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Abstract. This study explore the impact of NIP and PIN architectures on the 

performance of FASnI₃-based perovskite solar cells (PSCs) through simulations 

using the SCAPS-1D software. FASnI₃ is a promising material for PSCs due to its 

suitable bandgap, better thermal stability, and lower toxicity compared to Pb-based 

perovskites. The optimization of the NIP structure involves variations in donor 

density and the thickness of the FASnI₃ layer. A donor density in the form of a 

shallow density acceptor of 10¹⁷ cm⁻³ leads to optimal performance improvement. 

Comparisons between NIP and PIN configurations show that although the NIP 

architecture outperforms PIN with Spiro-OMeTAD as hotel transport layer (HTL) 

material, the choice of HTL  significantly affects the efficiency of the PIN 

architecture. PTAA is identified as the best HTL for the PIN structure, offering 

higher efficiency. Additionally, the study also investigates the optimization of the 

capture cross-section value to 10⁻¹⁹, resulting in maximum solar cell performance 

for all HTL material options. The efficiencies of solar cells with HTL materials 

PTAA, PEDOT:PSS, and Spiro-OMeTAD are 22.54%, 16.78%, and 4.58%, 

respectively, with Au electrodes. 

Keywords: perovskite solar cells, FASnI₃, NIP architecture, PIN architecture, hole 

transport layer, SCAPS-1D. 

1 Introduction 

Concerns regarding climate change are further intensified by the large-scale 

consumption of fossil fuels, prompting the pursuit of sustainable, 

environmentally friendly, and cost-effective alternatives, such as renewable 

energy sources. Due to its abundant availability, solar energy is one of the most 

promising renewable energy sources, with the potential to meet energy needs. 

Solar cells have been developed to harness solar energy. Currently, in the 

commercial market, solar cells are dominated by silicon crystalline solar cells due 
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to their relatively low production costs and reliable performance with power 

conversion efficiency (PCE) of up to 26.6% [1]. However, the Shockley-Queasier 

limit, according to the modern version, suggests that silicon-based cells have a 

maximum theoretical efficiency of 33% [2]. 

Perovskite solar cells (PSCs) have emerged as a promising alternative due to their 

lower production costs and environmentally friendly fabrication process [3]. 

However, perovskites encounter insurmountable challenges related to stability, 

especially when exposed to harsh conditions such as high humidity, heat, and UV 

light [4]. Additionally, lead-based perovskites (MAPbI3, etc), despite their high 

efficiency, raise environmental and health concerns due to the toxicity of lead [5]. 

FASnI3 has been introduced as a promising alternative as it exhibits a bandgap of 

1.4 eV and offers better thermal stability and more durable performance 

compared to CsSnI3. Nevertheless, FASnI3 experiences issues related to Sn²⁺ 

oxidation to Sn4+, though at a different level, and further optimization is required 

to enhance its overall efficiency [6].   

PSCs can be classified into two categories based on the sequence of charge 

transport layers: regular negative-intrinsic-positive (NIP) and inverted positive-

intrinsic-negative (PIN) structures. In both types, the light-absorbing perovskite 

layer is positioned between an electron transport layer (ETL) and a hole transport 

layer (HTL), as illustrated in Figure 1.  

 

Figure 1 NIP and PIN architecture of PSC 

PIN PSCs offer several advantages, including excellent operational stability, low-

temperature fabrication, and compatibility with tandem devices. However, their 

efficiency is generally lower than NIP PSCs due to mismatched energy levels and 

poor interface quality at both the p-type and n-type contacts [7]. In the PIN-type 

PSCs, charge carriers—electrons and holes—are primarily generated near the 

front p-type contact. While holes can rapidly reach and be extracted at the 

adjacent p-type contact, electrons must diffuse across the entire perovskite layer 
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to reach the n-type contact for extraction as illustrated in Figure 2. To optimize 

charge extraction and minimize energy losses, the conduction properties of the 

perovskite layer should be tailored to the dominant carrier type in the device. 

Specifically, utilizing predominantly p-type or n-type perovskites is crucial for 

efficient charge extraction and reduced energetic barriers in PIN and NIP devices. 

 

Figure 2 Generation of electron and hole in PIN architecture of PSC 

In conventional PIN-type PSCs, materials like PTAA, PEDOT:PSS, and NiOx are 

commonly used as p-type charge transport layers. However, organic HTLs are 

prone to significant degradation under light exposure, high temperatures, or 

moisture [8,9], and inorganic NiOx tends to react with organic cations in the 

perovskite layer above it [10]. Additionally, the surface potential and conduction 

types of the HTLs influence the quality and properties of the as-deposited 

perovskite films. The charge-carrier mobility and energy levels of the hole 

transport materials determine the hole extraction efficiency of the device. 

Moreover, in the operation of PIN-type perovskite solar cells (PSCs), the HTLs 

are first passed through by incident light before the perovskite light-absorbing 

layer is reached. As a result, the optical properties of the HTL, such as refractive 

index and absorption coefficients, play a crucial role in determining the light 

absorption and photoelectric field distribution within the device [11]. 

In this study, we investigate PSC with FTO/TiO2/FASnI3/Spiro-OMeTAD/Au 

architecture and analyze the impact of the inverted PSC. In this work, SCAPS-

1D is utilized to understand the effect of the inverted structure of PSCs. The layer 

thickness of the perovskite layer is also optimized with the variation of HTL 

materials. We found that the NIP structure showed superior performance, 

achieving a peak efficiency of 15.01% with an optimal shallow acceptor density 
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of 10¹⁷ cm⁻³. Although the PIN architecture generally underperformed compared 

to NIP, careful selection of the HTL was shown to improve efficiency. 

2 Methodology 

SCAPS-1D software, a one-dimensional simulation software for modeling and 

simulating solar cell devices, was used for all calculations. Two architectures of 

PSCs model were used, that are FTO/TiO2/FASnI3/Spiro-OMeTAD/Au and 

inverted FTO/Spiro-OMeTAD/FASnI3/TiO2Au. First, the PSC model was 

optimized by varying the layer thickness of FASnI3 between 1000 – 2000 nm and 

the Shallow Acceptor Density between 1012 - 1020 cm-3. Secondly, the PIN 

(inverted PSCs) model was investigated. Finally, the study was conducted to 

evaluate the performance of PSC using a variation of HTLs material such as 

PEDOT:PSS and PTAA and layer thickness of FASnI3. Several physical 

parameters derived from experimental data were utilized as summarized in Table 

1 and 2. 

Table 1 Material parameters in the simulation 

Parameters TiO2 FASnI3 ITO 

Thickness(nm) 30 - 300 1000-2000 50 

Bandgap (eV) 3.2 1.41 3.6 

Electron affinity (eV) 4.1 4.2 4.5 

Dielectric permittivity 55 8.2 8.9 

CB effective density of states (cm-3) 1.0 × 1021 1 × 1018 2.2 × 1018 

VB effective density of states (cm-3) 2.0 × 1020 1 × 1018 1.8 × 1019 

Electron mobility (cm²/Vs) 0.006 22 200 

Hole mobility (cm²/Vs)  0.006 22 80 

Electron thermal velocity (cm/s) 107 107 107 

Hole thermal velocity (cm/s) 107 107 107 

Defect density, Nt [cm−3] 1015  - 1021 4.6 × 1016 - 

Shallow donor density, ND(cm−3) 1016  - 1022  - 1021 

Shallow acceptor density, NA (cm−3) - 1012 -1020 - 

Reference [13] [11] 

 

[11] 
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Table 2 Material parameters of different HTL layers 

Parameters PTAA PEDOT:PSS Spiro - OMeTAD 

Thickness (nm) 20 1000 200 

Bandgap (eV) 3.2 2,2 3.5 

Electron affinity (eV) 2.13 2.9 2.05 

Dielectric permittivity 3 8.2 3 

CB effective density of states (cm-3) 2.0 × 1018 2.2 × 1015 2.2 × 1018 

VB effective density of states (cm-3) 2.0 × 1018 1.8 × 1018 1.8 × 1019 

Electron mobility (cm²/Vs) 0.001 0.022 0.0002 

Hole mobility (cm²/Vs)  0.001 0.0002 0.0002 

Electron thermal velocity (cm/s) 107 107 107 

Hole thermal velocity (cm/s) 107 107 107 

Defect density, Nt [cm−3] 1015 107 1015   

Shallow donor density, ND(cm−3) - - - 

Shallow acceptor density, NA (cm−3) 1.0 × 1022 1.0 × 1019 1.0 × 1016 

Reference [12] [11] [11] 

3 Results and Discussion 

3.1 Pre-Optimization of the Model 

Before initiating the investigation of NIP and PIN, an optimization of the NIP 

structure was first carried out with respect to shallow acceptor density (doping 

density) of the FASnI₃, defect of FASnI₃ and thickness of FASnI₃. First, an 

optimal shallow acceptor density for FASnI₃ is investigated.  

Referring to the simulation below as shown in Figure 3 we observe that as the 

shallow acceptor density varied from 1012 to 1020 cm-3, there is a gradual 

improvement in Voc, Jsc, fill factor (FF), and overall efficiency (ETA). This trend 

indicates enhanced charge carrier collection and reduced recombination losses. 

However, at a density of 1017 cm-3, there is a significant increase in all 

performance parameters, suggesting an optimal balance between carrier 

concentration and mobility. Beyond this point, at densities of 1018 cm-3 and 

higher, the performance begins to decline, likely due to increased recombination 

and scattering effects. 
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Figure 3 Simulation Result of Shallow Acceptor Density 

After the optimum doping density was selected then the variation of capture cross 

section for electron and hole was conducted. The provided data in Figure 4 

illustrates how the defect of absorbent especially the variations in the capture 

cross section of electron and hole impact key performance parameters such as 

open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and 

power conversion efficiency (ETA). 

As the capture cross section decreases from 10-15 to 10-19 cm2, there is a notable 

increase in Voc, Jsc, and ETA. This trend suggests that smaller capture cross-

sections are associated with reduced recombination rates, allowing for more 

efficient charge carrier collection and higher overall device performance. 

Specifically, Voc increases significantly from 0.8606 V to 2.86 V, indicating 

improved separation of charge carriers and reduced recombination losses. 

Similarly, Jsc shows a steady rise, reflecting enhanced charge carrier generation 

and collection. 
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However, the fill factor (FF) exhibits a different trend, initially decreasing as the 

capture cross section decreases. This decline in FF can be attributed to increased 

series resistance and potential losses in the charge transport layers, which become 

more pronounced at smaller capture cross sections. Despite this, the overall 

efficiency (ETA) continues to improve, reaching a maximum of 23.18% at a 

capture cross section of 10-19 cm2, due to the significant gains in Voc and Jsc. 

In summary, optimizing the capture cross-section is essential for maximizing the 

performance of perovskite solar cells. Smaller capture cross sections generally 

lead to higher Voc, Jsc, and overall efficiency, although careful consideration must 

be given to the fill factor and potential resistive losses. 

 

 

Figure 4 Simulation Result of Capture Cross Section Variation 

 

Furthermore, the provided data in Figure 5, illustrates how variations in the 

thickness of FASnI3 impact key performance parameters. Referring to the 

simulation, we concluded that the power conversion efficiency (ETA) shows a 

slight increase from 14.91% to 15.01% as the thickness increases from 1000 nm 

to 1400 nm, after which it stabilizes around 15.01%. This indicates that the 
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optimal thickness for maximizing efficiency is around 1400 nm, where the 

balance between photon absorption and recombination losses is most favorable. 

In summary, while increasing the thickness of the FASnI3 layer can slightly 

improve Jsc and ETA, the optimal thickness appears to be around 1400 nm. 

Beyond this point, the benefits of increased thickness are marginal, and further 

increases may lead to diminishing returns due to enhanced recombination losses. 

 

Figure 5 Simulation Result of FASnI3 thickness 

3.2 The Comparison between NIP and PIN Layer Architecture 

on PSC Performance  

Subsequently, when the layer structure was modified from the previous NIP 

architecture to a PIN architecture, with the architecture as shown in Figure 5 

below, adjustments were made. Based on the results obtained, assuming the 

transparent electrode was implemented as modified front contact, the efficiency 

(ETA) was only achieved at 0.12%. 
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Figure 6 PSC Device Architecture and Materials Selection 

 

Figure 7 QE Curve for (a) NIP architecture and (b)  PIN architecture 

 

Referring to Figure 7 above, an optimum QE of over 80% is achieved in the 

visible light wavelength range of 360 to 670 nm for NIP architecture, and there 

is no visible light wavelength for PIN architecture. 

 

The modification from the NIP architecture to the PIN architecture significantly 

reduces efficiency. In the PIN architecture, the n-type electron transport layer 

(TiO2) is in direct contact with the p-type perovskite layer. This configuration 

leads to an enlarged energetic interfacial barrier for electron extraction at the n-

type interface, which hinders the efficient transfer of electrons from the 

perovskite layer to the TiO2 layer.  

Additionally, this direct contact increases non-radiative charge recombination, 

where electrons and holes recombine without emitting photons, resulting in 

energy loss. These factors combined significantly reduce the efficiency of the 

solar cell in the PIN architecture compared to the NIP architecture, where such 

barriers and recombination losses are minimized 
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3.3 Effect of HTL on PIN PPV Performance  

The HTL is crucial to the performance of perovskite solar cells in the PIN 

structure due to its role in efficient hole extraction and transport, energy level 

alignment with the perovskite layer, and overall cell stability. Therefore, it is 

critical to identify the HTL material to achieve optimal performance with the 

FASnI₃-PIN structure, as shown in Figure 8. 

 

Figure 8 JV Curve for (a) PIN (Spiro-OMeTAD), (b) PIN (PEDOT : PSS) and 

(c)  PIN (PTAA) 

Based on the simulation results shown in Figure 8 above, in general, the 

performance of PIN-based perovskite solar cells with Spiro-OMeTAD as the 

HTL material shows a Voc of 0.8145 V, Jsc of 1.183 mA/cm², FF of 31.87%, and 

ETA of 0.31%. Meanwhile, the use of PEDOT:PSS resulted in the following 

performance: Voc of 0.8236 V, Jsc of 2.173 mA/cm², FF of 38.20%, and ETA of 

0.68%. 

However, the use of PTAA as the HTL material resulted in slightly better 

performance, with a Voc of 0.8190 V, Jsc of 2.108 mA/cm², FF of 49.23%, and 

ETA of 0.85%. The transition from NIP to PIN structure does not automatically 

result in performance improvement. 

PTAA is the best HTL material for PIN perovskite solar cells because PTAA has 

better hole mobility, which impacts the efficiency of charge transport in the 

device. Compared to Spiro-OMeTAD and PEDOT:PSS, the hole mobility values 

for each material are 0.001 cm²/Vs for PTAA, 0.0002 for Spiro-OMeTAD, and 

PEDOT:PSS, respectively. 

Overall, the performance of PIN perovskite solar cells with HTL material 

variations such as Spiro-OMeTAD, PEDOT:PSS, and PTAA has not yet resulted 
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in good solar cell performance, so optimization is needed to improve the 

performance of PIN perovskite solar cells. 

Additionally, simulations were conducted to observe the effect of defects (capture 

cross section) on FF and Voc. Based on the results obtained, it was found that the 

same trend also occurred for FF and Voc, namely the higher the value of the defect 

influence (capture cross section), the higher the values of FF and Voc. However, 

there was a decrease in FF value at a defect value of 10-19 specifically for PTAA 

material, but at the same time, there was a change in Voc value to 1.0351 V from 

the previous 0.8372 V at a defect value of 10-18, resulting in a smaller FF value 

because FF is the ratio of Pmax to the product of Voc and Jsc.  

Overall, the highest performance values for Voc, Jsc, FF, and ETA are 1.0351 V, 

31.24142 mA/cm², 69.69%, and 22.54%, respectively, using PTAA as the HTL 

material. Meanwhile, the performance values for Voc, Jsc, FF, and ETA for Spiro-

OMeTAD material are 0.8196 V, 13.321 mA/cm², 41.91%, and 4.58%, 

respectively.  

4 Conclusion 

This study examined the influence of NIP and PIN architectures on the 

performance of FASnI₃-based perovskite solar cells through simulations. The 

NIP structure showed superior performance, achieving a peak efficiency of 

15.01% with an optimal shallow acceptor density of 10¹⁷ cm⁻³. Although the PIN 

architecture generally underperformed compared to NIP, careful selection of the 

HTL was shown to improve efficiency. Among the tested HTLs, PTAA emerged 

as the best option for the PIN architecture. These findings highlight the 

importance of optimizing material properties and architectures to achieve higher 

efficiency in FASnI₃-based perovskite solar cells, with PTAA playing a critical 

role in improving the performance of the PIN configuration. Further research into 

material interfaces and stability is essential for advancing PSC technology. 
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