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Abstract 

Solar cells consisting of perovskites materials have shown great interest because of their low cost and high -power conversion 
efficiency (PCE). But still there are some issues such as limited absorption, hysteresis and device instability. In the prese nt work 
we have simulated the formamidinium lead tri-iodide (FAPbI3) based perovskite solar cell and the effect of incorporation of SnO2 
Electron transport layer (ETL) on the power conversion efficiency of solar cell has been investigated. The device without SnO 2 

layer shows low efficiency of 21.71 % at 267 Kelvin. But after incorporation of ETL, the device obtained a PCE of 24 % at 267 
Kelvin. The effect of thickness of hole transport layer (HTL), ETL and doping density on the PCE has been analysed using Solar 
cell capacitance simulator (SCAPS-1D) software tool. This study shows that FAPbI3 may be a promising material for enhancing 
the PCE of perovskite solar cells (PSCs).  

 
Keywords- SnO2, SCAPS-1D, PCE, Perovskite solar cells, Numerical simulation. 
 
 

 

1. Introduction 
Every day, the mother earth receives an immense amount of solar energy, making sunlight as one of the 

most abundant and sustainable energy sources. Solar energy is very economical, renewable and also 

available in abundant and it can be stored in large storage system like batteries, artificial dams etc (Xie et 

al., 2023), but there is lot of scope for further development and improvement in material science and the 
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research is going on all over the world to increase the efficiency of conversion by 30-40% (Chen et al., 

2018; Hosen et al., 2023; ElKhamisy et al., 2024; Sikder et al., 2024; Uddin et al., 2024). At present 

silicon based solar cells are being used that have achieved 25% of PCE and are commercialised at large 

scale (Andreani et al., 2019). However, silicon-based solar cells suffer from several limitations, including 

strong dependence on operating conditions, bulky module size, high installation cost and of course lot of 

carbon emission (pollution) during purification of silicon. These challenges have motivated researchers to 

tackle problems on next-generation photovoltaic technologies (Kojima et al., 2009). 

 

First generation solar cells were discovered in 1954 by Bell Labs for commercial production, but due to 

high cost and rigidity (Chen et al., 2022) these were failed and other type of second generation solar cells 

were developed. The main challenge with second generation cells was lower efficiency, and shorter life 

span (Tsarev et al., 2023). Hence to overcome all these problems, third-generation solar cells especially 

perovskite solar cells (PSCs) have emerged as an alternative to first and second generation cells. The first 

report on PSCs demonstrated a modest PCE of 3.8%; however, rapid advancements have increased 

efficiencies to over 20.5% within ten years (Yin et al., 2014; Bertoluzzi & Bisquert, 2017; Ravishankar et 

al., 2019; Gabriela et al., 2022). Perovskite materials, characterized by the ABX₃ crystal structure, offer 

several advantages such as low-cost fabrication, lightweight architecture, excellent compatibility with 

flexible substrates, and outstanding optoelectronic properties like high absorption coefficients, tunable 

bandgap, long charge carriers diffusion length and high charge carriers mobility (Guerrero et al., 2021; 

Hernández-Balaguera & Bisquert, 2022; Huo et al., 2022; Xia et al., 2022). In PSCs devices, the 

perovskite layer acts as the light absorber, where photon absorption generates electron hole pairs that are 

selectively extracted by the electron transport layer (ETL) and hole transport layer (HTL), respectively 

(Liu et al., 2017). However, simulation studies have provided the better insight about the system as a 

whole without wasting any resource and time. To optimise the performance while reducing fabrication 

cost and time, solar cell modelling and simulation tools have gained significant importance. 

 

There are many simulation software available in market like PVsyst, Aurora Solar, Silvaco Atlas and 

Solar Capacitance Simulator (SCAPS-1D). We have used SCAPS-1D software as it is a open source and 

capability of driving different parameters like electrical simulation, material and layer definition, defect 

modelling, temperature and illumination control. It has simplest interface & no programming is required. 

In recent years, one-dimensional solar cell simulation software such as SCAPS-1D has been extensively 

employed to analyse charge transport, recombination mechanisms, and overall solar cell performance in 

various photovoltaic architectures (Salgado-Conrado et al., 2024). Efficient charge extraction and 

transport are critical for enhancing PSCs performance. The photogenerated charge carriers must be 

transported to the electrodes with minimal losses. Therefore, the selection of suitable charge transport 

layer (CTL) plays a decisive role in determining solar cell efficiency and stability (Schulz, 2018).  Other 

organic CTLs such as PEDOT: PSS, P3HT, and spiro-OMeTAD offer advantages including low-

temperature solution processing and mechanical flexibility. However, their practical application is limited 

by chemical instability, low charge carrier mobility, and high production costs (Yoo et al., 2019). In 

contrast, inorganic metal oxide-based CTLs have attracted considerable attention due to their low cost, 

controlled synthesis, high carrier mobility, excellent chemical stability, and tuneable optoelectronic 

properties (Mahapatra & Lee, 2022). The use of metal oxide ETLs and HTLs has been shown to 

significantly enhance both PCE and Solar Cell stability, while also suppressing perovskite degradation at 

the interfaces (Kim et al., 2012; Wang & Kumar, 2022; Wang et al., 2022a; Wang et al., 2022b). Hybrid 

perovskite solar cells exhibit remarkable properties such as wide band gaps, high absorption coefficients, 

low exciton binding energies, reduced surface recombination, high charge carrier mobility, and long 

diffusion lengths, enabling power conversion efficiencies exceeding 25%. These attributes position PSCs 

among the most promising photovoltaic technologies available today. Since the pioneering work by 
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Kojima in 2009 using iodide- and bromide-based perovskites, which achieved a PCE of 3.81%, 

significant milestones have been reached. The efficiency increased to 6.54% in 2011, 16.2% in 2013, and 

19.3% following TiO₂ layer optimization (Kojima et al., 2009). Subsequent advancements led to 

efficiencies exceeding 20% by 2017, and 23% by 2019 using methylammonium lead triiodide (MAPbI₃). 

Despite these achievements, PSC efficiencies remain below the Shockley–Queisser theoretical limit of 

approximately 31.4% (Shockley & Queisser, 1961). Although MAPbI₃-based PSCs have demonstrated 

high efficiency, concerns regarding moisture sensitivity and long-term stability persist (Moyez & Roy, 

2018; Jamal et al., 2019; Jena et al., 2019; Rai et al., 2020; Kanoun et al., 2021). Formamidinium lead 

triiodide (FAPbI₃) has emerged as a more thermally stable alternative, with a favourable band gap of 1.51 

eV that enables improved solar spectrum absorption (Eperon et al., 2014; Wozny et al., 2015; Han et al., 

2016; Pandey & Chaujar, 2017; Wang et al., 2024).  

 

Hossain et al. (2025) have recently used FAPbI3 as an absorbing layer with Spiro-OMeTAD as HTL and 

sulfur-doped tin oxide (STO) as the ETL and simulated the structure using SCAPS-1D and obtained a 

PCE of 22.58 %. Chen et al. (2024) have used alpha phase FAPbI3 with Spiro-OMeTAD and SnO2 as HTL 

and ETL respectively and obtained a PCE of 22.4% experimentally. 

 

Among HTLs, spiro-OMeTAD is widely used; however, its reliance on additives such as Li-TFSI 

(Lithium bis (trifluoromethanesulfonyl)imide) and TBP (4-tert-Butylpyridine) introduces stability issues, 

including perovskite degradation and increased solar cell corrosion (Wang et al., 2016). Similarly, 

PEDOT: PSS suffers from acidic corrosion and limited durability. These limitations have driven the 

search for efficient, stable, and low-cost inorganic HTL alternatives (Haider et al., 2018). On the electron 

transport side, numerous n-type metal oxides including TiO₂, ZnO, Zn₂SnO₄, WO₃, In₂O₃, SrTiO₃, Nb₂O₅, 

CeOₓ, SnO₂, and BaSnO3 (Kim et al., 2013; Hao et al., 2014; Son et al., 2014; Chen et al., 2017; Yang et 

al., 2017; National Renewable Energy Laboratory, 2018; Ishchenko et al., 2021) have been explored and 

among them TiO₂ despite widely used suffers from low electron mobility, UV-induced instability, and the 

need of high-temperature processing. ZnO enables low-temperature fabrication but exhibits surface 

hydroxyl groups that degrade perovskite layers. 

 

Among these materials, SnO₂ has emerged as a highly promising ETL due to its superior optical 

transparency, favourable band alignment, high electron mobility, reduced UV absorption, low 

hygroscopicity, and excellent chemical stability (Jiang et al., 2017). Additionally, low-temperature-

processed SnO₂ offers cost-effective fabrication and enhanced Solar Cell longevity, making it an ideal 

candidate for high-performance and stable perovskite solar cells. The high electron mobility, high optical 

transmittance, low temperature processing capability, and appropriate energy level alignment with 

perovskite absorber, Tin Oxide (SnO2) has emerged as a promising material for PV technology (Xiong et 

al., 2018). 

 

In the present work, we have explored the FAPbI3 layer by varying absorber layer thickness, temperature 

and doping concentration in the device with and without SnO2 ETL and parameters are optimized for 

better power conversion efficiency.  

 

2. Device Structure and Simulation 
The solar cell capacitance simulator software SCAPS (Ver.3.3.10) under solar spectrum AM1.5G 

(100mW/cm2) at 300 K has been used to measure output parameters of the perovskite solar cell. It is a 1D 

optoelectrical simulator tool which can simulate 7 layers at a time. The working principle of SCAPS-1D 

is based on Continuity & Poisson equations (Minemoto & Murata, 2014; Abdelaziz et al., 2019). The 

simulated p-i-n structure is composed of FTO/NiOx/FAPbI3/C60/SnO2/Au material layers.  
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Figure 1. Schematic of FAPbI3 based PSC structure used for simulation. 
 

 

The structure of the PSC employed in the initial simulation process as illustrated (Figure 1), which 

comprise of FTO-Coated glass, NiOx as hole transport layer (HTL), FAPbI3 as light absorbing material, 

C60 and SnO2 both as electron transport layer (ETL) and Au for the electrode. The basic material 

properties are extracted from various theoretical and experimental results which are listed in Table 1. The 

work function of FTO and back electrode Au is taken as 4.04 eV and 5.9 eV respectively (Noman et al., 

2023). 

 
Table 1. Physical properties of materials used in initial simulations. 

 

Material properties FTO NiOX FAPbI3 C60 SnO2 

Thickness (nm) 500 80 550 50 100 

Band gap (eV) 3.2 3.75 1.51 1.7 3.6 

e- affinity (eV) 4.4 2.1 4 3.9 4 

Permittivity 9 10.7 6.6 4.2 9 

CB effective density of state (cm -3) 2 x 1018 2.80 x 1019 1.20 x 1019 8 x 1019 2.20 x 1018 

VB effective density of state (cm -3) 1.8 x 1019 1.80 x 1019 2.9 x 1013 8 x 1019 1.80 x 1019 

Mobility of electron (µe) cm2/Vs 20 12 2.7 8 X 10-2 240 

Mobility of holes (µh) cm2/Vs 1 x 106 2.8 1.8 3.5 x 10-3 220 

Density of n-type doping 10 13 0 1.90 X 1015 1 x 1017 1 x 1019 

Density of p-type doping - 1 x 1015 1.90 X 1015 0 0 

Density of defects 10 8 1 x 1015 1 X 1015 1 X 1015 1 X 1015 

References 

Azadinia et al. 

(2021), Raj et 

al. (2021) 

Haider et al. 

(2018) 

Noman et al. 

(2023) 

Noman et al. 

(2023) 

Fatima et al. 

(2023) 

 
 

3. Results and Discussion 
The primary focus of this work is to investigate the effect of ETL on the performance of FAPbI3 solar cell. 

In this regard, the thickness of absorber, ETL and HTL layer is varied and optimized. The device is also 

simulated under the effect of temperature from 267 Kelvin to 400 Kelvin and results are optimized. 

 
From Figure 2, the higher value of (a) JV and (b) EQE shows that role of SnO2 ETL in the device is 

significant. The device with SnO2 ETL achieved a PCE of 22.27% and EQE of more than 98% at lower 

wavelength region (300-600nm) while the device without SnO2 ETL obtained a PCE of 20.22% and EQE 

of 78%. At lower wavelength region without SnO2 ETL the EQE decreases due to more front surface 

recombination and thermalization losses. After incorporation of SnO2 ETL, ultrafast charge transfer is 

taking place and JV and EQE both are increased. However, researchers have used other perovskites also 
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with SnO2 ETL. Jiang et al. (2017) have used SnO2 ETL with HC(NH2) PbI3 based perovskite solar cell 

and reported a PCE of 19.9%. 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

Figure 2. Comparison of (a) JV characteristics and (b) EQE for the devices with and without SnO2 ETL. 
 
 

3.1 Effect of Absorber Layer Thickness  
The perovskite layer which generates charge carriers by absorbing light is critical to solar cell 

performance. The photovoltaic properties of PSCs are greatly influenced by absorber thickness. The 

absorber layer thickness determines its quality such as film morphology, which directly influences 

photogenerated carrier lifetime and diffusion length. To study the significance of absorber layer thickness 

on PSC performance, the thickness was varied from 200nm-1200nm. 

 

The variation of photovoltaic parameter with thickness of absorber layer is illustrated in the Figure 3. It 

can be seen that as we start increasing the thickness, the short circuit current density (Jsc) of the cell with  

and without SnO2 electron transport layer (ETL) increases and both the curves exhibit same trend (Figure 

3(a)). Solar cell with SnO2 reaches a maximum Jsc of 27.5 mA/cm2 compared to without SnO2 of 

25.08mA/cm2. The gap between the two curves widens at lower thicknesses and remains significant as 

thickness increases. The increase in short-circuit current density Jsc for the SnO2 based device can be 

attributed to more efficient photogenerated electron collection at the perovskite/electron transport layer 

interface. The conduction band position of SnO2 is well aligned with that of the perovskite absorber, 

which promotes rapid electron transfer while simultaneously acting as a barrier to hole backflow, thereby 

limiting interfacial recombination. Furthermore, the relatively high electron mobility and low density of 

trap states in SnO₂ support improved carrier transport toward the electrode. The effect becomes 

particularly significant in thinner absorber layers, where recombination losses are more dominant, making 

efficient interfacial charge extraction essential for sustaining higher photocurrent. 

 

The Figure 3(b) illustrates that the open-circuit voltage (Voc) depends on absorber thickness. At small 

thicknesses (around 250–300nm), both architectures deliver their highest  Voc values, close to 1.10 V, and 

the SnO₂-based solar cell shows a slight but systematic voltage enhancement relative to the one without 

SnO₂. As the thickness is increased up to 1200 nm, Voc steadily declines for both structures by several tens 

of millivolts, yet the SnO₂ solar cell consistently retains a small voltage lead across the entire range. 

Thicker absorber layers increase the path length for carrier transport and expose carriers to more bulk 

defects, which strengthens non-radiative recombination and reduces the quasi-Fermi-level splitting, 

leading to the observed drop in Voc with thickness. The persistent voltage gain in the presence of SnO₂ 
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implies that this layer improves electron extraction and suppresses interfacial recombination —likely 

through more favourable band alignment or partial passivation of interface traps—so that the negative 

impact of thickness-induced recombination is somewhat mitigated. 

 

The Figure 3(c) shows that fill factor (FF) decreases with increasing absorber thickness for both solar cell 

types, and that solar cell with the SnO₂ layer exhibit a stronger degradation in  FF at larger thicknesses 

than solar cell without SnO₂. At low thickness (200-400 nm), both solar cells reach similar maximum FF 

values around 83–84%, indicating that when the absorber is relatively thin, series resistance and 

recombination are comparatively low and the influence of SnO₂ on FF is minimal. As thickness increases 

beyond 400 nm, the FF of the SnO₂‐containing Solar Cell drops more steeply (from 83% to 77% at 1200 

nm), whereas the FF of the solar cell without SnO₂ decreases slightly (staying above 82%). Increasing 

thickness enhances optical absorption but also increases bulk and interfacial recombination due to longer 

carrier transport paths and possible defect accumulation in the perovskite bulk. This leads to higher series 

resistance and lower FF for both the architectures. The effect of FAPbI3 absorber layer thickness on output 

parameters is given in Table 2. 

 

 

 

 

 

 

 
 
 

 
 
 

 
 
 

 
 
 
 
 
 

 
 

 
 

Figure 3. Variation of (a) Jsc, (b) VOC, (c) FF and (d) PCE with the change of absorber layer thickness. 
 
 

Table 2. Effect of FAPbI3 absorber thickness variation on output parameters. 
 

Device structure Thickness (nm) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

With SnO2 
200 

1.10 19.29 83.71 17.69 

Without SnO2 1.09 17.36 82.24 15.57 

With SnO2 
311 

1.08 22.54 83.71 20.33 

Without SnO2 1.07 20.27 83.30 18.11 
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Table 2 continued… 
 

With SnO2 
422 

1.06 24.42 83.34 21.63 

Without SnO2 1.06 22.00 83.45 19.43 

With SnO2 
533 

1.05 25.54 82.74 22.22 

Without SnO2 1.05 23.06 83.45 20.15 

With SnO2 
644 

1.04 26.25 82.00 22.43 

Without SnO2 1.04 23.75 83.27 20.52 

With SnO2 
755 

1.03 26.72 81.24 22.44 

Without SnO2 1.03 24.22 83.15 20.73 

With SnO2 
866 

1.03 27.03 80.32 22.29 

Without SnO2 1.02 24.54 82.93 20.81 

With SnO2 
977 

1.02 27.25 79.38 22.08 

Without SnO2 1.02 24.78 82.77 20.85 

With SnO2 
1089 

1.01 27.40 78.34 21.79 

Without SnO2 1.01 24.95 82.63 20.85 

With SnO2 
1200 

1.01 27.51 77.28 21.47 

Without SnO2 1.01 25.08 82.47 20.82 

 
 

3.2 Effect of Temperature on the Device 
The temperature-dependent photovoltaic parameters of the perovskite solar cell, with and without the 

incorporation of SnO₂ interfacial layer, are presented in Figure 4 (a-d). As shown in Figure 4(a), the 

short-circuit current density (Jsc) remains nearly temperature-independent for both devices, indicating 

stable photogeneration across the investigated temperature range. Notably, the device incorporating SnO₂ 

consistently exhibits a higher Jsc, attributed to improved electron extraction and reduced interfacial 

recombination losses at the ETL/perovskite interface. As the temperature (T) increases Voc is mostly 

affected and the relation of temperature and Voc is given in Equation (1). 

                                                                                                                 (1) 
 

Temperature dependent saturation current (Jo) also rises exponentially with T and Voc decreases but the 

effect of temperature on Jsc is very less as shown in Figure 4(a) and can be seen from the Equation (2) 

also. When the temperature increases, bandgap decreases and photons having less energy contribute in 

generation of e-h pairs but this effect is very small and Jsc is mostly independent on temperature. 

Jsc (T) = Jsc (Tref) [1+ µ1sc (T-Tref)]                                                                                                               (2) 

 

where, µ1sc is temperature coefficient of short circuit current  (Pindado & Cubas, 2017; Honsberg & 

Bowden, 2019). 

 

Figure 4(b) illustrates a monotonic decrease in open-circuit voltage (Voc) with increasing temperature, 

consistent with enhanced non-radiative recombination and reduced quasi-Fermi level splitting at elevated 

temperatures. The SnO₂ based device maintains a slightly higher Voc across the entire temperature range, 

reflecting effective suppression of recombination and improved band alignment. 

 

As depicted in Figure 4(c), the fill factor (FF) decreases with temperature due to increased carrier 

scattering and series resistance. However, the device without SnO₂ shows marginally higher FF values, 

which may be associated with differences in interfacial resistance or charge transport balance under 

thermal stress. Consequently, the power conversion efficiency (PCE) as shown in Figure 4(d) declines 

with increasing temperature for both configurations, driven primarily by reductions in Voc and FF. Despite 

this trend, the SnO2 based device consistently delivers higher PCE, demonstrating superior thermal 

stability and highlighting the critical role of SnO2 in enhancing charge extraction and mitigating 
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temperature-induced performance degradation. The data on effect of temperature on solar cell output 

parameters with and without SnO2 ETL is given in Table 3. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. Variation of (a) Jsc, (b) Voc, (c) FF and (d) PCE with solar cell working temperature. 
 
 

Table 3. Effect of temperature on solar cell parameters with and without SnO2 ETL. 
 

Device structure Temperature (Kelvin) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

With SnO2 
267 

1.10 26.47 82.61 24.06 

Without SnO2 1.11 23.18 84.64 21.71 

With SnO2 
281 

1.07 26.46 82.41 23.40 

Without SnO2 1.08 23.18 84.19 21.07 

With SnO2 
296 

1.04 26.46 81.84 22.63 

Without SnO2 1.05 23.18 83.58 20.39 

With SnO2 
311 

1.02 26.46 81.19 21.85 

Without SnO2 1.02 23.18 82.84 19.68 

With SnO2 
326 

0.99 26.46 80.41 21.04 

Without SnO2 1.00 23.18 81.97 18.94 

With SnO2 
340 

0.96 26.46 79.61 20.23 

Without SnO2 0.97 23.18 81.12 18.22 

With SnO2 
355 

0.93 26.45 78.72 19.41 

Without SnO2 0.94 23.18 80.15 17.48 

With SnO2 
370 

0.90 26.45 77.83 18.59 

Without SnO2 0.91 23.18 79.22 16.75 

With SnO2 
385 

0.87 26.45 76.85 17.77 

Without SnO2 0.88 23.18 78.18 16.01 

With SnO2 
400 

0.84 26.44 75.86 16.95 

Without SnO2 0.85 23.18 77.16 15.29 
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3.3 Effect of Perovskite Absorber Layer Doping Density 
Figure 5(a) illustrates the variation of the short-circuit current density (Jsc) as a function of donor doping 

density in the absorber layer. To analyse the effect of perovskite absorber layer, solar cell structure was 

simulated in the concentration ranging from 1010 – 1020 /cm3. Figure 5(a) shows that Jsc is higher with 

SnO2 and it starts to decrease beyond 1018/cm3. Similar trend was observed for the device without SnO2 

ETL and Jsc is low compared to the device with SnO2. 

 

Figure 5(b) presents the dependence of open-circuit voltage (Voc) on donor doping density for the 

simulated perovskite solar cell structures. The donor concentration is varied over several orders of 

magnitude to investigate its influence on the internal electric field, recombination dynamics, and overall 

solar cell performance. At low donor doping densities (1010-1014 cm-³), Voc remains relatively low and 

nearly constant. In this regime, the weak built-in electric field limits effective charge separation, leading 

to increased bulk and interfacial recombination. As a consequence, the quasi-Fermi level splitting within 

the absorber layer is insufficient to produce higher Voc values. As the donor doping density increases to a 

moderate range (1014-1019 cm-³), a noticeable improvement in Voc is observed. This enhancement is 

primarily attributed to the strengthening of the built -in potential across the junction, which promotes 

efficient charge separation and suppresses recombination losses. The increased donor concentration 

improves energy level alignment at the ETL/perovskite interface, resulting in enhanced electron 

extraction and a higher quasi-Fermi level splitting. 

 

Figure 5(c) presents the dependence of the fill factor (FF) on donor doping density for the simulated 

perovskite solar cell over a broad doping range (1010-1020 /cm³). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5. Variation of (a) Jsc, (b) Voc, (c) FF and (d) PCE with perovskite layer donor doping density. 
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Similarly Figure 5(d) shows that the effect of variation of donor doping density on PCE. Except Voc, all 

the parameters such as Jsc, FF and PCE start to decrease beyond 1016 /cm3. This shows that 

photogenerated charge carrier’s generation rate does not vary with doping concentration beyond a limit.  

The data on effect of perovskite layer donor doping density on solar cell output parameters is given in 

Table 4. 
 

Table 4. Effect of perovskite layer donor doping density on solar cell output parameters . 
 

Device structure Doping density(cm-3) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

With SnO2 
1.9 x 1010 

1.06 25.65 82.22 22.29 

Without SnO2 1.05 23.28 83.85 20.58 

With SnO2 
2.45 x 1011 

1.06 25.65 82.22 22.29 

Without SnO2 1.05 23.28 83.85 20.58 

With SnO2 
3.16 x 1012 

1.06 25.65 82.22 22.29 

Without SnO2 1.05 23.28 83.85 20.58 

With SnO2 
4.03 x 1013 

1.06 25.65 82.17 22.27 

Without SnO2 1.05 23.28 83.85 20.57 

With SnO2 
5.29 x 1014 

1.05 25.66 82.29 22.26 

Without SnO2 1.05 23.25 83.69 20.45 

With SnO2 
6.83 x 1015 

1.07 25.64 83.80 23.05 

Without SnO2 1.07 23.11 85.77 21.17 

With SnO2 
8.82 x 1016 

1.14 24.19 70.86 19.56 

Without SnO2 1.14 22.95 72.31 18.87 

With SnO2 
1.14 x 1018 

1.22 20.76 22.34 5.65 

Without SnO2 1.21 20.04 20.81 5.04 

With SnO2 
1.47 x 1019 

1.58 2.26 29.86 1.06 

Without SnO2 1.49 1.61 30.96 0.74 

With SnO2 
1.90 x 1020 

2.96 0.70 30.05 0.62 

Without SnO2 2.47 0.32 35.74 0.28 

 

 

3.4 Effect of ETL and HTL Thickness Variation 
The variation in ETL and HTL thickness for our simulated structure has been analysed in detail by 

observing their effect on the device output characteristics. Thickness of ETL and HTL is changed from 50 

nm to 500 nm. The effect of ETL and HTL thickness variation on the device output characteristics are 

shown in Figure 6, Table 5 and Table 6 respectively. 

 

The ETL and HTL thickness is varied from 50nm to 500nm and it has been observed that there is a slight 

change in output parameters such as Voc, Jsc, FF and PCE. When the ETL is thin Jsc drops due to more 

recombination. If ETL is thick, the Voc and FF decrease due to high series resistance and enhanced charge 

accumulation and higher recombination at the ETL/absorber interface. On the other hand HTL does not 

absorb light and only supports to transfer of holes to the electrodes. However, at higher thickness of HTL 

output parameters decreases due to higher series resistance and limited mobility. 

 
Table 5. Effect of ETL thickness variation on output characteristics. 

 

Thickness(nm) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

50 1 25 82.6 20.65 

80 1.01 25.67 82.65 21.42 

100 1.05 25.66 82.7 22.28 

150 1 25.6 82.1 21.01 

200 0.95 25.4 82 19.78 

250 0.92 25 82 18.86 

300 0.91 24.6 81 18.13 

350 0.9 24 82 17.71 

400 0.89 23.8 82 17.36 

500 0.85 23 81 15.83 
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Table 6. Effect of HTL thickness variation on output characteristics. 
 

Thickness (nm) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

50 1.04 25.69 82 21.9 

80 1.05 25.67 82.5 22.23 

100 1.04 25.62 82.5 21.98 

150 1.04 25.61 82 21.84 

200 1.03 25.6 81.45 21.47 

250 1.02 25.55 81.4 21.21 

300 1.02 25 80 20.4 

350 1.02 24.7 79.8 20.1 

400 1.01 24.2 79 19.3 

500 1 24 78 18.72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6. Influence of HTL and ETL thickness on device output characteristics (a) Voc (b) Jsc (c) FF (d) PCE. 
 
 

3.5 Effect of doping in ETL and HTL 
We have varied the doping concentration in the device for shallow donor density from 1012 to 1022 /cm3 

and shallow acceptor density from 1010 to 1020 /cm3 to investigate the doping effect of CTL (ETL & HTL) 

on the performance of perovskite solar cell. Figure 7 (ETL) and Figure 8 (HTL) explains the effect of 

CTL doping on device output parameters. The data on effect of doping in ETL and HTL on output 

parameters is given in Table 7 and Table 8 respectively.  

 

The ETL doping concentration strongly influences the photovoltaic performance of perovskite solar cells. 

Increasing the doping level enhances ETL conductivity, leading to improved electron extraction and 

reduced interfacial recombination, which collectively increase the short-circuit current density (Jsc), open-
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circuit voltage (Voc), and fill factor (FF). These parameters improve progressively with doping and reach 

optimal values in the range of 10¹⁸-10¹⁹ /cm³, where charge transport is efficient and resistive losses are 

minimized. Beyond this range, performance gains saturate due to potential over-doping effects, such as 

increased recombination and transport imbalance. Consequently, the power conversion efficiency peaks at 

22.28% near 10¹⁹ /cm³, identifying ETL doping optimization as a critical strategy for enhancing charge 

transport and overall device efficiency. 

 
Table 7. Effect of doping in ETL on output parameters. 

 

Shallow donor density[1/cm3] Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

1.00 x 1012 1.05 25.66 82.46 22.21 

1.29 x 1013 1.05 25.66 82.62 22.26 

1.67 x 1014 1.05 25.66 82.64 22.27 

2.15 x 1015 1.05 25.66 82.64 22.27 

2.78 x 1016 1.05 25.67 82.64 22.27 

3.59 x 1017 1.05 25.67 82.65 22.28 

4.64 x 1018 1.05 25.68 82.65 22.28 

6.00 x 1019 1.05 25.68 82.65 22.28 

7.74 x 1020 1.05 25.68 82.65 22.28 

1.00 x 1022 1.05 25.66 82.62 22.25 

 

 

 

Figure 7. Influence of ETL doping on device output characteristics (a) J sc (b) Voc (c) FF (d) PCE. 
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Table 8. Effect of doping in HTL on output parameters. 
 

Shallow acceptor density[1/cm³] Voc (V) Jsc (mA/cm2) FF (%) PCE (%) 

1.00 x 1010 1.04 25.66 70.52 18.85 

1.29 x 1011 1.04 25.66 76.04 20.39 

1.67 x 1012 1.05 25.67 80.19 21.56 

2.15 x 1013 1.05 25.67 81.92 22.06 

2.78 x 1014 1.05 25.67 82.52 22.24 

3.59 x 1015 1.05 25.67 82.74 22.31 

4.64 x 1016 1.05 25.67 82.89 22.36 

6.00 x 1017 1.05 25.67 82.94 22.38 

7.74 x 1018 1.05 25.67 82.95 22.39 

1.00 x 1020 1.05 25.65 82.94 22.35 

 

 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 

 

Figure 8. Influence of HTL doping on device output characteristics (a) J sc (b) Voc (c) FF (d) PCE. 

 
 

The device performance of FAPbI₃-based perovskite solar cells exhibits a strong dependence on the hole 

transport layer doping concentration. Controlled HTL doping enhances hole mobility and interfacial 

charge extraction, resulting in reduced recombination losses and concurrent improvement in current 

density, open-circuit voltage, and fill factor. However, excessive doping introduces additional 

recombination pathways and transport limitations, leading to performance degradation. An optimal 

doping level of approximately 1018 cm⁻³ delivers the highest power conversion efficiency of 22.39%, 

confirming HTL doping optimization as a critical factor for achieving high-efficiency perovskite devices. 
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4. Conclusion 
This work highlights the effectiveness of SnO₂ as an electron transport layer (ETL) in perovskite solar 

cells. The integration of SnO₂ provides several key benefits, including high electron mobility, excellent 

optical transparency, and favourable band alignment with perovskite absorbers. These properties enable 

efficient charge extraction, reduced recombination losses, and improved solar cell stability compared to 

conventional ETLs. The simulated device at 267 Kelvin obtained a maximum PCE of 24% and 21.71% 

with and without SnO2 ETL respectively. Additionally, the low-temperature processability of SnO₂ makes 

it suitable for flexible and large-area photovoltaic applications, supporting the scalability of perovskite 

solar cell technology. Overall, the findings confirm that SnO₂-based ETLs play a pivotal role in enhancing 

both the performance and durability of perovskite solar cells.  
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