 

as a function of defect density (Nt) in the CsSnI₃ and 

PCBM layers. 

An increase in CsSnI₃ defect density leads to a 

systematic reduction in device performance. In 

particular, Voc decreases monotonically with 

increasing Nt, indicating enhanced Shockley-Read-

Hall (SRH) recombination via deep trap states in the 

absorber. While Jsc remains nearly unchanged at low 

defect densities, a noticeable decline occurs at higher 

Nt due to reduced carrier diffusion length and 

incomplete charge collection. The FF exhibits an 

initial improvement followed by degradation at high 

defect densities, reflecting the competition between 

improved transport and increased recombination 

losses. Consequently, the PCE decreases 

continuously, confirming that bulk defects in CsSnI₃ 
dominate the recombination dynamics. 

In contrast, the impact of PCBM defect density on 

device performance is comparatively weaker. A 

moderate increase in Nt slightly enhances Voc, which 

can be attributed to improved band bending and 

reduced interfacial recombination at the 

PCBM/CsSnI₃ junction. However, excessive defect 

density degrades Jsc and FF due to trap-assisted 

recombination and reduced electron mobility. 

Overall, the PCE shows only minor variation, 

indicating that the electron transport layer (ETL) is 

more defect-tolerant than the absorber layer. 

These results demonstrate that defect passivation in 

the CsSnI₃ absorber is a key factor for achieving 

high-efficiency, lead-free perovskite solar cells, 

whereas moderate defect densities in the PCBM 

layer can be tolerated without significant efficiency 

loss. 

 

3.4 Effects of Series and Shunt Resistances 
 

Series (RS) and shunt (RSH) resistances critically 

influence photovoltaic device performance by 

governing ohmic losses and leakage currents, 

respectively. Figures 6 and 7 illustrate their effects 

on the solar cell parameters. RS was varied from 1 to 

6 Ω·cm² with RSH fixed at 10² Ω·cm², while RSH 

was varied from 10 to 10⁶ Ω·cm² with RS set to 0 

Ω·cm². All other parameters were kept constant. 

As shown in Figure 7, increasing RS leads to a 

pronounced degradation of device performance. FF 

decreases linearly from 77% to 60% due to enhanced 

ohmic losses, which reduce the maximum 

extractable power. Jsc shows a marginal decrease 

from 31.1581 to 31.1573 mA/cm², reflecting the 

limited impact of RS on current generation. In 

contrast, Voc remains nearly constant at 0.81 V, as it 

is primarily governed by recombination processes 

rather than series resistance [41,42]. Consequently, 

PCE drops from 20.75% to 16.3%. These results 

highlight the necessity of minimizing RS to reduce 

power losses and avoid excessive heat dissipation. 

Figure 8 presents the impact of RSH on device 

performance. With increasing RSH, Jsc remains  



Zineb Ibtissem Gouchida, Yazid Benbouzid, Mostefa Maache, Zehor Allam/ IJCESEN 12-1(2025)1321-1335 

 

1327 

 

1014 1015 1016 1017 1018 1019

0.805

0.810

0.815

0.820

0.825

0.830

0.835

V
o

c
 (

v
o

lt
)

Na  CsSnI3 (cm-3)

 

1014 1015 1016 1017 1018 1019

35.025

35.030

35.035

35.040

35.045

35.050

35.055

J
s

c
(m

A
/c

m
2
)

 Na CsSnI3 (cm-3)

 

1014 1015 1016 1017 1018 1019

60

65

70

75

80

 F
F

 (
%

)

 Na  CsSnI3 (cm-3)

 

1014 1015 1016 1017 1018 1019

16

17

18

19

20

21

22

23

24

P
C

E
 (

%
)

 Na  CsSnI3 (cm-3)

 
Figure 4. Evolution of Jsc, Voc, FF, and PCE as a function of CsSnI₃ layer doping concentration (Na) 
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Figure 5. Evolution of Jsc, Voc, FF, and PCE as a function of PCBM layer doping concentration (Nd) 

 

almost unchanged at ~31.15 mA/cm², confirming 

that photogenerated current is weakly affected by 

leakage pathways. However, significant 

improvements are observed in Voc, FF, and PCE as 

RSH increases, particularly below 10⁴ Ω·cm². Voc 

increases from 0.31 to 0.86 V, while FF and PCE rise 

from 25% to 80% and from 2.5% to 22%, 

respectively. These enhancements result from the 

suppression of leakage currents, which allows better 

charge collection and improved junction  
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Figure 6. Evolution of Jsc, Voc, FF, and PCE as a function of CsSnI3 and PCBM layer defect density (Nt) 
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Figure 7. Effect of Series Resistance (RS) on Jsc, Voc, FF, and PCE with fixed Shunt Resistance (RSH = 

10² Ω·cm²) 

 

potential [32]. Beyond 10⁴ Ω·cm², performance 

parameters tend to saturate. 

Overall, optimal device performance requires low 

series resistance to ensure efficient charge transport 

and high shunt resistance to suppress leakage 

currents and preserve photogenerated carriers. 

 

3.5 Effect of temperature 

 

Figure 9 presents the evolution of Jsc, Voc, FF, and 

PCE as a function of temperature. As temperature 

increases, the open-circuit voltage (Voc) exhibits a 

clear upward trend. This behavior can be attributed 

to enhanced carrier activation and improved band  
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Figure 9. (a) Evolution of Jsc, Voc, FF, and PCE as a function of temperature. (b) Simulated J–V 

characteristic curves at different temperatures 
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bending at the heterointerfaces, which facilitate 

charge separation and extraction under illumination. 

In SCAPS-1D, temperature-dependent carrier 

statistics and reduced interfacial recombination can 

jointly contribute to this increase. The short-circuit 

current density (Jsc) increases moderately with 

temperature, reflecting improved carrier mobility 

and thermally assisted transport across interfaces. 

Enhanced diffusion and reduced transport barriers 

enable more efficient charge collection at elevated 

temperatures. In contrast, the fill factor (FF) 

decreases monotonically with temperature. This 

degradation is primarily associated with increased 

series resistance, higher phonon scattering, and 

enhanced recombination losses, which distort the 

current–voltage characteristics near the maximum 

power point. Despite the FF reduction, the power 

conversion efficiency (PCE) increases with 

temperature, indicating that the combined gains in 

Voc and Jsc outweigh the FF losses within the 

investigated temperature range. This result suggests 

good thermal tolerance of the 

ZnO:Al/PCBM/CsSnI₃/MoO₃ architecture, a 

favorable attribute for practical operating conditions. 

Overall, the device performance is governed by a 

competition between thermally enhanced carrier 

transport and temperature-induced resistive and 

recombination losses. 

 

3.6 Effect of Temperature on Series and Shunt 

Resistances  

 

Understanding the temperature dependence of series 

(RS) and shunt (RSH) resistances is essential for 

evaluating device stability under operating 

conditions. Figure 10 shows that Voc remains nearly 

independent of RS, with a slight increase at higher 

temperatures, likely due to thermally activated 

carriers. In contrast, the FF decreases with 

temperature, indicating increased recombination, 

phonon scattering, and effective resistive losses. 

Although the PCE decreases with temperature, 

higher temperatures yield slightly higher PCE at a 

fixed RS, suggesting improved material conductivity 

partially compensates resistive losses. The Jsc 

increases marginally with temperature, consistent 

with thermally assisted carrier transport and bandgap 

narrowing. 

Figure 11 illustrates the effect of RSH on device 

performance. Jsc remains nearly constant, while Voc 

and PCE improve significantly with increasing RSH, 

particularly at elevated temperatures. High RSH 

suppresses leakage currents, enabling higher 

voltages and efficiencies. FF increases with RSH at 

low temperatures but slightly degrades at high 

temperatures due to competing resistive and 

transport losses. Maximum efficiencies of ~23.5% 

are achieved for RSH > 10⁴ Ω·cm². 

Overall, CsSnI₃-based devices exhibit good thermal 

robustness, maintaining competitive performance at 

elevated temperatures. However, minimizing RS and 

maximizing RSH through optimized contacts, 

interface engineering, and encapsulation remain 

crucial to mitigating thermal degradation and 

ensuring long-term operational stability [32,43-46]. 

Table 2 presents a comparison of the photovoltaic 

parameters of CsSnI₃-based solar cells obtained 

from recent experimental studies and simulation and 

of the optimized device simulated in this work.  

 As shown in Table 2, experimentally reported 

power conversion efficiencies for single-junction 

CsSnI₃ devices typically range from 7 % to 

approximately 23 %, depending on interface 

engineering, charge transport layers, and defect 

passivation strategies [47,48,49]. 

Higher efficiencies exceeding 25 % are mainly 

associated with simulation studies or idealized 

device configurations, where assumptions such as 

low bulk and interfacial defect densities, ideal 

energy-level alignment, and ohmic contacts are 

employed. In contrast, practical devices are limited 

by Sn²⁺ oxidation, interfacial recombination, and 

contact resistance, which lead to reduced open-

circuit voltage, fill factor, and overall efficiency 

[50]. 

Therefore, the simulation results reported in this 

work should be regarded as theoretical upper-limit 

performance, illustrating the potential efficiency 

enhancement achievable through effective defect 

passivation and optimized interface design, rather 

than as directly attainable experimental values. The 

good agreement between simulated trends and 

experimentally reported data confirms the physical 

validity of the model while maintaining a realistic 

interpretation of device performance. 

The optimized solar cell achieved a power 

conversion efficiency of 25.39%, with Voc = 0.9743 

V, Jsc = 35.05 mA·cm-2, and FF = 74.34%, values 

that are comparable to or exceed those reported in 

recent literature (Table 2). The corresponding 

current-voltage (J-V) characteristics and external 

quantum efficiency (QE) spectra as a function of 

wavelength (λ) for the optimized device are 

presented in Figure 12, demonstrating efficient light 

absorption across the visible spectrum and effective 

charge extraction, consistent with the observed 

improvements in photovoltaic performance. 
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Figure 10. Effect of temperature on Series Resistance RS and overall performance parameters of 

studied CsSnI₃ Solar Cell 
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Figure 11. Effect of temperature on Shunt Resistance RSH and overall performance parameters of studied 

CsSnI₃ Solar Cell  
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Table 2. Comparison of photovoltaic parameters of CsSnI₃-based solar cells reported in the literature and the 

optimized device simulated in this work 
Device architecture Voc (V) Jsc (mA.cm-2) FF(%) PCE(%) Ref. 

FTO /PEDOT:PSS/CsSnI3 1.143 24.25 72.1 20.96 [51] (exp.) 

FTO /PEDOT:PSS/TSBCNT-CsSnI3 1.174 24.90 79.5 23.34 [51] (exp.) 

FTO/TIO2/P3HT/CsSnI3(MBAA) 0,45 24.85 67 7.5 [52] (exp.) 

ITO/PEDOT:PSS/CsSnI3/ICBA/BCP/Ag 0.77 22.68 69 12.05 [53] (exp.) 

ITO/PCBM/CsSnI3/CFTS/Se 1.141 15.10 58.50 24.73 [54] (Sim.) 

ITO/ZnSe/CsPbI3/ CsSnI3 2.245 14.673 89.20 29.38 [55] (Sim.) 

Top_MXene electrode / CsSnI3-

xBrx/bottom_MXene electrode 

1.20 28.7 85 29.3 [56] (Sim.) 

ZnO:Al/PCBM/CsSnI₃/MoO₃ 0.9743 35.052 74.34 25.39 Our work (Sim.) 
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Figure 12. Current density-voltage (J-V) characteristics and external quantum efficiency (QE) as a function 

of wavelength (λ) for the optimized CsSnI₃ solar cell 

 

4. Conclusions 

 
The photovoltaic performance of 

ZnO:Al/PCBM/CsSnI₃/MoO₃ solar cells was 

numerically optimized using SCAPS-1D. The study 

demonstrates that the CsSnI₃ absorber layer governs 

device efficiency through its thickness, doping level, 

and defect density. Increasing absorber thickness 

enhances light absorption and current density, with 

efficiency saturation beyond ~1 μm due to 

recombination. High p-type doping improves the fill 

factor and power conversion efficiency by 

strengthening the built-in electric field, whereas 

PCBM properties have a minor influence. Defect 

density in CsSnI₃ is identified as the primary 

recombination source, highlighting the critical role 

of bulk and interface defect passivation. Device 

performance is highly sensitive to series and shunt 

resistances, emphasizing the importance of contact 

optimization. Temperature-dependent analysis 

indicates good thermal tolerance of the proposed 

architecture. An optimized efficiency of 25.39% is 

achieved under idealized conditions, consistent with 

recent simulation studies. Although experimental 

performance remains limited by tin oxidation and 

contact losses, the results provide practical design 

guidelines for advancing high-efficiency, lead-free 

CsSnI₃-based perovskite solar cells. 
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