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Abstract: The numerical simulation of a p-i-n amorphous silicon solar cell has been analyzed using 

the SCAPS-1D software. The effect of the thicknesses of the layers and doping concentration under 

the standard AM1.5 operating conditions are investigated on the output parameters cell, such as the 

open-circuit voltage Voc, the short-circuit current density Jsc, the fill factor FF, and the efficiency of 

power conversion.η. The simulation results indicated that the performance of the studied solar cell is 

related to temperature, p and n layer doping, and intrinsic layer thickness. The simulations revealed 

that the cell's performance is affected by these physical and photoelectric parameters. As a result, the 

experimental data was used to validate the simulation results. The experimental data and the simulation 

predictions were found to be in good accord. On the other hand, the obtained optimal parameters for 

high performance offer an efficiency of 11.61% with layer thicknesses (nm) of p, i, and n regions are 

respectively 9,300,100, and concerning n and p layers doping (cm-3) are respectively 1020 cm-3 and 

1018 cm-3.   
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1. Introduction 

Energy has been the engine of human activity since antiquity; it plays a very important 

role in daily life and in the development of nations. Depending on the needs, several forms of 

energy have appeared as human civilization has developed. Generally, these forms come from 

fossil energy sources such as coal, oil, natural gas, and uranium [1, 2]. Solar radiations are the 

most efficient energy source that can be one of the usual alternative energy. To minimize CO2 

emissions from fossil fuels, alternative sources of energy production have been developed 

with efficiency over the past seven decades using solar energy, which is abundant, clean, free, 

readily available, and non-toxic and which can be operated in photovoltaic cells that convert 

sunlight directly into electricity [3, 4]. Different types of solar cell structures have been 

developed by different technologies, with thin-film technology being the most powerful for 

large-area production. Amorphous silicon is a material that is increasingly involved in its 

manufacture because it has the advantage of a relatively low production cost, in addition to 

being very easy to deposit in thin layers. Still, it is not considered an ideal material for 
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photovoltaic conversion due to its low absorption of solar radiation, which requires a thick 

layer to obtain satisfactory results [5-20]. 

SCAPS (Solar Cell Capacitance Simulator) is a one-dimensional solar cell simulation 

program developed at the Department of Electronics and Information Systems (ELIS) of 

Ghent University, Belgium, which is applicable to crystalline and amorphous solar cells such 

as Si and GaAs family [21]. SCAPS-1D software is used to explore the Silicon amorphous 

thin-film solar cell in this numerical investigation. It is frequently used to simulate many types 

of solar cells, and the SCAPS simulation results have been shown to accord well with the 

corresponding actual data, providing a compelling reason to use it in this study. We've 

recently used the SCAPS to investigate various thin-film-based solar cells, such as GaAs solar 

cells [22, 23]. SCAPS uses the Poisson equation along with the hole and electron continuity 

equations to determine the band diagram in a steady-state, the recombination profile, and 

carrier transport in one dimension. All of the simulations were carried out in standard 

conditions of 1000 (W/m2) light intensity, 300 K temperature, and AM1.5 light spectrum 

illumination. 

In this paper, we present the numerical simulation of amorphous silicon-based on p-i-

n junction solar cells to provide guidance for improving performance through device structure 

modification given available material properties. SCAPS-1D software examined the 

performance of silicon solar cells by a study of the physical and photoelectrical parameters 

on the output solar cell characteristic such as the fill factor FF, open-circuit voltage Voc, short-

circuit current density Jsc, and conversion efficiency η. 

2. Materials and Methods 

2.1. p-i-n structure of a-Si solar cell. 

The schematic conventional of a p-i-n single-junction solar cell employed in the 

simulation is shown in Figure 1 [24]. It consists of an absorbent layer which is the p-i-n 

junction based on amorphous silicon. Whereas the front contact layer is formed by a 

transparent conductive oxide (TCO) layer, and the back contact consists of a highly reflective 

metallic layer.  

 
Figure 1. Structure of p-i-n amorphous silicon solar cell. 

The solar cell parameters employed in this simulation are commonly available and can 

be found in Table 1 [24]. 
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Table 1. Physical parameters of a-Si:H used in the simulation. 

Parameters p-layer i-layer n-layer 

Thickness (nm) 9 500 20 

𝜺𝒓 7.2 11.9 11.9 

𝛘𝒆(eV) 3.9 3.9 3.9 

𝑬𝒈(eV) 1.8 1.8 1.8 

𝝁𝒏(𝒄𝒎𝟐. 𝑽−𝟏. 𝒔−𝟏) 20 20 20 

𝝁𝒑(𝒄𝒎𝟐. 𝑽−𝟏. 𝒔−𝟏) 5 5 5 

𝑵𝑪(𝒄𝒎−𝟑) 1020 1020 1020 

𝑵𝑽(𝒄𝒎−𝟑) 1020 1020 1020 

𝑵𝑨(𝒄𝒎−𝟑) 1017 0 0 

𝑵𝑫(𝒄𝒎−𝟑) 0 0 1017 

SCAPS-1D software uses finite difference and Newton-Raphson methods to solve 

basic semiconductor equations [25]. All simulations were carried out in standard conditions 

of 1000 (W/m2), the temperature of 300 K, and the illumination of the AM1.5 light spectrum. 

The performance parameters of solar cells, such as Voc, Jsc, FF, and conversion efficiency, 

are explored by including the different material properties in SCAPS-1D. This numerical 

simulation establishes the solution of the Poisson equation and continuity equations for 

electrons and holes in a 1-D state and under steady conditions [26]. The Poisson equation is 

described as follows: 
𝜕

𝜕𝑥
(𝜀

𝜕𝜙

𝜕𝑥
) = 𝑞[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷 − 𝑁𝐴]                               (1) 

where 𝜙, 𝑞, and 𝜀 are respectively the electrostatic potential, free charge of the electron, and 

dielectric permittivity of the material. 𝑛 and 𝑝 are the free electrons and hole densities. 𝑁𝐴 

and 𝑁𝐷 are donors and acceptors concentrations, respectively.  

The semiconductor continuity equations for electrons and holes in the steady-state are 

given as follows: 
𝜕𝐽𝑛

𝜕𝑥
= 𝐺𝑝 − 𝑅𝑛                                                               (2) 

𝜕𝐽𝑝

𝜕𝑥
= 𝐺𝑝 − 𝑅𝑝                                                               (3) 

The current densities of electrons 𝐽𝑛 and holes 𝐽𝑝 occur by drift and diffusion process, 

and can be described using the following equations: 

𝐽𝑛 = 𝐷𝑛
𝜕𝑛

𝜕𝑥
+  𝑛𝜇𝑛

𝜕𝜙

𝜕𝑥
                                                  (4) 

𝐽𝑝 = 𝐷𝑝
𝜕𝑝

𝜕𝑥
+  𝑝𝜇𝑝

𝜕𝜙

𝜕𝑥
                                                  (5) 

𝐷𝑛, 𝐷𝑝 and 𝜇𝑛 , 𝜇𝑝 are the diffusion coefficients and mobility's electrons and holes, 

respectively. 𝐺𝑝 and 𝑅𝑝 describe the creation process and recombination rate of free electron-

hole pairs [26].  

To have a convergence of solutions, SCAPS uses the boundary conditions at each 

region cell [27]. At the top contact (x=0):𝑆𝑛Δ𝑛 = 𝐷𝑛
𝜕𝑛

𝜕𝑥
|

𝑥=0
, where 𝑆𝑛 is the surface 

recombination velocity, and at junction between p-layer and intrinsic i-layer, the minority 

carriers' doping concentration has remained constant. It can be calculated using the equation: 

(𝑥 = 𝑥𝑝), 𝑛 = 𝑛𝑝0
=

𝑛𝑖
2

𝑁𝑎
|

𝑥=𝑥𝑝
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The efficiency 𝜂 of a solar cell is the most often used criterion for comparing its 

performance to that of another. The efficiency of a solar cell is defined as the ratio of energy 

production to energy input from the sun. Particularly, the fraction of incident power 𝑃𝑖𝑛 

converted to electricity determines a solar cell's efficiency, which is given by [28]: 

𝜂 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=  

𝑉𝑜𝑐 𝐼𝑠𝑐 𝐹𝐹

𝑃𝑖𝑛
                                                            (6) 

where 𝑉𝑜𝑐 is the open-circuit voltage, 𝐼𝑠𝑐 is the short circuit current, and 𝐹𝐹 is the fill factor. 

The input power 𝑃𝑖𝑛 for efficiency, calculation is 100 𝑚𝑊 𝑐𝑚2⁄ . 

3. Results and Discussion 

The performance of amorphous silicon solar cells based on p-i-n single-junction was 

investigated in this study. After simulating the cell structure using SCAPS-1D, the obtained 

power conversion efficiency for an a-Si solar cell with short circuit current density Jsc, open-

circuit voltage Voc, fill factor FF, and efficiency η are listed in Table 2, and the characteristics 

both of our numerical simulation results and experimental values [29] are represented in 

Figure 2. 

Table 2. Comparison between Simulated and experimental values of an a-Si:H solar cell. 

Junction type 𝑽𝒄𝒐(𝑽) 𝑱𝒔𝒄(𝒎𝑨 𝒄𝒎𝟐⁄ ) 𝑭𝑭(%) 𝜼(%) 

Simulation values 0.96 17.39 69.10 11.53 

Experimental 
values [15] 

0.82 16.79 68.2 9.51 

 
Figure 2. Experimental and simulated values of p-i-n a-Si:H. 

To validate our simulation results, we compare the density current-voltage (J-V) 

characteristic related to the experimental and simulation data. Figure 2 presents the results of 

the experimental values and our simulation results obtained by the SCAPS-1D software.It is 

noted that the simulation values are comparable to the experimental values, demonstrating the 

accuracy of our findings. On the other hand, It is noted that the use of the intrinsic layer' i' in 

the  p/n- junction has increased the short circuit current density Jsc, the fill factor and the 

conversion efficiency. The power conversion efficiency is estimated at 11.61 % for using the 

amorphous silicon. 

3.1. Effect of intrinsic layer thickness. 

We'll investigate to study the variations of the characteristics of the cell according to 

the thickness of the intrinsic layer i because this layer plays a very important role in the 
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photovoltaic properties of the cell, especially during the absorption phenomena. Figure 3 

shows a summary of the obtained results. The inclusion of the intrinsic layer' i' causes an 

increase in cell efficiency, demonstrating the relevance of this layer in thin-film solar cells 

based on a-Si:H. 

 
Figure 3. Effect of the thickness of the i- layer on the J-V characteristic. 

Figure 4 shows the effect of the intrinsic layer thickness on the output J-V 

characteristic of the cell. We note that an increase in the intrinsic layer improves the short-

circuit current, decreases the open-circuit voltage, and consequently improves the energy 

conversion efficiency. Furthermore, when the thickness of the i-layer is raised from 100 nm 

to 500 nm, Voc and FF decrease while Jsc increases. For an i-layer thickness of 300 nm, the 

cell's power conversion efficiency reaches an optimum of 12.03 %. 

 
Figure 4. Influence of i-layer thickness on  Voc, JSC, FF, and η. 

Figure 5 shows the quantum efficiency (QE) of the p-i-n solar cell as a function of the 

wavelength (nm) of solar radiation. It can be observed that the absence of the i-layer shows a 

low absorption of photons which causes a decrease in the quantum efficiency QE. It is noted 
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that there is a significant decrease in the quantum efficiency QE for wavelengths below 500 

nm and an increase for wavelengths above 500 nm. As a result, the intrinsic layer plays a very 

important role in the thin-film solar cell, especially during absorption phenomena 

 
Figure 5. Effect of intrinsic layer thickness on the quantum efficiency (QE). 

3.2. Effect of p layer thickness. 

Figure 6 shows the effect of the P layer thickness on open-circuit voltage Voc, short 

circuit current Jsc density, fill factor FF and power conversion efficiency η. 

 
  Figure 6. Effect of p layer thickness on the Voc, Jsc, FF, and η. 

It can be seen that the open-circuit voltage, fill factor, and efficiency is maximum at 9 

nm and then decrease as the p layer thickness increases. However, the short-circuit current 

density is stable up to 40 nm and then varies in an inverse manner. From this simulation, we 

can conclude that the optimum thickness for the p layer is 9 nm and corresponds to maximum 

efficiency of 11.61 %. 
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3.3. Effect of Na doping. 

We study the influence of doping Na of the p layer on the J-V characteristic and 

subsequently on the performance of the cell. 

Figure 7 shows the effect of doping on the short circuit current density Jsc, open-circuit 

voltage Voc, fill factor FF, and finally on the efficiency η. These parameters are all affected 

by the variation of the p layer doping Na. On the one hand, they rise as the doping Na rises 

from 1016 cm-3 to 1018 cm-3, and then they remain nearly constant over the whole doping range 

from 1019 cm-3 to 1020 cm-3. On the other hand, the current density Jsc increases with increasing 

doping until it reaches a maximum of 1018 cm-3 and then starts to decrease slightly. We 

conclude that These observations confirm that the doping Na has an optimal value of 1018 cm-

3, which produces an optimal power conversion efficiency of 11.69 %. 

  

  Figure 7. Doping effect of the p-layer on Voc, Jsc, FF, and η. 

3.4. Geometrical and physical parameters of n layer effect. 

We are interested in the influence of the physical and geometrical proprieties of n-

layer, in particular, its thickness 𝑥𝑛  and doping 𝑁𝑑. 

3.4.1. Effect of n- layer thickness xn.  

In the following figure, the simulation results of the output photoelectrical parameters 

Voc, Jsc, 𝐹𝐹, and 𝜂 are displayed with a variation of the n- layer thickness. 
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Figure 8. Effect of n- layer thickness on Voc, Jsc, FF, and η. 

We can observe that as the n-layer thickness increases, the short-circuit current density 

increases while the open-circuit voltage and the fill factor decrease. Besides, the cell 

efficiency drops until it reaches its lowest point at 40 nm and then begins to rise. It is 

concluded that the optimum value for the n-layer thickness is 100 nm corresponding to an 

optimal value of power conversion efficiency. 

 
Figure 9. Influence of ND doping on photovoltaic parameters. 

3.4.2. Effect of ND doping. 

The effect of doping 𝑁𝐷 on short circuit current density 𝐽𝑠𝑐, open-circuit voltage 𝑉𝑜𝑐, 

fill factor 𝐹𝐹, and efficiency 𝜂 is shown in Figure 9. We can observe that the n-layer doping 
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𝑁𝐷 has an effect on these parameters; in particular, they rise as the doping level increases. 

The optimal doping value is discovered to be 𝑁𝐷 = 1020𝑐𝑚−3, which gives a maximum 

energy conversion efficiency. 

A comparison of the simulated and experimental p-i-n solar cells is presented in Table 

3. It can be summarized that there is an acceptable agreement between the experimental and 

simulated values. 

Table 3. Experimental and simulation results. 

Parameters Experimental Simulation 

𝑽𝒐𝒄(V) 0.82 0.96 

𝑱𝒔𝒄(mA/cm2) 18.3 17.39 

𝑭𝑭(%) 68.3 69.11 

𝜼(%) 10.3 11.61 

4. Conclusions 

We have studied the numerical simulation of the p-i-n amorphous silicon solar cell 

using the SCAPS software. The influence of the intrinsic layer on the operation of the studied 

cell is investigated. Besides, we have studied the physical and geometrical parameters such 

as p- and n-layer doping and their thicknesses. The simulation results indicate that the 

behavior of the p-i-n solar cell is closely related to these parameters. Indeed, after simulating 

the a-Si:H cell structure using SCAPS-1D, the obtained power conversion efficiency of 

11.61%  with thicknesses (nm) of p, i, n regions are respectively 9,300,100 , and donor doping 

layer of 1020 cm-3,  and acceptor doping layer of 1018 cm-3. 
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