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Perovskite-based solar cells are currently attracting growing interest from researchers and industry alike, thanks to the advantages 
of this type of solar cell, particularly in terms of manufacturing simplicity and the promising power conversion efficiency, which has 
recently reached remarkable levels. This paper focuses on numerical simulation to improve the performance of the Formamidinium 
Tin Iodide (FASnI3) solar cell configuration by using Cerium Dioxide (CeO2) as ETL and Poly (Triaryl Amine) (PTAA) as HTL. 
The simulation has been carried out using Solar Cell Capacitance Simulator (SCAPS-1D) tool under the spectrum of AM 1.5 G. 
An intensive modeling has been realized to improve the output parameters of the suggested configuration based on FASnI3 as absorber. 
The proposed structure (ITO/CeO2/FaSnI3/PTAA/Au) achieves a tremendous power conversion efficiency (PCE) of 39.24%, an open-
circuit voltage (VOC) of 1.31 V, a short-circuit current density (JSC) of 33.7 mA/cm2 and a fill factor (FF) of 90.12%. 
Keywords: Solar cell; FASnI3; SCAPS-1D; Optimization; PCE 
PACS: 84.60. Jt 

1. INTRODUCTION
Due to the shy efficiency of Si-based photovoltaic solar cells and their high production costs, other materials have been 

exploited as a solution to the aforementioned drawbacks. Both in research and in commercialization, a certain number 
of technologies have emerged, such as dye-sensitized solar cells (DSSC), organic photovoltaic cells (OPV), quantum dot solar 
cells (QDSC), organic-inorganic hybrid solar cells (OIH), and perovskite solar cells (PSC) [1, 2]. According to Best Research-
Cell Efficiency Chart published by NREL, the latest perovskite/silicon tandem solar cell, produced by LONGi, achieved a power 
conversion efficiency of 33.9% [3]. In the other hand, the category of perovskite solar cells, also known as third-generation solar 
cells, is increasingly attracting researchers due to its promising performance and low costs production.  

In the present work, we have focused on organic-inorganic perovskites based on metal halides. Launched in 2009 
with a power conversion efficiency of 3.81% [4, 5], perovskite solar cells have improved rapidly, to reach in 2022 
a certified PCE of 25.7% [6]. Hybrid organic-inorganic perovskites are expressed as ABX3, in which A is a monovalent 
inorganic or organic cation such as methylammonium (MA), formamidinium (FA), or cesium (Cs+); while B is a divalent 
cation such as Pb2+, Sn2+, and Ge2+. X is a monovalent anion, such as Cl-, Br-, and I-. In the literature, several combinations 
have been implemented to exploit the potential of perovskites materials. These choices have been justified in terms 
of environmental friendliness, production complexity, manufacturing costs and long-term stability, but above all, power 
conversion efficiency [7, 8]. As an alternative, formamidinium tin iodide (FASnI3, FA+ =CH[NH2]2+) presents itself as 
a solution which combines numerous advantages.  

In 2023, Shayesteh Imani et al [9] presented a TCO/TiO2/CH3NH3SnI3/HTL/Au structure using different Cu-based as hole 
transport layer HTLs. They concluded that a CuI-based PCS was an efficient HTL and they achieved with this device a power 
conversion efficiency of 32.13%, a fill factor of 87.08%, an open-circuit voltage of 1.07 V and a short-circuit current density of 
34.35 mA cm-2. Leila Ghalmi et al [10] studied TiO2/CH3NH3SnI3/Cu2O by adjusting the absorber layer thickness, doping 
concentration and defect density, and they obtained a remarkable power conversion efficiency of 23.94%.  

This work performs a numerical analysis of the proposed device structure (ITO/CeO2/FASnI3/PTAA). The FASnI3 used 
as an absorber layer, CeO2 as electron transport layer (ETL) and PTAA as a hole transport layer (HTL), were used in the 
simulation using the software Solar Cell Capacitance Simulator SCAPS-1d. We have exploited previous works to conclude on 
the structure (ITO/CeO2/FASnI3/PTAA/back contact) and then we will work iteratively to look for the ideal parameters affecting 
thickness, doping and defect density of all layers. This study will present the effect of varying the above parameters on the 
output cell parameters such as short-circuit current, open-circuit voltage, fill factor and power conversion efficiency. 

2. SIMULATED DEVICE STRUCTURE
The suggested structure in this work is typical to the initial architecture of a PSC cell. The device studied consists 

of 4 superimposed layers of normal n-i-p order. Figure 1 shows the structure used in this study in the form 
of ITO/ETL/PVK/HTL/Cathode. The front electrode exposed to sunlight consists of 0.15 µm-thick ITO, used as 
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a transparent conductive oxide (TCO). The use of CeO2 as ETL material enables electrons to be collected and efficiently 
transferred from the absorbing perovskite layer to the front contact material via the electron transfer mechanism, thickness 
of this layer is 0.015 µm. While PTAA is used as HTL with a thickness of 0.3 µm to collect holes, which transfers the 
holes from perovskite absorber layer to the back contact. Finally, we use the FASnI3 as absorber material with a thickness 
of 0.3 µm located as sandwich, between ETL and HTL. The back contact used in the solar cell is Au with a thickness 
of 0.15µm. The work involves optimizing all the materials used in terms of thickness, doping, temperature, series 
resistance and work function. The geometrical and electrical input parameters of the current configuration are summarized 
in Table 1 and 2 for a simulation analysis at temperature of 300 K. 

 
Figure 1. Structure of the designed PSC based on FASnI3. 

Table 1. The input parameters in the architecture of simulating device [11-14]. 

Terms Parameters 
TCO 
(ITO) 

ETL 
(CeO2) 

PVK 
(FASnI3) 

HTL 
(PTAA) 

Thickness d (µm) 0.15 0.015 0.3 0.3 
Bandgap Eg (eV) 3.5 3.5 1.3 2.96 

Relative Permittivity 𝜀r 9 9 8.2 9 
Electron affinity 𝜒 (eV) 4 4.6 4.17 2.3 

Electron thermal velocity (cm.s-1) ve 1×107 1×107 1×107 107 
Hole thermal velocity (cm.s-1) Vh 1×107 1×107 1×107 107 

Effective DoS at CB. Nc(cm-3) 2.2×1018 1×1020 1×1018 1×1021 
Effective DoS at VB. Nv(cm-3) 1.8×1019 2×1021 1×1018 1×1021 

Mob. of electrons µn(cm2/Vs) 20 103 1.6 1 
Mob. of holes µp(cm2/Vs) 10 250 1.6 40 

Dop. conc. of the acceptor Na(cm-3) 0 0 3.2×1015 1.5×1015 

Dop. conc. of donor Nd(cm-3) 1×1021 1×1019 0 0 
Defect Density Nt(cm-3) 1×1015 1×1014 1×1014 1×1014 

Table 2. Parameter of interface defects used in simulations. 

 
3. Mathematical Modelling 

The design and simulation of our PSC model were carried out using SCAPS-1D [15, 16]. Burgelman and his team 
from Gent university have created SCAPS-1D which allows the numerical modeling of photovoltaic components such as 
solar cells and photodetectors in order to obtain their output parameters like J-V characteristics which results from the 
multiplication of several parameters such as JSC, VOC and FF. The one-dimensional equation drives semiconductor 
materials in steady-state conditions [17].  

The following equation presents the electric fields and charge density for the pn junction [18] :  
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Parameters PTAA/FASnI3 FASnI3/CeO2 
Defect type Neutral Neutral 

Capture cross section electrons(cm2) 1×10-19 1×10-19 
Capture cross section holes(cm2) 1×10-19 1×10-19 

Energy distributions Single Single 
Reference for defect energy level Above the highest EV Above the highest EV 

Energy with respect to reference (eV) 0.6 0.6 
Total density (integrated over all energies) (cm−2) 1×109 1×109 

Au 

Load 

ITO 

CeO2 

FASnI3 
PTAA 
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The precedent equation contains, the electrostatic potential, the charge, the static relative permittivity, n and 𝑝 are 
the electrons and the hole, respectively, while NA and ND are the acceptor and donor successively, Ndef named defect 
density. 
Equation continuity of the electron and hole of the solar cell based perovskite configuration illustrated as follows [19]: 
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The current densities of electron and hole symbolized successively, 𝑗௡ and 𝑗௣, carrier generation rate and 
recombination rate of electron and hole are respectively, 𝐺 and 𝑅௡,௣ሺ𝑥ሻ. 

Synchronously, the current density for both, electrons and holes are illustrated in the following  equations[20] 

 𝑗௡ ൌ 𝑞𝑛𝜇௡𝐸ሺ𝑥ሻ െ 𝑞𝐷௡
డ௡

డ௫ᇲ
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Where, 𝑞 is the charge, 𝜇௡ and 𝜇௣ are the electrons and holes mobilities respectively, 𝐷௡ and 𝐷௣ are the diffusion 
coefficients for electrons and holes, respectively. 

It should be pointed out that the recombination and generation equations are obtained from the SCAPS-1D simulator. 
 

4. RESULTS AND DISCUSSIONS 
The examination of the current solar cell configuration is carried out within the framework of the analysis of 

photovoltaic and electrical output parameters, which is subdivided into several parts as follows: 
 

4.1 The influence of active layer thickness on the PSC outputs 
Due to its impact on photogeneration, charge collection and transport processes, the performance of perovskite solar 

cells is directly affected by the thickness of the active layer, influencing the optical properties, electrical properties, energy 
characteristics and morphology of the cells [21]. Figure 2 illustrates the results of simulating the variation of cell 
parameters as a function of absorber thickness. 

  
a b 

  
c d 

Figure 2. Variation of PV parameters as a function of the absorber layer thickness 

We can observe in Fig. 2 (a) the decrease in VOC with the increasing of perovskite material thickness, which varies 
from 0.1 μm to 1.0 μm, to get respectively the VOC of 1.15 V to 1.034 V because of the wider bandgap of the perovskite 
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material. In Fig.2 (b), it is clear that the JSC current of the solar cell increases with increasing FASnI3 layer thickness due 
to increased charge carrier generation and reaches its saturated value of 33.9 mA/cm2 at 1.0 µm. A similar increase in JSC 
is reported by Atanu Bag et al. [22]. The fill factor of the current configuration increases from a thickness of 0.2 μm up 
to the maximum simulated value of 1 μm, as depicted in Fig.2 (c), giving a fill factor of 78.6%. Power conversion 
efficiency varies up to 0.6 μm, where the curve begins to flatten, leading to PCE saturation at a value of 27.4%, as shown 
in Fig.2 (d), beyond this, any further increase in thickness produces only marginal and insignificant improvements in PCE. 
 

4.2 Effects of Temperature on PSC output parameters 
In general, the operating environment for photovoltaic solar cells is direct sunlight, so the radiation falling on the 

solar cells raises the temperature. Many authors have reported a significant degradation in cell performance with 
increasing temperature, which affects all the parameters in the same way [23-25] . As illustrated in Figure 3, the section 
treats the variation of temperature from 300 K to 380 K to investigate the behavior of the cell in this range. Variation in 
JSC and VOC are shown in Fig.3 (a) and (b) respectively where the JSC=30.89 mA/cm2 at the 300 k and the VOC=1.074 V 
for 300K, whereas at 375K, these two parameters reach their lowest values. As depicted in Fig. 3(c), the relevant FF 
values are 77.3% and 71% at 300K and 375K respectively. The PCE shows the same negative variation in Fig.3 (d), rising 
from 25.6% at 300K reaching 21.4% at 375K. We note that the current configuration supports the lower value of 
temperature cause the all-output parameters works well at 300K and this degraded performance at high temperatures may 
be due to a number of factors, such as accelerated interfacial recombination, reverse saturation current, bulk 
defects [26,27]. 

  
a b 

  
c d 

Figure 3. Variation in solar cell parameters as a function of temperature 

4.3 The Impact of CeO2 and PTAA thickness 
In line with the previous section on temperature, we have used the default temperature of 300 k for good PVK solar 

cell performance. The thickness of the ETL and HTL layers can affect the efficiency, stability and reliability of the 
perovskite solar cell. In this section, the problem of the impact of charges transport layers thickness will be discussed, 
with Figures 4 and 5 showing VOC, JSC, FF and PCE for different CeO2 and PTAA thicknesses respectively.  These two 
layers should be as thin as possible to ensure fast electrons and holes transport, low interfacial recombination and low 
resistance losses, while ETL thickness should have a greater effect on the photovoltaic properties of PSC [28,29]. 

The variation of performance parameters as a function of CeO2 thickness is illustrated in figure 4(a-d), in which 
thickness varies for values ranging from 0.005 μm to 0.03 μm. Simulation results showed that all PSC parameters 
decreased with increasing CeO2 ETL layer thickness. Good performance is observed in the 0.005 μm thickness of the 
ETL used where JSC= 33.375 mA/cm2, VOC=1.0388 V, FF=78.55% and PCE=27.23%. 
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a b 

  
c d 

Figure 4. Variation of PV parameters as a function of CeO2 thickness 

  
a b 

  
c d 

Figure 5. Variation of PV parameters as a function of PTAA thickness 

Figure 5(a-d) illustrates the variation of PV parameters as a function of PTAA HTL layer thickness.  We note that 
the highest PCE value obtained is 28.95% for the lowest PTAA thickness value of 0.025 μm. At this point also we had 
JSC=33.381 mA/cm2, FF=83.5% and VOC remains fixed at value 1.08 V throughout the thickness range used. Ola Mostafa 
et al. have developed results similar to those shown in figure 5 [30]. It is evident that thinning the HTL should reduce the 
distance traveled by the holes to reach the back electrode, thereby reducing the likelihood of them undergoing 
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recombination [31]. The thicker layer of PTAA therefore acts as an insulator for the holes generated in the absorber by 
the increased series resistance, resulting in a reduction in Jsc, FF and PCE. 

 
4.4 Effect of varying acceptor doping density in the absorber layer 

The actual investigation focuses on output parameters as a function of acceptor doping density in the absorber layer. 
As reported by Md. A. Islam et al [32], doping the absorber layer can reduce the density of trap states and increase carrier 
lifetime in the cell, thereby increasing VOC. It has also been shown that increasing the doping concentration improves VOC 
and PCE due to the increase in the built-in electric field, which has the effect of separating charge carriers and reducing 
charge recombination [33]. To study the impact of acceptor doping density in the absorber layer, the device will be 
examined by varying the doping concentration from 3.2×E13 cm-3 to 3.2×E17 cm-3 as shown in figure 6. 

As illustrated in Fig. 6 (a, c, d), the variation in output parameters starts to increase linearly from the first value of 
the acceptor doping density up to the concentration 3.2×E17 cm-3 which gives the maximum value such as VOC=1.16 V, 
FF=88.1% and PCE=33.7%, unlike the current, which decreases from top to bottom successively from JSC=33.42 mA/cm2 
to 33.15 mA/cm2. A further increase in doping concentration will lead to a higher rate of Auger recombination, which is 
not beneficial for cell performance. It can be noticed from Fig.6 (b) that when the doping density of the acceptor NA 
exceeds 3.2×E15 cm-3, we observe a rapid drop in JSC as hole transport is strongly attuned because of the enhanced 
impurity scattering and recombination. In conclusion, we choose an acceptor doping density of 3.2×E17 cm-3 [34, 35]. 

a b 

  
c d 

Figure 6. Variation of PV parameters as a function of acceptor doping density 
 

4.5 The Impact of CeO2 and PTAA doping density 
The impact of doping on the charge transport layer (ETL and HTL) in a solar cell can have significant effects on 

various photovoltaic parameters since doping density will affect the mobility of charge carriers (electrons or holes) within 
the layer, improve conductivity and reduce recombination [36, 37]. Firstly, in the current section, we will study the impact 
of the ETL material, CeO2, at different donor doping densities, as shown in Figure 7. For all values between E13 cm-3 and 
E20 cm-3, we observe that up to a donor density of E17 cm-3, parameters increase such as JSC=33.388 mA/cm2, FF=83.5%, 
PCE=28.95%, in contrast to VOC which decreases rapidly from E17 cm-3, corresponding to an open circuit voltage of 
1.0396 V. 

Francisco Peña-Camargo et al. explained that the doping density is only decisive for device performance when the 
density exceeds a certain threshold, which is of the order of E16 cm-3, and that it is only above this threshold that internal 
electric field begins to have a positive impact on charge carriers [38]. The internal electric field then increases with the 
doping density, accelerating carrier transport and improving conductivity as well as the other parameters except for VOC, 
which will decrease slightly as a result of the improved conductivity [39]. After optimization, we select the donor doping 
concentration of the CeO2 in the order of E19 cm−3.  
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a b 

  
c d 

Figure 7. Variation of PV parameters as a function of CeO2 doping density 

The second part of this section examines the perovskite solar cell by optimizing the HTL material for different PTAA 
layer acceptor doping density values. Device performance shows a direct influence as doping increases, and the analysis 
was carried out by varying the acceptor doping density from 1.5×E13 cm-3 to 1.5×E20 cm-3 as shown in Figure 8. 

  
a b 

  
c d 

Figure 8. Variation of PV parameters as a function of PTAA doping density 
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This shows that device performance is slightly influenced by doping density up to E20 cm-3, if we increase the 
doping concentration, charge carrier separation increases and cell performance also increases as follows: 
JSC=33.41 mA/cm2, FF=85.6%, PCE=29.7%, in contrast to the VOC, which shows decreasing values from 1.0388 V to 
1.0375 V as depicted in Fig.8 (a) 

 
4.6 The Impact of defect density on the output parameters 

Solar cell performance also depends on the density of defects, which are considered to be limiting factors since they 
affect recombination, lifetime and carrier mobility. Increasing the number of defects (Nt) results in a high rate of 
recombination, which in turn reduces the number of charge carriers, thereby decreasing the VOC, JSC, PCE and FF [40-42]. 
Figure 9 shows the influence of the defect density in the perovskite layer on the PSC performance. 

  
a b 

  

c d 

Figure 9. Variation of PV parameters as a function of the absorber layer defect density 

The used defect density ranged from 2×E14 cm-3 to 2×E17 cm-3. The output device reversely proportional with 
defect density, when we increase defect density the output parameters fall down as follows, JSC from 33.4 mA/cm2 to 32.2 
mA/cm2, VOC from 1.24 V to 1.025 V, FF from 88.5 % to 84 % and PCE from 36.5 % to 27.6 %. Based on the optimization 
performed, we choose a defect density of 2×E14 cm-3 as the appropriate value that brings the best improvement to the 
photovoltaic and electrical output parameters. 

 
4.7 The Impact of series resistances on the output parameters 

The series resistance of a solar cell is due to several causes, in addition to manufacturing faults, defects and interfaces 
between the various materials, as well as resistances in the front and rear contacts. The main impact of series resistance 
is to reduce the fill factor, although excessively high values can also reduce the short-circuit current [43, 44].  

The current simulation varies the series resistance value from 0 Ω.cm2 to 8 Ω.cm2 and optimize its adequate value 
of the good performance of the photovoltaic device. The Fig. 10 illustrates the output parameters of the solar cell device 
of, JSC, VOC, FF, PCE for a range of series resistance, JSC decreases as series resistance increases, the VOC has a value of 
1.24 V from 0 Ω.cm2 to 6 Ω.cm2 and at 8 Ω.cm2 the voltage increases to 1.36 V. As shown in Fig.10 (c and d), both FF 
and PCE decrease with increasing series resistance. The figure also shows that the FF has its good percentage of 88.2% 
at 0 Ω.cm2 and that the PCE also has its optimal value of 36.5% at 0 Ω.cm2. 
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a b 

  
c d 

Figure 10. Variation of PV parameters as a function of series resistance 
 

4.8 Adequate back contact for the PSC 
The contact material has a major impact on the electrical performance of the solar cell, but in practice other factors 

such as cost and chemical and photochemical stability must also be taken into account when choosing the back contact 
material [45, 46]. In this section is devoted to finding the right back contact by analyzing the impact of work function on 
the solar cell output parameters. The examination of the device involves the use of numerous materials such as Ag, Cu, 
C and Au as back contact. Figure 11 below shows the solar cell's output parameters: JSC, VOC, FF and PCE. 

  
a b 

  
c d 

Figure 11. Impact of work function on the solar cell output parameters 
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The JSC has a constant value of 33.4 mA/cm2 for all materials used, the optimal VOC of 1.2385 V at the Ag material, 
the file factor has 88.53% also for Ag while the PCE has the value of 35.4% with Ag and reaching 36.5% for the other 
materials. As a results of this part of the work function, the figures show that Ag is the appropriate back contact material 
for its good PSC performance, unfortunately it has been reported that Ag-based back contact suffers from degradation 
over time with the formation of silver iodide (AgI), that's why Au is the optimal choice for achieving the compromise 
between stability and performance. 

 
4.9 The contour study of the FASnI3 based PSC 

As shown in Fig. 12, the optimal values of the output parameters are described as follows, the current 
JSC=33.7 mA/cm2 for the thickness of 0.8 nm and more and for the whole range used (from E14 cm-3 to E18 cm-3) of the 
FASnI3 absorber doping concentration, the optimal voltage VOC=1. 31 V obtained when the absorber becomes very thin 
starting from 0.6 nm with a higher doping concentration of E18 cm-3, the high doping concentration at E18 cm-3 is the 
optimum value, corresponding to a fill factor of 90.12% for all thickness ranges used (from 0.4 nm to 1.2 nm). Finally, 
using the coordinates of a doping concentration of E18 cm-3 and a thickness value greater than or equal to 0.6 nm, we 
obtain a PCE peak of 39.24%. 

a b 

  
c d 

Figure 12. Impact of the absorber layer doping concentration on the PSC Output parameters (VOC, JSC, FF, and PCE) 
 

CONCLUSIONS 
In this article, we have numerically simulated the configuration of ITO/CeO2/FASnI3/PTAA/Au using SCAPS-1D 

simulation software. The absorber layer performance was optimized by adjusting defect density, acceptor density and 
absorber layer thickness. It was found that the optimal absorber thickness is 0.6 μm, the absorber defect density is 2×E14 
cm-3, while the absorber doping concentration is 3.2×E17 cm-3. For the ETL and HTL layers, ideal performance was 
achieved with a thickness of 0.005μm for CeO2 and 0.025 μm for PTAA. Their optimal doping concentration was found 
to be E19 cm-3. 

Finally, and after full optimization, the resulting perovskite solar cell achieves an efficiency of 39.24 % as a result 
from multiplying JSC, VOC and FF successively of 33.7 mA/cm2, 1.31 V and 90.12 %. The results present a good 
enhancement of the photovoltaic and electrical output parameters making the reported configuration using FASnI3 offers 
a viable route to achieve PSC that has no lead toxicity, as well as low cost and high efficiency. 
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ПІДВИЩЕННЯ ПРОДУКТИВНОСТІ СОНЯЧНИХ ПЕРОВСКІТНИХ ЕЛЕМЕНТІВ FASnI3 ШЛЯХОМ 

ЧИСЕЛЬНОГО МОДЕЛЮВАННЯ ТА ОПТИМІЗАЦІЇ  
Лахсен Кануніa, Ламір Саїдіa, Абдеррахім Юсфіb, Окба Сайданіb 

aЛабораторія вдосконаленої автоматизації та системного аналізу (LAAAS), Департамент електроніки, 
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Університет Мохамеда Ель Бачіра Ель Ібрагімі, Бордж Бу Аррерідж-34030, Алжир 

Сонячні елементи на основі перовскіту в даний час привертають все більший інтерес дослідників і промисловості завдяки 
перевагам цього типу сонячних елементів, зокрема з точки зору простоти виробництва та багатообіцяючої ефективності 
перетворення електроенергії, яка нещодавно досягла надзвичайного рівня. Ця стаття зосереджена на чисельному моделюванні 
для покращення продуктивності конфігурації сонячної батареї на основі йодиду формамідинію олова (FASnI3) за допомогою 
використання діоксиду церію (CeO2) як ETL та полі (триариламіну) (PTAA) як HTL. Моделювання було виконано за 
допомогою інструменту Solar Cell Capacitance Simulator (SCAPS-1D) у спектрі AM 1.5 G. Було реалізовано інтенсивне 
моделювання для покращення вихідних параметрів запропонованої конфігурації на основі FASnI3 як поглинача. 
Запропонована структура (ITO/CeO2/FaSnI3/PTAA/Au) забезпечує велику ефективність перетворення потужності (PCE) 
39,24%, напругу холостого ходу (VOC) 1,31 В, щільність струму короткого замикання (JSC) 33,7 мА/см2 і коефіцієнтом 
заповнення (FF) 90,12%. 
Ключові слова: сонячний елемент; FASnI3; SCAPS-1D; оптимізація; PCE 




