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ABSTRACT:  Halide perovskite materials, particularly lead-based CH3NH3PbI3, have 

garnered significant attention in the PV industry for their exceptional efficiency in solar cell 

applications. However, due to the toxicity of lead, research interest has shifted toward Sn-

based alternatives. This study explores a lead-free Sn-based perovskite solar cell (PSC) with 

the structure ITO/TiO2/CH3NH3SnI3/CBTS/Ni, where CH3NH3SnI3 (MASnI3) serves as the 

absorber material, TiO₂ as the electron transport layer (ETL), Cu2BaSnS4 (CBTS) as the hole 

transporting layer (HTL). Device performance is analyzed using the SCAPS-1D simulation 

software. The impact of key performance-determining parameters, including the thickness, 

doping density, and defect density of the absorber, ETL, and HTL, has been accounted for. 

The proposed PSC architecture, optimized for key performance-determining parameters, 

achieves a power conversion efficiency PCE (η) of 27.28%, an open-circuit voltage (VOC) of 

1.0283 V, a fill factor (FF) of 83.62%, and a short-circuit current density (JSC) of 31.72 

mA/cm2. This study examines the influence of interface defect density, shunt and series 

resistances, back-contact metal work function, and operating temperature on the performance 

of PSCs. Furthermore, the analysis includes current density-voltage (J-V) and quantum 

efficiency (QE) characteristics to provide a comprehensive evaluation of the effectiveness of 

the proposed PSC. 

ABSTRAK:  Bahan perovskit halida, khususnya CH₃NH₃PbI₃ berasaskan plumbum, telah 

menarik perhatian besar dalam industri fotovolta (PV) berikutan kecekapan tinggi dalam 

aplikasi sel suria; namun, isu ketoksikan plumbum telah mengalih tumpuan penyelidikan 

kepada alternatif berasaskan timah (Sn). Kajian ini meneroka sel suria perovskit (PSC) bebas 

plumbum berasaskan Sn dengan seni bina ITO/TiO₂/CH₃NH₃SnI₃/CBTS/Ni, di mana 

CH₃NH₃SnI₃ (MASnI₃) bertindak sebagai bahan penyerap, TiO₂ sebagai lapisan pengangkut 

elektron (ETL), dan Cu₂BaSnS₄ (CBTS) sebagai lapisan pengangkut lubang (HTL). Prestasi 

peranti dianalisa menggunakan perisian simulasi SCAPS-1D dengan mengambil kira 

parameter penentu prestasi utama, termasuk ketebalan, ketumpatan pendopan, dan 

ketumpatan kecacatan bagi lapisan penyerap, ETL dan HTL. Seni bina PSC yang 

dicadangkan, selepas pengoptimuman parameter, mencapai kecekapan penukaran kuasa 

(PCE) sebanyak 27.28%, voltan litar terbuka (V_OC) 1.0283 V, faktor pengisian (FF) 

83.62%, dan ketumpatan arus litar pintas (J_SC) 31.72 mA/cm². Kajian ini turut menilai 

pengaruh ketumpatan kecacatan antara muka, rintangan siri dan pirau, fungsi kerja logam 

sentuhan belakang, serta suhu operasi terhadap prestasi PSC. Di samping itu, analisis ciri 
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ketumpatan arus–voltan (J–V) dan kecekapan kuantum (QE) disertakan bagi memberikan 

penilaian menyeluruh terhadap keberkesanan sel suria perovskit yang dicadangkan. 

KEYWORDS:  Perovskite Solar Cell, CBTS, MASnI3, SCAPS-1D, Solar power. 

1. INTRODUCTION 

In the current global energy landscape, fossil fuels remain the dominant source of 

electricity generation, accounting for a substantial share of worldwide energy demand [1]. 

Despite their widespread use, the continued reliance on fossil fuels poses several problems, 

including resource depletion, greenhouse gas emissions, and environmental degradation [2]. 

These issues have intensified the need for a transition to cleaner, more sustainable energy 

alternatives. Among the various renewable energy sources, such as wind energy, hydro energy, 

and ocean energy, solar energy has emerged as a highly promising and scalable solution [3]. 

Its vast availability, minimal environmental impact, and potential to significantly reduce carbon 

emissions make it an attractive option for meeting the growing global energy demand [4]. Solar 

energy, harnessed from the sun’s radiation, presents several distinct advantages over other 

renewable sources. Its abundant availability, geographical accessibility, and potential for 

decentralized power generation make it a highly attractive option for sustainable energy 

development [5-7]. With continuous advancements in photovoltaic (PV) technologies, the 

efficiency and cost-effectiveness of solar energy systems have improved substantially [8,9].  

Among the emerging PV technologies, perovskite solar cells (PSCs) have attracted 

considerable attention in photovoltaic (PV) research owing to their exceptional efficiency in 

converting photon energy into electricity, as well as their beneficial electrical properties [10]. 

Perovskite materials are distinguished by their excellent properties, including longer diffusion 

lengths, high absorption coefficients, superior charge carrier mobility, and relatively low 

exciton binding energy, making them highly suitable for solar energy applications [11-13]. In 

the middle of the 1990s, Mitzi et al. first discovered the ability of electricity to convert light in 

halide perovskites, applied to LEDs [14].  

In 2009, Kojima et al. first illustrated the dye-sensitized solar cell [15] structures with 

CH3NH3PbI3 and achieved an efficiency of 3.8% [16]. Halide perovskites are materials 

characterized by the formula “ABX3” [17], where “A” represents monovalent cations (Cs+, 

CH3NH3
+, CH(NH2)3

+), “B” denotes cationic metals like Sn2+ or Pb2+, and “X” corresponds to 

halogen ions (Cl-, I-, Br-). MAPbI3 (methylammonium lead triiodide) is the predominant 

perovskite material used in solar cells (SCs). However, the presence of lead raises significant 

concerns regarding its toxicity [18]. In contrast, tin-based perovskites, such as 

methylammonium tin iodide (MASnI3), offer a more environmentally friendly and safer 

alternative for commercialization due to tin's non-toxicity. Furthermore, tin-based perovskites 

also exhibit properties comparable to those of lead-based counterparts while reducing 

expenses, facilitating a seamless adaptation of existing manufacturing processes [19, 20]. 

Replacing lead with tin creates a material with a specific light absorption property (bandgap) 

very close to the actual value for SCs, as claimed by the Shockley-Queisser limit [20]. This 

characteristic makes tin-based perovskites promising for making high-efficiency SCs, 
especially when combined with other perovskite materials [19].  

In this investigation, a tin-based and lead-free PSC device structure of 

ITO/TiO2/CH3NH3SnI3/CBTS/Ni is proposed and simulated using SCAPS-1D software. It 

shows the short-circuit current density (JSC) 31.7233 mA/cm2, efficiency (η) 27.28%, fill factor 

(FF) 83.62%, and open-circuit voltage (VOC) 1.0283 V. These findings demonstrate superior 
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performance compared to previously reported studies [21-24]. Here, a transparent conducting 

oxide, indium-doped tin oxide (ITO), [25], is considered as a transparent glass in front contact, 

while Nickel (Ni) is considered as a back metal contact in the PSC device. Additionally, TiO2 

is used as an electron transport layer (ETL) because its conduction band (CB) [26] is similar to 

that of perovskites, and it has good optical and chemical stability, non-toxicity, and an easy 

manufacturing process [21,22].  

A lead-free tin-based perovskite (CH3NH3SnI3) is used as an absorber material because of 

its appropriate bandgap, non-toxicity, and inexpensive, earth-abundant, high absorption 

coefficient [21]. Copper barium tin sulfide (CBTS) is taken as a hole transport layer (HTL) 

because of its hole mobility, high stability, and excellent bandgap alignment with the 

CH3NH3SnI3 absorber. Its high hole mobility efficiently transports positive charges (holes) 

from the light-absorbing layer (perovskite) toward the electrode [27]. This improves overall 

device efficiency by minimizing charge recombination within the cell. The proper selection of 

ETLs and HTLs enhances the performance and efficiency of the SC device. In this study, we 

examined the effects of varying the thickness, donor and doping densities, and trap densities 

(Nt) of the HTL, ETL, and absorber layers, as well as interface defect densities, on the quantum 

efficiency (QE) and current-voltage (J-V) characteristics. Additionally, we analyzed the effects 

of operating temperature, shunt and series resistances, and the work function (WF) of the back 

contact metal. Furthermore, we investigated how variations in these parameters affect the 

performance of the PSC device without an HTL. 

2. METHODOLOGY 

2.1. SCAPS-1D numerical simulation   

The SCAPS-1D (version 3.3.10) software is used in this study to investigate the 

photovoltaic (PV) parameters. The software is provided by Prof. Marc Burgelman et al. at the 

ELIS department [25], Ghent University, Belgium [25,26]. SCAPS-1D software operates based 

on solving numerical equations, such as the continuity equation for holes and electrons [30] in 

the CB and VB [21] and the Poisson's equation. The Poisson’s (Eq. (1)) [31] and continuity 

equations [32] (Eq. (2) for electrons and Eq. (3) for holes) are depicted below: 

 
𝑑2

𝑑𝑥2 𝜓(𝑥) =  
𝑞

𝜀0𝜀𝑟
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷 −  𝑁𝐴 +  𝜌𝑝 + 𝜌𝑛]  (1) 
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𝑞
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+ (𝐺𝑝 − 𝑅𝑝) (3) 

where, 𝜀0 stands for the permittivity of free space, ψ represents the electric potential, 𝜀𝑟 stands 

for the relative permittivity, p(x) and n(x) represent the hole and electron densities respectively, 

𝜌𝑛 represents electron distribution and 𝜌𝑝 represents the hole distribution, ND and NA represent 

the donor and acceptor densities, respectively, 𝐽𝑝 and 𝐽𝑛 stand for the current densities [33] for 

electrons and holes, respectively, 𝐺𝑝 and 𝐺𝑛 stand for the holes and electrons generation, 

respectively, 𝑅𝑝 and 𝑅𝑛 represent the holes and electrons recombination, respectively, and q 

represents the electric charge. The simulation is conducted under illumination using an AM 

1.5G solar spectrum at a power density of 1000W/m2. 
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Table 1. Input parameters of the ITO, Absorber, HTL, and ETL layers. 

Parameters ITO [26] TiO2 [26] CH3NH3SnI3[21] CBTS [26] 

Thickness (μm) 0.5 0.03 0.7 0.1 

Eg (eV) 3.5 3.2 1.3 1.9 

χ (eV) 4 4 4.2 3.6 

εr (relative) 9 9 8.2[24] 5.4 

Nc (cm-3) 2.2×1018 2×1018 1×1018 2.2×1018 

Nv (cm-3) 1.8×1019 1.8×1019 1×1018 1.8×1019 

μn (cm2V-1s-1) 20 30 1.6 30 

μp (cm2V-1s-1) 10 10 1.6 10 

NA (cm-3) 0 0 1×1017 1×1019 

ND (cm-3) 1×1021 6×1019 0 0 

Nt (cm-3) 1×1015 1×1015 1×1015 1×1015 

Here, Eg: Bandgap, χ: Electron Affinity, εr: Dielectric permittivity, Nc: CB effective DOS, Nv: VB effective 

DOS, μn: Electron mobility, μp: Hole mobility, NA: Shallow uniform acceptor density, ND: Shallow uniform 

donor density, and Nt: Defect density. 

2.2. Device structure and simulation parameters 

The proposed PSC device structure is depicted in Figure 1. The PSC structure consists of 

ITO/TiO2/CH3NH3SnI3/CBTS/Ni, where CH3NH3SnI3 is used as an absorber, p-type CBTS is 

used as an HTM, and n-type TiO2 is used as an ETM. The energy band diagram (EBD) of the 

proposed PSC device is shown in Figure 2. 

 

Figure 1. The device structure of the proposed PSC. 

 When light shines on the SC [34], it creates energy levels called quasi-Fermi levels [26] 

(Fp and Fn). This confirms that the light successfully generates electron-hole pairs in the PSC. 

There is a slight offset in the CB/VB of the absorber layer observed from the energy band 

diagram in Figure 2, which facilitates the generation of electron-hole pairs [35] in the SC. There 

is also a slight offset in the CB/VB between the absorber layer, the HTL, and the ETL. 

However, an excessively large offset can introduce resistance that reduces the cell's FF. A 

mismatch between the materials' energy levels likely accounts for the larger difference. 
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Figure 2. The energy band diagram (EBD) of the proposed PSC. 

Table 2. Parameters for interface defects [36]. 

Parameters CBTS/CH3NH3SnI3 interface CH3NH3SnI3/TiO2 interface 

Defect type Neutral Neutral 

Capture cross-sector: electron 1×10-15 1×10-15 

Capture cross-sector: hole 1×10-15 1×10-15 

Energetic distribution Single Single 

Reference for defect energy level Above the highest EV Above the highest EV 

Total density (cm-2) 1×10-11 1×10-11 

 

The input parameters that are used in this simulation, such as thickness, bandgap, electron 

affinity, mobility for electrons and holes, relative permittivity, acceptor and donor densities, 

the effective density of states (DOS) in the valence bands (VB), and conduction bands (CB), 

total defect densities of HTL, absorber, and ETL are given in Table 1. The interfacial defects 

between absorber/HTL and ETL/absorber are also presented in Table 2. The performance of 

the designed SC is evaluated across different temperatures to investigate how the device's 

efficiency varies with temperature. However, a temperature of 300 K (room temperature) is 

considered throughout the study as the standard reference, since it represents the typical 

operating environment of PSCs under normal laboratory and ambient conditions, ensuring 

consistency and comparability of performance parameters [37]. 

3. RESULTS AND DISCUSSIONS 

3.1. Absorber layer thickness variation effect on PV performance 

The absorber-layer thickness in perovskite solar cells governs light absorption and 

recombination dynamics, thereby indirectly influencing the diffusion length and lifetime of 

charge carriers and ultimately determining device performance [38,39]. An overly thick 

absorber layer leads to increased recombination and series resistance, whereas an insufficiently 

thick layer compromises photon absorption and photocurrent [40-43]. Therefore, optimizing 
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the absorber layer thickness is essential for maximizing SC efficiency. This study investigates 

the effects of varying absorber layer thickness from 0.1µm to 1.8µm, with Nt = 1015 cm-3, on 

the performance of the proposed solar cell device for configurations with and without an HTL, 

as illustrated in Figure 3(a). The η and Jsc increased with thickness up to 0.7 µm. At this 

thickness, the η and Jsc were 27.28% and 31.72 mA/cm² with HTL, and 24.63% and 29.44 

mA/cm² without HTL. This increase is attributed to enhanced light absorption, resulting in the 

generation of electron-hole pairs within the absorber layer [44]. Increasing the absorber 

thickness above 0.7 µm leads to recombination and series resistance that limit further 

improvements in η and Jsc. Figure 3(a) indicates that the FF initially increases with small 

thickness increments but decreases with further increases in thickness for both configurations, 

due to increased series resistance. Moreover, the open-circuit voltage of the device with HTL 

decreases with increasing thickness, attributed to increased recombination of free charge 

carriers [45]. In the absence of an HTL, Voc increases. This is attributed to the fact that as the 

absorber thickness increases, both the photon absorption capacity and the rate of charge-carrier 

generation rise, facilitating their transport to the electrode with reduced resistance [46]. 

Consequently, the findings establish 0.7 µm as the optimal absorber thickness for further 

investigation. 

 

Figure 3. (a) the absorber layer thickness change, (b) the TiO2 (ETL) layer thickness change, 

and (c) the HTL layer thickness change on PV performance for both devices with and without 

HTL. 

3.2. ETL thickness variation effect on PV performance 

ETL plays a crucial role in facilitating electron transfer from the absorber layer to the 

electrode. Figure 3(b) illustrates the influence of ETL thickness on the performance of devices 

with and without HTL. ETL thickness was systematically varied from 0.1 µm to 3 µm, with all 

other device parameters held constant. The analysis revealed insignificant variation in PV 

output parameters across the examined range of ETL thicknesses. However, a slight reduction 

in both Jsc and η is observed as the ETL thickness increases, regardless of HTL presence. This 

behavior is primarily due to the lower absorption coefficient and decreased light transmittance 

through the device as the ETL layer increases in thickness [26,47]. Therefore, based on the 

observed results, a thickness of 0.03 µm is selected as the optimal ETL thickness. 
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3.3. HTL thickness variation effect on PV performance 

This study evaluates the performance of the proposed PSC by analyzing the impact of HTL 

thickness variation on output parameters, emphasizing its role in facilitating efficient hole 

collection from the absorber layer, as depicted in Figure 3(c). Variations in HTL thickness from 

0.3 µm to 2 µm produced negligible changes in PV output parameters. This is attributed to the 

high absorption coefficient of CH3NH3SnI3 and its reduced sensitivity to variations in HTL 

thickness [48,49]. However, a thicker HTL enhances photon collection in the perovskite layer; 

therefore, an optimized HTL thickness of 0.1 µm was chosen for subsequent optimization, 

consistent with the initial study parameters. 

3.4. Absorber acceptor and defect density variation effect on PV performance 

To determine the effect of absorber acceptor density (NA) on the PV performance, the NA 

of the CH3NH3SnI3 layer was changed between 1014 cm-3 and 1018 cm-3. Figure 4(a) shows the 

changes in JSC, η, VOC, and FF of devices with and without an HTL absorber as the absorber 

NA varies. As delineated in Figure 4(a), VOC increases with the increase in NA and is obtained 

at 1.085V with the HTL and 1.073V without the HTL device at the NA of 1018 cm-3. Conversely, 

η and FF increase notably with NA in both configurations, with and without HTL. For the 

HTL-equipped device, FF increased from 79.65% to 85.730% and η from 25.08% to 27.65%, 

and for the configuration without HTL, FF increased from 80.00% to 85.18% and η from 

25.04% to 24.54%.  

 

Figure 4. The effect of (a) acceptor density (NA) and (b) defect density (Nt) of the absorber 

layer on PV performance for both devices with and without HTL 
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With the increase in NA, the reverse saturation current decreases, which increases VOC [21] 

and hence contributes to FF and η enhancement [36]. The JSC decreases with increasing 

absorber-layer NA, decreasing from 33.747 mA/cm2 to 29.712 mA/cm2 for the HTL device 

and from 33.72 mA/cm2 to 26.849 mA/cm2 for the device without HTL. This decrease in JSC 

is because the higher carrier density will increase the recombination process and reduce the 

probability of collecting electrons generated from photons [50].  So, to get the best performance 

of η= 27.28%, JSC= 31.7233 mA/cm2, FF= 83.62%, and VOC= 1.0283 V, the optimum value of 

NA is taken as 1×1017 cm-3. Similarly, the influence of absorber defect density (Nt) has been 

investigated in this study, as shown in Figure 4(b). The Nt in the absorber layer of an SC 

significantly affects its performance. Defects in this layer can trap charge carriers, leading to 

recombination and reduced efficiency [51]. The η, JSC, FF, and VOC decreased considerably 

with increasing Nt in the absorber for both configurations with and without HTL, as shown in 

Figure 4(b). At defect densities ranging from 1010 cm-3 to 1013 cm-3, device performance 

remained relatively unchanged. This suggests that a certain level of defects can be tolerated 

within the absorber layer without significantly impacting device functionality. However, when 

Nt exceeds 10^14 cm-3, the devices' output performance begins to decline gradually. This 

decline is primarily attributed to the Shockley-Read-Hall (SRH) non-radiative recombination 

process [26,52]. The equations define it.  

 𝑅𝑆𝑅𝐻 =
[𝑛𝑝 −𝑛𝑖]

[ τ (p+n+
2𝑛𝑖(𝐸𝑖−𝐸𝑡)

𝑘𝑇
)]

 (4) 

 τ =
1

[σ×Nt×𝑉𝑡ℎ]
 (5) 

Here, σ stands for the charge carriers' capture cross-section, τ for their lifetime, and Vth 

for their normal velocity. By increasing the crystallinity of the crystalline perovskite and 

utilizing suitable processing settings that can lower SRH recombination [26,53], it is possible 

to decrease the number of defects in the material. In this analysis, the optimized Nt is set to 

1015 cm-3 for subsequent analysis. 
 

3.5. ETL Donor and defect density variation effect on PV performance 

To observe the impact of donor concentration (ND) variation of ETL on the output 

performance of the PSC device, ND of ETL varied from 1014 cm-3 to 1020 cm-3. Figure 5(a) 

represents the parameters, including η, JSC, FF, and VOC, as a function of the donor density 

(ND) of the ETL layer. No significant change in the output parameters was observed with 

variations in the ETL ND; however, all parameters increased slightly for both configurations 

with and without an HTL. Because a larger value of ND of ETL makes the charge carrier 

extraction and transmission easier in the absorber/ETL interface [54]. The VOC is constant and 

independent of ND because the recombination rate is unaffected [54]. In these scenarios, we 

considered the optimized ND of ETL to be  6×1019 cm-3 with the consideration of CB density 

of states as Table I and shows the output parameters η= 27.28%, JSC= 31.7233 mA/cm2, FF= 

83.62%, and VOC= 1.0283 V. Figure 5(b) showcases the influence of defect density (Nt) of the 

TiO2 (ETL) on the output parameters of devices with and without HTL. Interestingly, as Nt of 

ETL increased across a range of 1010 cm-3 to 1018 cm-3, all the performance parameters 

remained relatively unchanged for both configurations, as shown in previous works [26,55]. 

Consequently, we selected 1015 cm-3 as the optimal Nt for the ETL in this study.  
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Figure 5. (a) Donor concentration (ND) and (b) defect density (Nt) of the ETL on PV 

performance for the devices with and without HTL. 

3.6. HTL Acceptor and defect density variation effect on PV Performance   

The acceptor density (NA) in the HTL of SC refers to the concentration of acceptor atoms 

or molecules within the HTL material. Acceptor dopants introduce additional energy levels 

near the VB of the semiconductor, providing free positive charge carriers [36]. Figure 6(a) 

delineates the effect of NA of the HTL on the PV performance of the PSC as NA is varied from 

1010 cm-3 to 1020 cm-3. In this study, the JSC, FF, VOC, and η remained essentially constant up 

to 1016 cm-3 of HTL's NA. When the value of NA of HTL exceeds 1016 cm-3, all the parameters 

slightly increase.  
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Figure 6. (a) NA and (b) Nt of HTL on PV performance 

Here, the built-in voltage at the absorber/HTL interface increases as the NA of the HTL 

increases because the VB of the HTL approaches the quasi-Fermi level [56]. As the NA of HTL 

increases, the rate of recombination of electron-hole pairs decreases, which in turn reduces the 

series resistance and increases the shunt resistance; as a result, FF increases and enhances the 

overall efficiency [56]. To improve performance, we select the NA of HTL as 1019 cm-3 for 

subsequent simulations. Similarly, Figure 6(b) illustrates the changes in output parameters as 

the defect density (Nt) of the CBTS is increased from 1010 cm-3 to 1020 cm-3. Interestingly, η, 

FF, VOC, and JSC exhibit minimal variation across the entire range of Nt variation. This finding 

aligns with prior research on CBTS HTL, reinforcing the stability of PV parameters 

irrespective of Nt fluctuations [26,57-59]. Thus, we determine the primary value of 1015 cm-3 

as the optimal Nt for the HTL layer in this study. 

3.7. Interface defect density variation effect on PV parameters 

This simulation investigated how the PV performance of the proposed SC is affected by 

defect density (Nt) at the critical TiO2/CH3NH3SnI3 and CH3NH3SnI3/CBTS interfaces, as 

shown in Figs. 7(a) and 8(b). The interface defect densities were varied across a wide range, 

from 1010 cm-2 to 1016 cm-2 for TiO2/CH3NH3SnI3 interface and from 107 cm-2 to 1016 cm-2 for 

CH3NH3SnI3/CBTS interface. A consistent pattern emerged from the data analysis: FF, η, 

VOC, and JSC decreased in parallel with increasing Nt at both interfaces. Higher concentrations 

of interfacial defects are associated with increased recombination rates, which may be the cause 

of the reduction in PV performance [60]. Interestingly, our findings indicate that the Nt at the 
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CH3NH3SnI3/CBTS interface exerts a greater influence on device efficiency than at the 

TiO2/CH3NH3SnI3 interface. Consequently, we maintained a trap density of 1010 cm-2 at both 

interfaces, consistent with our initial selection. This choice ensures optimal device performance 

while mitigating the adverse effects of interfacial defects on recombination and charge 

transport within the SC. 

 

Figure 7. The influence of Nt variation (a) at the TiO2/CH3NH3SnI3 interface and (b) at the 

CH3NH3SnI3/CBTS interface on PV performance 

3.8. The J-V and QE features 

The J-V (current density-voltage) curve of a solar cell displays distinct characteristics that 

indicate optimal performance. Figure 8(a) illustrates the anticipated relationship between 

current density (J) and voltage (V) for both device configurations, with and without HTL. In 

both devices, the current density decreases with the increase in voltage (V), which shows a 

similar trend to the previous works [61,62]. Quantum efficiency (QE), also sometimes called 

the incident photon-to-converted electron (IPCE) ratio, is a measure of how effectively a SC 

device converts light into usable electrical current [63]. Greater QE of an SC results in more 

sunlight being converted into electricity. A device might have a high QE for visible light but a 

lower QE for infrared or ultraviolet light. Figure 8(b) shows the QE features and wavelength 

(nm) for the device configurations, with and without HTL. Across the wavelength range of 

200–1200 nm, the QE curve initially approaches 100% before gradually decreasing to 0% at 

960 nm in both device configurations. 
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Figure 8. (a) J-V curve and (b) QE curve with and without HTL configurations. 

3.9. Series and shunt resistance variation effect on PV performance 

Figure 9(a) illustrates the impact of varying series resistance (Rs) on the PV parameters of 

the devices with and without the HTL.  

 

Figure 9. The influence of (a) series resistance and (b) shunt resistance on PV output 

parameters. 
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The Rs values range from 0.5 to 7 Ω-cm², with the shunt resistance (Rsh) of 105 Ω-cm². 

The key observation is that increasing Rs has a minimal effect on VOC and little effect on the 

JSC of the HTL configuration. However, it negatively affects the other parameters. As Rs 

increases, FF decreases more markedly, from 82.55% to 63.84%, and η decreases from 26.77% 

to 20.59% for the device with HTL. For the layout without the HTL configuration, the trends 

are identical. In essence, higher Rs causes internal power losses within the device, which lowers 

its overall efficiency. Here, Rs is the total amount of resistance between semiconductor-

semiconductor and semiconductor-metal at the rear and front contacts of the SC. Conversely, 

in the active junction, the reverse saturation current [21], which results from manufacturing 

defects, generates Rsh. Again, Figure 9(b) depicts the influence of Rsh on the PV parameters for 

devices with and without HTL. Rsh ranges from 10 to 108 Ω-cm², with a series resistance of 

0.5 Ω-cm². The results show that increasing Rsh increases JSC, VOC, η, and FF for both devices 

within a specific Rsh range. When Rsh exceeded 103 Ω-cm2, the investigation found a saturation 

in all output parameters. Higher RSH signifies reduced leakage current within the device [64], 

leading to improved overall effectiveness of the SC. Thus, our study suggests that both 

resistances considerably influence the SC’s PV performance. 

3.10. Temperature and back contact metal variation effect on PV performance 

The effect of temperature variation on the photovoltaic performance of the designed PSC 

is analyzed for both configurations, as shown in Figure 10(a). Except for the JSC, all parameters 

decreased significantly as the temperature was increased from 275 K to 425 K in both devices 

with and without an HTL. The steady decline in device performance as temperature rises can 

be attributed to the concurrent increase in deformation stress and defects, consistent with 

previous findings [65]. Additionally, high temperatures significantly affect the diffusion length 

[66] and cause an increase in series resistance (RS), thereby directly affecting the device's η 

and FF. Again, various metal contacts Gold (Au), Carbon (C), Selenium (Se), Copper (Cu), 

Nickel (Ni), Palladium (Pd), Iron (Fe), and Platinum (Pt) are used in this simulation to find the 

effect of back metal variation on PV performance which is shown in Figure 10(b). 

 

Figure 10. (a) The effect of temperature variation, and (b) Bar diagram for the back metal’s WF 

(eV) variation effect on PV performance. 
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The bar diagram indicates that the structure's η increases with the metal contact work 

function (WF) and saturates above 5.1 eV. The enormous barrier formed by the lower WF (eV) 

materials at the rear side [67] prohibits the entire transit from the absorber to the back metal 

contact, resulting in low PV output parameters. It becomes apparent that the back contact 

metal’s WF has an essential impact on the performance of SCs. Based on the current 

investigation outcomes, it is recommended that a back metal with a WF larger than 5.1 eV is 

necessary to achieve optimal PV performance. Due to its inexpensive cost and suitable WF, 

nickel (Ni) was chosen as the back metal contact material in this study [68]. 

3.11. Comparison of the investigated results with previous works 

This section compares several optimal solar cell configurations. Table 3 presents a 

comparative overview of recent theoretical and experimental studies on CH3NH3SnI3-based 

PSC devices, along with our results. 

Table 3. The comparison of CH3NH3SnI3-based PSCs 

Device structures Ref. VOC JSC FF η(%) 

(a) FTO/TiO2/CH3NH3SnI3/CZTSe [69] 0.86 29.45 76.74 19.52 

(b) FTO/TiO2/CH3NH3SnI3/CZTSe [70] 0.96 32.48 76.40 23.86 

(c) FTO/Cd0.5Zn0.5S/MASnI3/MASnBr3 [23] 1.055 34.268 69.23 25.05 

(d) FTO/ PCBM/MASnI3/CuI [71] 0.83 29.71 61.23 15.10 

(e) FTO/ZnO/CH3NH3SnI3/CuO [72] 0.989 33.863 66.33 22.21 

(f) FTO/TiO2/CH3NH3SnI3/Spiro-

OMeTAD, 

[25] 0.99 32.95 77.77 25.48 

(g) FTO/ C60/MASnI3/CuAlO2 [22] 1.08 25.85 85.84 24.04 

(h) ITO/TIO2/CH3NH3SnI3/CBTS This work 1.028 31.723 83.62 27.28 

 

Compared to others, the investigated device structure ITO/TiO2/CH3NH3SnI3/CBTS/Ni 

obtained the best performance with η=27.28%, JSC= 31.7233 mA/cm2, FF=83.62%, and VOC= 

1.0283 V. This numerical study identified a combination of materials leading to the best 

performance: CBTS as the HTM, TiO2 as the ETM, and CH3NH3SnI3 as the light absorber. 

This configuration outperforms the other investigated structures, underscoring the critical role 

of the light-absorbing layer in SC performance. CH3NH3SnI3 has attracted significant research 

interest owing to its light-absorption properties. However, this study demonstrates that 

optimizing and carefully selecting both the ETL and HTL, along with their optoelectronic 

parameters, are crucial for achieving superior solar cell efficiency.  

4. CONCLUSION 

This research presents a comprehensive simulation approach to investigate the output 

performance of CH3NH3SnI3 (MASnI3)-based PSC. This investigation shows the proposed SC 

device with the structure ITO/TiO2/CH3NH3SnI3/CBTS/Ni, simulated using the SCAPS-1D 

software package. During optimization, the absorber (CH3NH3SnI3) layer, ETL, and HTL’s 

thickness, defect and dopant densities, interface defect densities, shunt and series resistances, 

and temperature effects on PSC’s performance were considered. After optimization, the 

following conclusions are obtained. The final optimized thicknesses of the absorber (MASnI3) 

layer, CBTS (HTL) layer, and TiO2 (ETL) layer are 700 nm, 100 nm, and 30 nm, respectively, 

for both devices with and without HTL. The optimal doping concentrations of the absorber of 

the PSC devices using and not using HTL are 1017 cm-3 and 1016 cm-3, respectively, while the 

optimized ETL donor, HTL acceptor, and absorber defect densities are 6×1019 cm-3, 1019 cm-3, 

and 1×1015 cm-3. The finally optimized ITO/TiO2/CH3NH3SnI3/CBTS/Ni structure achieved a 
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JSC of 31.7233 mA/cm2, an η of 27.28%, a VOC of 1.0283 V, and an FF of 83.62%. 

Furthermore, we examined the series and shunt resistances, the QE curve, the operating 

temperature, and the illuminated J-V curve. The QE of the optimized configuration remained 

constant up to 700 nm and fell toward zero at 960 nm, indicating that photon-to-electron 

conversion occurs across the entire visible spectrum. A comparative analysis with prior studies 

confirms that the proposed device architecture achieves superior efficiency among 

CH3NH3SnI3-based PSCs, underscoring its potential for future eco-friendly, high-

performance SC applications. 
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