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Abstract : 

In this study, we simulate three amorphous silicon photovoltaic cells, the first is in 

hydrogenated amorphous silicon a-Si:H, the second is in hydrogenated amorphous silicon 

germanium a-SiGe:H and the third is a tandem cell in a-Si:H and a-SiGe: H. This simulation 

was carried out using the program AFORS-Het (Automated FOR Simulation of 

heterojunction). In this study, we focused on the effect of the thickness and doping 

concentration of each layer on the characteristics of photovoltaic cells (open circuit voltage, 

short circuit current, form factor and efficiency) 

Keywords : Hydrogenated amorphous silicon ,Tandem cell, simulation ,AFORS -HET 

 

Résumé : 

Dans cette étude, nous simulons trois cellules photovoltaïques en silicium amorphe, la 

première est en silicium amorphe hydrogéné (a-Si:H), la seconde est en silicium germanium 

amorphe hydrogéné (a-SiGe:H) et la troisième est une cellule tandem en a-Si:H et a-SiGe:H. 

Cette simulation a été réalisée à l'aide du programme AFORS-Het (Automated FOR 

Simulation of  heterojunction).  Dans cette étude, nous nous sommes intéressés à l’étude de 

l'effet de l'épaisseur et de la concentration de dopage de chaque couche sur les caractéristiques 

des cellules photovoltaïques (tension de circuit ouvert, courant de court-circuit, facteur de 

forme 

Les mots-clés : Silicium amorphe hydrogéné  ,Cellule tandem ,simulation, AFORS-HET 

  يهخص

 فً هزِ انذساست، قًُا بًحاكاة ثلاث خلاٌا ضىئٍت يٍ انسٍهٍكىٌ غٍش انًتبهىس. الأونى فً انسٍهٍكىٌ غٍش انًتبهىس انًهذسج

a-Si:Hوانثاٍَت فً انسٍهٍكىٌ اندشياٍَىو غٍش انًتبهىس انًهذسج ، a-SiGe:Hنثت هً خهٍت تشادفٍت فً، وانثا a-Si:H وa-

SiGe:H. ُحبشَايفٍز هزِ انًحاكاة باستخذاو تى ت )  AFORS-Het ،انًحاكاة اَنٍت نهىصلاث انًتغاٌشة(. فً هزِ انذساست

سكزَا عهى تأثٍش سًك وتشكٍز تطعٍى كم طبقت عهى خصائص انخلاٌا انضىئٍت )خهذ انذائشة انًفتىحت، تٍاس انذائشة 

 )ايم انشكم وانكفاءةانقصٍشة، ع

 ,AFORS –HET    يحاكاة , خهٍت تشادفٍت ,هٍكىٌ غٍش يتبهىس يهذسج  سٍ: انكهًاث انًفتاحٍت
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2 

 

     fossil energies, such as oil, coal, and natural gas, are crucial energy sources heavily relied 

upon by the world. They are characterized by their ability to provide large quantities of 

energy efficiently, making them essential for industries, transportation, and electricity 

generation. However, their use poses environmental and economic challenges, such as 

environmental pollution and increased carbon dioxide emissions, alongside being finite 

resources that will deplete in the future. For these reasons, the world is shifting towards 

renewable energies like solar, wind, and hydropower to reduce dependence on non-renewable 

energies and ensure sustainable development while protecting the environment. 

     Solar energy is a renewable energy source that relies on sunlight. The sun is one of the 

richest sources of clean energy, contributing to reducing carbon emissions and environmental 

pollution. With technological advancements, solar panels and solar heating systems have 

become more efficient and effective. The efficiency of these systems depends on factors such 

as geographic location and climatic conditions. Investing in solar energy enhances energy 

security, creates job opportunities, and reduces reliance on fossil fuels. 

    Solar cells occupy a prominent position for offering clean and sustainable solutions. With 

continuous technological advancement, there is growing interest in developing solar cells with 

higher efficiency and lower cost. Among these developments are tandem solar cells that 

utilize various materials to improve energy conversion efficiency. 

     Amorphous silicon (a-Si:H) and its alloys represent a promising option for tandem solar 

cells. Amorphous silicon possesses unique properties that make it suitable for solar energy 

applications, such as low production costs and ease of manufacturing, in addition to the 

possibility of improving its efficiency through chemical composition modification with alloys 

like amorphous silicon carbide (a-SiC:H) and amorphous silicon germanium (a-SiGe:H). 

   This study aims to analyze and simulate the performance of tandem solar cells based on 

amorphous silicon and its alloys using the AFORS-HET program, which is specialized in 

modeling and analyzing solar cells and electronic devices with efficient energy applications. It 

is used to develop and improve solar cell designs by studying the factors affecting their 

performance, enabling researchers and engineers to develop more efficient techniques in the 

field of solar energy. By modeling these cells and studying the effects of various variables on 

their performance, the best configurations can be determined and tangible improvements i
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efficiency can be achieved. This study will contribute to a deeper understanding of the 

physical and chemical properties of these materials and how to optimize their use in solar 

energy applications. 

    In our work, we will study the simulation of tandem solar cells made of amorphous 

hydrogenated silicon using the AFORS-HET program. We will address the following 

questions: What is the effect of variations in the absorber layer thickness and the 

concentration of dopants on the properties of the solar cell, represented by open-circuit 

voltage, short-circuit current, fill factor, and efficiency? 

   Chapter one provides an overview of solar cells, their different generations, and their key 

parameters. Additionally, it describes the characteristics of silicon-based amorphous solar 

cells. 

   Chapter two will delve into defining the physical constants associated with each layer for 

simulating a solar cell. Then, it will introduce the software ... and its usage method. 

   In chapter three, we present and discuss the main results found from the simulation. Finally, 

conclusions related to this study are drawn. 
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1.1-Introduction 

       In this chapter, we will discuss the components and types of solar cells, the physical and 

chemical processes behind their work, how they are manufactured, and the latest trends and 

developments in this field, in addition to the challenges and opportunities facing this 

promising technology. 

1.2-The Sun 

      It is one among the stars in the Milky Way galaxy, which has over 200 billion stars, and 

the center star of the solar system. At 1,392,684Km in diameter, the sun is roughly 109 times 

larger than the Earth. With a mass of 1030×2 kg, it is around 330,000 times heavier than the 

Earth. It is the main energy source that gives the planet heat and light. Like all stars, it is a 

giant sphere of heated gasses that, at its core, transforms hydrogen into helium to produce 

enormous quantities of energy.[1] 

1.3-Solar radiation  

1.3.1-Definition 

       It is the amount of solar radiation that reaches a specific area and is capable of generating 

electrical energy. Only a small fraction of solar radiation reaches the Earth, estimated to be 

about one part in a million of the total solar radiation, which is approximately 130 megawatts 

per square meter of the Sun's surface. This small quantity is responsible for all the thermal 

energy on the Earth's surface and in its atmosphere.[1] 

This radiation penetrates the Earth's atmospheric envelope, and part of it reflects outside the 

atmosphere into space, while the rest scatters inside the envelope. The remaining part passes 

through the envelope, and thus solar radiation reaches the Earth's surface in three forms: 

a- Direct Radiation (S): This is the radiation that passes through the atmosphere without 

reflection or scattering, consisting of a direct beam of sunlight that arrives unchanged. 

b- Diffuse Radiation (D): This is the radiation that undergoes scattering by atmospheric 

components.  

c- Total Radiation (G): This is the radiation that reaches a point on the Earth's surface and 

consists of the sum of direct, diffuse, and reflected radiation, calculated as follows: 
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G=R+S+D 

 

Figure (1-1): Types of solar radiation [2] 

 

1.4-The solar radiation spectrum  

      The solar radiation spectrum encompasses a diverse range of electromagnetic wavelengths 

emitted by the sun. This spectrum comprises several key elements, including visible light, 

which is perceivable by the human eye; ultraviolet radiation, characterized by high energy and 

potential harm to human health; infrared radiation, felt by humans as heat without being 

visible; and radio waves, distinguished by much longer wavelengths than infrared radiation, 

which are neither visible nor perceptible by the human eye. Most of the solar radiation 

spectrum reaches the Earth's surface unchanged, although a portion is absorbed as it passes 

through the atmosphere. Additionally, the sun not only produces visible, infrared, and 

ultraviolet radiation from the solar spectrum colors but also emits high-energy gamma rays as 

a result of nuclear fusion processes occurring in its core.[1] 
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Figure (1-2) The visible part of the electromagnetic spectrum [3] 

 

Table 1-1: wavelengths and frequencies of the solar spectrum [4] 

 

  

1.5-The definition of solar energy 

     It is the energy that is derived from the sun, which consists of using the light and heat that 

is emitted from the sun to generate electricity, heat water, or for other purposes. Solar energy 

is a clean and renewable source of energy, which is generated using various solar technology 

such as solar cells and solar mirrors. Solar energy is considered one of the most important 

energy sources available in the world, and it depends on taking advantage of the sun's 

radiation that reaches the Earth's surface to generate energy.[1] 

Solar energy can be converted into thermal energy and electrical energy: 

     Thermal energy: It is obtained by the heat conversion mechanism, which depends on 

Converting solar radiation into thermal energy through solar collectors. If a dark-colored, 
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isolated body is exposed to solar radiation, it absorbs the radiation and its temperature rises. It 

benefits from This heat is used in heating, cooling and water heating. 

    Electrical energy: We obtain this energy through the photoelectric conversion mechanism, 

which It means converting solar radiation directly into electrical energy using solar cells. 

 1.6-Material classification 

Materials are divided according to their ability to conduct electrical current into three main 

types: 

a-conductors: These are materials that allow electrical current to flow easily. It is 

characterized by the presence of free electrons roaming within the structure of matter, such as 

silver, copper, aluminium, gold, and iron. 

b-Insulators: These are materials that do not allow electric current to flow. It is characterized 

by the absence or scarcity of free electrons within the structure of matter. Such as plastic, 

wood, glass and air. 

  c-Semiconductors: These are materials with moderate electrical conductivity, located 

between conductors and insulators. It is characterized by the presence of a limited number of 

free electrons. The conductivity of a semiconductor can be changed by adding impurities to it 

(doping). Examples of semiconductors are silicon, germanium, and gallium arsenide.[1] 

1.7-The doping 

    Doping is the process of introducing impurities into a pure semiconductor material to alter 

its electrical conductivity. These impurities, known as dopants, are typically elements from 

groups III and V of the periodic table. [1] 

      There are two main types of dopants: N-type and P-type. N-type dopants, such as 

phosphorus, arsenic, and antimony, contain five valence electrons. When added to a pure 

semiconductor, they donate an extra electron, creating free electrons that contribute to 

conductivity. On the other hand, P-type dopants, such as boron, aluminum, and gallium, 

contain three valence electrons. When added to a semiconductor, they create holes in the 

electron structure, which act as charge carriers and contribute to conductivity. 
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      Doping significantly enhances the electrical conductivity of semiconductors by providing 

additional charge carriers. N-type and P-type semiconductors have different electrical 

properties due to their distinct doping mechanisms. 

      Doped semiconductors form the foundation of modern electronic devices, including 

transistors, diodes, and integrated circuits. Controlled doping enables precise customization of 

semiconductor properties, allowing these devices to perform a wide range of functions. 

   The doping process involves adding a small amount of dopant material during the crystal 

growth of semiconductors. The dopant atoms are incorporated into the semiconductor's 

crystalline lattice, altering its electronic properties and conductivity its electronic properties 

and conductivity  [1] 

 

Figure (1.3):p-type doping[6] 

 

Figure (1.4): n-type doping [6] 

 

1.8-The p-n junction 
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        The p-n junction diode is formed by joining a pure semiconductor with one end doped 

with a pentavalent impurity (rich in free electrons), resulting in an N-type semiconductor, and 

the other end doped with a trivalent impurity (rich in free holes), resulting in a p-type 

semiconductor. When these two regions are connected at the junction area, negative charges 

from the N-type region migrate and combine with the holes in the P-type region, creating a 

depletion region. This forms a diode, symbolized as a symbol in electronic circuits, allowing 

current to flow in one direction while blocking it in the reverse direction. 

 

Figure (1-5) p-n junction [7] 

 

1.9-Solar cells  

1.9.1-Definition  

       A solar cell is an electronic device that converts direct sunlight into electrical energy 

using the phenomenon of internal photoexcitation. Solar cells typically consist of 

semiconductor materials such as silicon and comprise two opposing conductive layers with an 

applied electric field between them. When sunlight strikes these cells, electrons are released in 

the active conductive layer, resulting in the flow of electrical current. Solar cells can be used 

to generate electrical energy in a variety of applications, including solar power generation on 

surfaces, powering standalone electronic devices, and providing energy for electric vehicles. 
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Figure (1.6 ): photoelectric cell [5] 

1.9.2-The photovoltaic effect 

       The process by which light energy in a semiconductor is directly converted to electrical 

energy is known as the photovoltaic effect. A silicon wafer (semiconductor) that has been 

doped with phosphorus (N side) in the bottom section and boron (P side) in the top part is 

often used in solar cells.  

     An electric field keeps the electrical charges apart in the area around this P-N junction. An 

electron-hole pair is created when a photon strikes a cell and uses the photoelectric effect to 

break off electrons. The electron is gathered on the N side after having enough energy to pass 

the junction. A current of electricity is produced [4] 

 

Figure(1.7): Photovoltaic effect in a silicon wafer [4] 
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1.9.3-The different generations of photovoltaic cells 

     The last several decades have seen the development of numerous innovative kinds of solar 

cells. Solar cells come in three generations. The many solar systems that have emerged from 

international research are shown in Figure 1.7, along with the top power conversion 

efficiencies from 1976 to 2024. A data table was created by the US Department of Energy's 

National Renewable Energy Laboratory (NREL). Over time, the power conversion efficiency 

of different kinds of solar cells has gone up. The type of material, the highest degree of 

performance that can be attained, and the cost of each kind decide which categories are 

used.[8] 

 

Figure (1-8): Evolution of Solar Cell Efficiency Over the Years Taken from (NREL, 2024) 

[9] 

 

1.9.3.1-First generation: silicon crystalline (mono and poly) 

This generation of cells is based on crystalline silicon wafers, which are thin slices that are 

sawed into silicon ingots. The purification process results in a material that has 99.99999% 

silicon.[10] 
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Figure (1.9): Cell manufacturing stage: (1) Silicon ore – (2) refining (to increase purity) –(3) 

Molten silicon giving ingots (4) after solidification – (5) wafer obtained by sawing the ingot –  

(6) surface treatment by physicochemical processes and (7) finished cell with electrodes [10] 

Depending on the kind of structure, crystal cells are separated into two categories: mono- and 

polycrystalline. These two cell types—the Siemens process and the Czochralski (Cz) 

process—are the result of distinct solidification and purification procedures. The industries 

that typically carry out the purifying processes Cz and Siemens differ in their supply 

structures. 

 

Figure(1.10): mono crystalline and poly crystalline cell[10] 

 

Monocrystalline cells are distinguished by their broken corners and uniform appearance. THE 

poly-crystalline cells have a more iridescent appearance coming from the orientation of the 

different crystal lattices relative to the cutting plane. 
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1.9.3.2-Second Generation solar cell (thin film) 

    The basis for this generation of cells is the thin-film (or layer-thin) deposition of 

semiconductor materials. These substances are applied to a substrate using techniques like 

PE-CVD (Plasma Enhanced Chemical Vapor Deposition). The layer has a thickness that 

ranges from a few nanometers to tens of micrometers. Due to their lower weight per watt peak 

at launch, these once-expensive technologies were only used in concentrated and space 

applications. The cost of these technologies has decreased to the point where they are now 

competitive with first-generation crystalline technologies due to the increase in production 

volumes. Among the industrially utilized thin-film technologies (mass manufacturing), we 

separate:[10] 

 CdTe: Cadmium Teluride (cadmium teluride) 

 CIS / CIGS: Copper Indium Gallium Selenide 

 Thin film silicon: amorphous silicon αSi and microcrystalline 

 

Figure (1.11): Thin-layer solar cell [1] 

1.9.3.2.1-The basic elements of a thin film solar cell include 

1-Substrate: This is the fundamental layer of the solar cell, serving as both a surface for the 

deposition of thin film layers and a mechanical support. Typical substrate materials include of 

plastic, metal, or glass. 



Chapter one: generality about solar cells 
 

 
 

15 

2- Transparent conductive layer: In order to create a conductive path for current to flow in the 

solar cell and allow light to pass through to the active layers, this layer often consists of 

transparent conductive oxides like TCO and ITO 

3-The active layer: This layer is composed of a semi-conducting material, like copper indium 

gallium selenide (CIGS), amorphous silicon, or cadmium telluride (CdTe), which absorbs 

photons from sunlight and produces an electrical charge. The active layer is typically only a 

few micrometers thick. 

4- Back contact: This layer usually consists of a metal such as aluminum or silver, providing a 

secondary conductive path for current flow in the solar cell. It also reflects any unused light 

back through the active layer to increase the efficiency of the solar cell. 

1.9.3.2.2- Advantages and disadvantages of thin film solar cells 

a- Advantages: 

- Mass production is simple and cost-effective, making them cheaper to manufacture than 

crystalline silicon solar cells. 

- Their homogeneous appearance makes them more aesthetically pleasing. 

- They offer flexibility, opening up possibilities for various new applications. 

- They tolerate and produce energy in high-temperature environments, and shading has less 

impact on their performance. 

b- Disadvantages: 

- Generally, thin-film solar panels are not suitable for residential applications. While they are 

cost-effective, they also require a large area. 

- Thin-film solar panels tend to degrade faster than monocrystalline and polycrystalline solar 

panels, which is why they usually come with shorter warranties compared to other types of 

solar panels. 
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1.9.3.3-Third generation solar cell 

        Mainly, due to the high costs of first generation solar cells and the toxicity and limited 

availability of materials for second generation solar cells, a new generation of solar cells has 

emerged. This is inherently different from the previous two generations because it does not 

depend on the p-n junction design of the others. The objective is of course to improve solar 

cells by making solar energy more efficient over a wider band of solar energy, cheaper and 

without any toxicity, in order to achieve these efficiencies, many concepts have been studied 

during the last years. This generation of solar cells includes organic thin film (polymer solar 

cells), dye-sensitized solar cells, perovskite solar cells and quantum dot solar cells 

1.9.4-Advantages and Disadvantages of Solar Cells 

1.9.4.1-Advantages of Solar Cells 

- Renewable energy source. 

- Reduces electricity consumption and lowers bills. 

- Protects the environment from pollution. 

- Provides long-term energy. 

- Versatile applications. 

- Low maintenance costs. 

- Advances technology. 

1.9.4.1-Disadvantages of Solar Cells 

- Cannot fully meet internal needs (difficult to use solar cells in shaded areas). 

- High initial cost. 

- Seasonal energy production dependent on weather. 

- Expensive energy storage. 

- Requires a large amount of space. 
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1.10-Amorphous Silicon and its Alloys  

1.10.1-Silicon and silicon alloys used in solar cells 

1.10.1.1-Structure et propriétés de silicium amorphe  

     Amorphous silicon, a material with unique properties, has gained significant interest in the 

field of amorphous semiconductors due to its economic advantage and unique properties. 

Despite some disadvantages such as lack of reproducibility, low mobilities, and high defect 

densities, amorphous silicon can be a cost-effective replacement for crystalline silicon. 

Amorphous silicon does not have an organized structure, with small variations in length and 

angle of connection, resulting in conduction and valence band tails in the material's density. 

Defects in amorphous silicon are present in the form of silicon atoms with only three covalent 

bonds with neighbors, and the fourth unsatisfied link is called dangling links.  

    The concentration of dangling bonds in non-hydrogenated amorphous silicon is 

around    to          , making it difficult for electronic applications. However, these 

dangling bonds can be easily passivated by a hydrogen atom, reducing the concentration of 

dangling bonds to approximately     to         . 
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 Figure 1.12:(a) Crystal structure of silicon; (b) amorphous structure of silicon.[11] 

    The electron's   mobility gap, which signifies the energy difference between the valence 

band (Ev) and the  conduction band (Ec) where electrons are immobile, typically ranges 

between 1.9 eV and 1.83 eV. This gap determines the minimum energy required for photons 

to be absorbed and contribute to photovoltaic conversion. In the case of a-Si:H, it behaves as a 

direct gap semiconductor, making it particularly efficient in absorbing visible light. 

      Moreover, a-Si:H exhibits exceptional optoelectronic properties, enabling it to 

accommodate atoms of various sizes and form alloys with elements like germanium and 

carbon. The gap of this material can be precisely controlled by adjusting the compositions of 
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gas mixtures during manufacturing. Consequently, a-Si:H solar cells have the potential to 

emerge as significant   competitors to conventional electricity sources. 

      However, there are certain limitations associated with a-Si:H. These include an increased 

density of dangling bonds per alloy, degradation of optoelectronic properties when exposed to 

prolonged solar irradiation, and a disparity between the material's absorption characteristics 

and the solar spectrum 

1.10.1.2-Doping of hydrogenated amorphous silicon  

     Amorphous silicon, first prepared in the mid-1960s through thermal evaporation and 

spraying, was found to be strongly defective and unsuitable for cell applications. Chittick's 

work in 1969 demonstrated that Mott's rule on the insensitivity of semiconductor doping in 

amorphous silicon cannot be strictly obeyed. However, amorphous silicon prepared by "glow 

discharge" reduced its defect density, leading to the    discovery of amorphous  silicon    

hydrogenated  (a-Si:H). Spear's group in 1975 demonstrated that the "glow discharge" of a-

Si:H can be prepared with a low defect concentration, allowing for the movement of the 

Fermi level in the gap. Carlson and Wronski predicted that doping is possible only when the 

defect density < defect density doping, leading to the manufacture of the first a-Si:H solar 

cells with an efficiency of 2 to 2.5%.[11] 

 

1.10.1.3-Hydrogenated amorphous Silicon-Germanium alloy 

      Hydrogenated amorphous Silicon Germanium (a-SiGe:H) was first deposited by Chittick 

et al. through glow-discharge of silane and germane gas. Chevallier et al. demonstrated that 

the optical gap of this material can be changed from 1.7 eV (a-Si:H) to 1.1 eV (a-SiGe:H) by 

changing the alloy's composition. This led Marfairing et al. to propose using a-SiGe:H alloys 

as a low gap partner of an a-Si/a-SiGe tandem cell for better absorption of longer wavelengths 

of the solar spectrum. CVD, PECVD, RF, and microwave CVD techniques have been used to 

prepare layered quality devices. 

       However, the properties of a-SiGe:H films deteriorate rapidly with increasing reduction 

of the optical gap, resulting in increased incorporation of Ge. Traditional deposition settings 

for based devices a-Si:H could not produce high-quality a-SiGe:H material in this range of 

compositions. Highly photoconductive a-SiGe:H films with very low densities defects were 
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produced by the deposition technique (PECVD) with low flow rate source gases and 

hydrogen dilution 

1.10.2-Single and multijunction solar cells based on amorphous silicon hydrogen 

1.10.2.1-Single junction solar cells 

 1.10.2.1.1-Structure of a-Si-based solar cells 

    A crystalline solar cell consists of a p-type domain and a p-type domain, which form a PN 

junction to separate photo-generated electron-hole pairs and prevent recombination. In 

amorphous and microcrystalline silicon solar cells, diffusion lengths are short due to the 

mobility of carriers and short lifespans. In doped a-Si:H, diffusion lengths are even shorter 

due to higher concentration of defects. To ensure photovoltaic activity, an intrinsic layer with 

low defect density must be incorporated between the p-type and n-type layers. This layer 

allows for the free path average of the slowest carriers to separate them in electron space. 

However, the presence of a free field in any appreciable length of the layer drastically reduces 

collection yield. The electric field is higher near the p+ contacts and n+ contacts, but the field 

is reduced near the maximum power point, resulting in a virtual free field region in the center 

of layer i. These p+ structures are typically called solar cell type drift, unlike crystalline solar 

cells where photocurrent is independent of external voltage 

 

  

Figure1.13:cell solar of pin photodiode[11] 

1.10.2.2-Multijunction solar cells  

1.10.2.2.1- Multijunction solar cells based on a-Si:H  
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  Multi-junction solar cells offer advanced technology to enhance the efficiency of converting 

solar energy into electrical energy. Compared to solar cells with a simple p-i-n junction 

structure, multi-junction cells can achieve significant performance improvements. 

a-Working principle 

  Multijunction solar cells are based on the principle of stacking multiple layers of p-i-n 

structures with different optical gaps. These layers are designed to better absorb specific 

wavelengths of sunlight, allowing the sun's energy to be harnessed more efficiently. 

 

b-Advantages of multi-junction solar cells 

- More efficient use of solar spectrum: Each layer is designed to absorb a specific band of the 

spectrum, reducing wasted light energy. 

- Optimized carrier collection: Multi-junction architecture reduces charge carrier 

recombination, improving current collcetion efficiency. 

- Reduced light-induced degradation: Multi-junction structure reduces the effect of light-

induced degradation, extending the life of the solar cell. 

- Multi-junction solar cells achieve a much higher stable yield compared to single-junction 

solar cells, even if the additional cells have the same gap as the first cell. 

c-Types of multi-junction solar cells 

 Duplex: It is made of two layers of p-i-n with different optical gaps. 

 Triple junction: It is made of three layers of p-i-n with different optical gaps. 

 Multijunction: Made of four or more layers of p-i-n with different optical gaps. 

1.11-Conclusion 

     In this chapter, we give a general overview of solar cells and its different generation. We 

also presented a general overview of amorphous silicon and its alloys which are studied in 

this work. 
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2.1-Introduction 

   In this chapter, we will introduce the AFORS-Het software and how to use it. This software 

includes a wide range of integrated studies functions, where it performs numerical simulation 

of cells and solar measurements. 

2.2-Simulation 

2.2.1-Definition 

   Simulation is the process of creating a computer program or model that simulates or 

replicates scenarios or operations in the real world. The purpose of simulation is to test 

hypotheses, predict outcomes, or evaluate the effects of changes in a controlled environment. 

It is commonly used in fields such as science, engineering, economics, and social sciences. 

   Simulation involves creating a mathematical or logical model of a system or process and 

running it on a computer. The model relies on physical laws or statistical data, or both, and 

the simulation program generates results based on the inputs and assumptions made in the 

model. Overall, simulation is a powerful tool for understanding and analyzing complex 

systems and processes in a safe and controlled environment. 

2.2.2-Basic concepts in cell simulation 

Electron Affinity: As previously explained, it's the amount of energy released when an 

electron is added to a neutral atom to form a negative ion.  

Band Gap: In solid-state physics, it's the energy difference between the top of the valence 

band and the bottom of the conduction band in insulators and semiconductors. It determines 

the electrical conductivity of the material. 

Optical Band Gap: Similar to the regular band gap, but specifically referring to the energy 

range over which a material does not absorb light. It's important in determining a material's 

optical properties, such as transparency and color. 

Effective Conduction Band Density: This refers to the effective density of states (number of 

available energy states) in the conduction band of a semiconductor. It influences the electrical 

conductivity of the material. 
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Effective Valence Band Density: Similar to the conduction band density, but for the valence 

band. It affects the behavior of holes (missing electrons) in the material. 

Effective Electron Mobility: It describes how easily electrons can move through a material 

when subjected to an electric field. Higher electron mobility leads to better conductivity. 

Effective Hole Mobility: Similar to electron mobility, but for holes. It measures how easily 

holes can move  

Doping Concentration Donors: It refers to the number of donor atoms added to a 

semiconductor lattice, which provide the lattice with free electrons. Donor impurities 

contribute to increasing the conductivity of the semiconductor material, as the free electrons 

can move easily through the lattice. 

Doping Concentration Acceptors: It refers to the number of acceptor atoms added to a 

semiconductor lattice, which accept free electrons. Acceptor impurities create holes in the 

lattice, allowing electrons in the lattice to move to fill these holes 

Electron thermal velocity: is the average velocity of electrons due to their thermal energy. 

Hole thermal velocity: is the average velocity of "holes" in a semiconductor lattice due to 

their thermal energy. Holes behave like positively charged particles in the absence of an 

electron. 

Layer density: could refer to the density of atoms or molecules in a particular layer of a 

semiconductor material. 

2.2.2- Equivalent diagram of a solar cell 

A. Case of an ideal solar cell 

   The solar cell is said to be ideal if the current-voltage relationship is given by the following 

expression:[4] 

I=   –    [       -1]         (2.1) 
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   : optical current 

k: Boltzmann constant   k= 1.38          j/k 

ିq: The charge of the electron is q=              C 

T: absolute temperature of the cell 

     The solar cell under illumination can be schematized by a current generator Iph (an inverse 

current proportional to incident light) in parallel with a diode delivering a current 

  =    [       -1]          (2.2) 

We thus obtain the equivalent circuit of an ideal solar cell, presented on the following figure 

                                     

Figure 2.1: equivalent diagram of the ideal solar cell 

 

B. Case of a real solar cell 

    The equivalent diagram of the real photovoltaic cell takes into account two resistances; a 

series resistance Rs representing the various contact resistances and of connections, and a 

resistor Rsh(shunt) in parallel with the current generator which characterizes the various 

leakage currents due to the diode. 

If V is the voltage across the diode, the characteristic equation of the real cell is then given 

by:[4] 

                               =    [             -1]                                               (2.3) 
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   = I+   +                                                                 (2.4) 

   =                                                               (2.5) 

I =    -   [             -1] -                         (2.6) 

We pose:                                                         (2.7) 

So the equation becomes: 

I =    -   [             -1] -                          (2.8)  

With: 

     Photo generation current density. 

   are the generation rates of electrons and holes 

  Electron charge 

   Thermodynamic potential. 

   Diffusion potential. 

The equivalent diagram of the solar cell is the model shown in the following figure 

 

Figure 2.2: Equivalent diagram of the solar cell 
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2.2.3-Electrical Characteristics of the Solar Cell  

a- Open-Circuit Voltage (Voc) 

    The open-circuit voltage is the voltage difference between the terminals of the device when 

the circuit is open, meaning there is no electrical load, and therefore no current flows through 

the circuit. [4] 

                                          
   

 
    

   

 
                                     (2.9) 

  With: k is the Boltzmann constant, q is the electric charge, T is the temperature absolute, n is 

the ideality factor. 

 

b- Short-Circuit Current (Isc) 

     It is an extremely high current that suddenly flows through a circuit that cannot withstand 

it, causing the weakest point in the circuit to open. The reason for the passage of this very 

high current is due to the contact of two cables (wires) with a voltage difference and very low 

resistance between them (short circuit). According to Ohm's law, the current flowing through 

the cable will be extremely high, and this is the short-circuit current. [4] 

                                         
   

  
  
   

                                                           (2.10) 

c- Maximum Power Point (Pmax) 

    It is the operating point at which the solar cell yields the maximum possible power output. 

The maximum power of the cell is practically measured under standard test conditions (STC), 

which include an irradiance of 1000 W/m² and a temperature of 25°C. [4] 

                                                                                             (2.11) 

d- Fill Factor (FF) 

    It is a coefficient that reflects the quality of the solar cell, representing the ratio between the 

maximum power (Pmax) and the ideal power. [4] 
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                                                       (2.12) 

e- Solar Cell Efficiency (η) 

   Defined as the ratio between the maximum power output of the cell and the solar irradiance 

reaching the cell. [4] 

                                    
  

   
                                                                    (2.13) 

2.2.4-The Current-Voltage (IV) characteristic curve :                         

 

Figure 2.3: represents the characteristic Current-Voltage (IV) curves for a solar cell in both 

under darkness and light exposure. [1]                         

-The red curve represents the Power-Voltage (P-V) curve. 

-The blue curve represents the Current-Voltage (I-V) curve. 

 2.3-The electric model  

    In the electrical model, three associated differential equations: the equation of Poisson and 

the two charge carrier continuity equations are solved simultaneously in the state of 

equilibrium and out of thermodynamic equilibrium (i.e. under the effect bias voltage or light, 

or both). [4] 

The equations used are: 

Poisson's equation           
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                                                       (2.14) 

ε: represents the dielectric constant. 

    : the electrostatic potential 

  : the position in the device. 

 

The continuity equation for holes 

      (         )   
 

 
  

      

  
                                           (2.15) 

With: p and n: the densities of the holes and electrons in the valence and conduction bands, 

q: the electronic charge, 

R: the recombination rate, G: the rate of generation of electron-hole pairs, 

  : the current densities of the holes respectively. 

 

 

The electron continuity equation 

                                (         )   
 

 
  

       

  
                                 (2.16) 

  : the current densities of the electrons 

The charge density is given by 

                                 
                          (2.17) 

With:    and    the density of trapped holes and electrons respectively, 

  
   : the effective doping density. 
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The electric field 

                                     
     

  
                                                         (2.18) 

With: E: The electric field 

2.4-Simulation software 

2.4.1-An overview of the AFORS-Het software 

    AFORS-Het is a computer software specialized in the design and simulation of 

semiconductor systems and electronic devices. It is among the common modelling tools used 

in electronic and microelectronic industries. The program is distinguished by its ability to 

analyse various electrical and optical properties of semiconductor devices, such as diodes, 

transistors, as well as optical devices like LEDs and OLEDs. 

    AFORS-HET provides an advanced simulation environment that allows users to analyse 

many different aspects of semiconductor devices, including electrical properties such as 

current, voltage, and resistance, and optical properties such as emission and absorption. The 

software relies on advanced modelling and accurate digital calculations to provide precise and 

reliable results. 

    The software is typically used in academic research and industrial applications, where it 

helps engineers and researchers better understand the behaviour of semiconductor devices and 

improve their designs before manufacturing and using them in practical applications. 

     It is a software package used to simulate the performance of solar cells. It is specifically 

designed to model the behavior of non-homogeneous solar cells, which are a type of solar 

cells that combine different materials with different bandgaps to improve cell efficiency. 

    It includes a one-dimensional digital computer program for modeling multi-layered solar 

cells, whether homogeneous or non-homogeneous, as well as some common cell description 

methods. Solar cells, in terms of simulation, are divided into two sections: 

Optical simulation: In this simulation, the local generation rate (G) is calculated inside the 

solar cell, which represents the number of excess carriers (electrons and holes) generated per 
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second and per unit volume at time t and position x within the solar cell due to light 

absorption. [1] 

Electrical simulation: It calculates the local electron and hole densities (n) and the local 

electrical charge (P) within the solar cell. [1] 

 

 

Figure 2.4: AFORS-HET program icon 

 

2.4.2-Simulating the structure of a solar cell using the AFORS-Het software  

AFORS-Het features an intuitive graphical interface that allows easy definition of structures 

(layer assembly) while controlling most physical parameters (electron affinity, band gap 

energy, mobility, doping, etc.). This interface is basically divided into three areas, as shown in 

Figure 2.5: 

First zone: control program 

This is where the structure to be simulated can be defined, as well as the parameters of the 

material being used. In a structure, one can find: a front contact, back contact, and a certain 

number of layers between which interfaces exist. 

Second zone: external parameters 
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External parameters are divided into three groups: external temperature, illumination 

spectrum, and boundary conditions. 

Third zone: measurements 

This is where one can choose the measurement to be performed.  

 

Figure 2.2: Graphical interface of the 1D simulation software AFORS-HET. 

To explain how this program works, we follow these steps: 

Once the program is opened, the window appears (figure 2.6). 

 

The figure 2.6:  define structure of the solar cell. 

This window, Figure (2.6), contains: 

The settings 

external 

The control 

program 
Measures 

1 
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 Instruction number1: Define structure 

This instruction allows us to design the structure of the solar cell we want to study. When this 

instruction is clicked, a window appears, as shown in Figure 2.7. 

 

Figure 2.2: Window of the structure of the solar cell. 

To define the layers: 

1. On the left side of the window, click on "1 Layer" to define the properties of the first layer 

composing the solar cell under study. To define the properties of the first layer, we have two 

cases: 

   a. If the first layer is available in the program's database, click on the "Load" instruction. 

   b. If the "1
st
 Layer" is not available in the program's database, follow these steps: 

      - Click on "1 Layer" to display the "1 Layer" window, which shows the properties of the 

standard layer (figure 2.8). 

      - Modify these properties according to the studied layer (adjust the name, thickness, and 

other properties). 
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      - Click on "OK". 

 

Figure 2.8: introduction of the layer parameters 

Note: 

- To save the properties of the "1 Layer", click on the "Save" instruction and save this layer in 

a file. 

- To delete the "1 Layer" from the structure, click on "Delete". 

In Figure 2.2, note the instruction (2) "electric". Click on it to add the second layer to the solar 

cell. We can follow the same step as the first layer in order to change the parameters of the 

second layer. 
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Figure 2.9: Adding a layer 

Note: 

- To load a previously saved cell structure, click on the "Load" instruction located at the 

bottom of the Define Structure window. 

- To save the entire cell structure, click on the "Save" instruction located at the bottom of the 

Define Structure window. 

- To add a new cell, click on the "Cell New" instruction located at the bottom of the Define 

Structure window. 

Once all steps are completed, click "OK". 

 

2 
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Figure 2.10 : I-V characteristic and illumination 

 

We return to the first window, Figure 2.6, which allows us to choose the type of simulation: 

A. Dark simulation: No illumination is present. 

B. Illuminated simulation: We can select the type of radiation to study (Solar radiation 

Spectral or Monochromatic radiation). Before clicking "On", we choose the Direct Current 

(DC), then select the temperature, and afterwards choose the type of calculation from the 

measurement list that we want to compute .The characterisation I-V und illumination allow us 

to calculate the parameter of the solar cell which are the open voltage circuit VOC, short 

current circuit JSC, the fill factor FF and the efficiency, η (figure 2.10). 

2.5- Conclusion 

        In this chapter, we provided a detailed description of the AFORS-HET program. We 

outlined its program structures, tools, and capabilities to retrieve all internal and external 

information related to the studied device (solar cell). 
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3.1-Introduction   

     In this chapter, we expose the study of the hydrogenated amorphous silicon (a-Si:H) based 

cell. We start from the study of the effect of changing the parameters of a single Si. After that, 

we illustrate the effect of the variation of the parameters of SiGe solar cells. Finally, The 

study of the tandem Si and SiGe solar cells. For that, we discuss the software components and 

physical constants used in each layer. We will also discuss the results of the simulation 

carried out with the AFORS-Het program. 

3.2-Results and discussion 

3.2.1- The solar cell’s particular structure of a-Si:H material 

    The solar cell under investigation in this study is composed of three layers. 

As shown in the figure 3.1, a-Si:H type n makes up the first layer, a-Si:H type i makes up the 

second layer, and a-Si:H type p makes up the last layer. The sun light enters into this cell from 

the top layer (type p). The solar cell under investigation, is with serial resistance R=0.01 

Ω.cm-2 and parallel resistance Rp=1e5 Ω.cm-2, at a temperature of T=300 K . 

 

 

         

 

 

 

 

 

 

figure 3.1: Solar cell structure 

  3.2.2-Physical constants associated with each layer of the a-Si:H cell 

    This table provides information about the different parameters that affect the structure of 

the modeled cell. It can be used to understand the differences between various cells and 

identify the factors influencing cell design. 

 

 

a-Si :H  

e=10nm   

               a-Si :H  

 

a-Si :H  

e=10nm   

P 

 

 

I 

 

 

 

n 
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Table3.1 : Cell-simulating physical constants[12] 

 

 a-Si:H (n) a-Si:H (i) a-Si:H (p) 

Dk[-] 

 

11.9 11.9 11.9 

Chi   [eV] 

 

3.9 3.9 3.9 

Eg [eV] 

 

1.52 1.52 1.52 

Eg opt[eV] 

 

1.72 1.72 1.72 

Nc [cm^-3] 

 

2.846x10
19

 1x10
20

 1x10
20

 

Nv[cm^-3] 

 

2.685 x10
19

 1x10
20

 1x10
20

 

 

µn[cm^2/Vs] 

20 20 20 

 

µp[cm^2/Vs] 

5 5 5 

Na[cm^-3] 

 

0 0 1x10
19

 

Nd [cm^-3] 

 

 

1x10
19

 1000 0 

Ve[cm/s] 

 

1x10
06

 1x10
06

 1x10
06

 

Vh[cm/s] 

 

 

5x10
06

 1x10
06

 5x10
06

 

Rho[g*cm^-3] 

 

2.328 2.328 2.328 
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3.2.3- The effect of the thickness of the absorber layer on the cell properties 

     In this section, we will examine how the absorber layer's thickness affects the 

characteristics of the cell, which are denoted by the following: efficiency η, fill factor FF, 

open circuit voltage Voc, and short circuit current Jsc. The figure 3.1 shows the evolution of 

these parameters as a function of the thickness of the absorber layer. 
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Figure3.2: the evolution of the open circuit voltage Voc (a), the short circuit current Jsc (b), 

the fill factor FF (c) and the efficiency η (d) as a function of the thickness of the absorber 

layer. 

Open circuit voltage Voc: 

  From the figure3.2, we can notice, that there is a significant relationship between open 

circuit voltage values and the thickness of the a-Si:H type i layer. We notice an increase in the 

open circuit voltage values from 928,8 mv to 949,7 mV when the thickness increases from 0.1 

µm to 7µm.  

 

Short circuit current Jsc: 

    Also, we notice that there is an increase of the short circuit current values from 9,7 to 19,3 

mA/cm
-2

when the thickness increases from 0.1 µm to 7µm.   

 

Fill factor FF: 

  For the fill factor we can observe a decrease of this parameter from 81,7% to 80.27% when 

the layer’s thickness increases from 0.1 µm to 7 µm. 

 

Efficiency η: 

   Finally, from the curve d there is an increase of the efficiency η from 7,3% to 14,7% when 

the thickness increases from 0.1 µm to 7 µm. 

 

3.2.4- The solar cell’s particular structure of a-SiGe:H material 

    The solar cell under investigation in this study is composed of three layers. 

As shown in the figure 3.3, a-SiGe:H type n makes up the first layer, a-SiGe:H type i makes 

up the second layer, and a-SiGe:H type p makes up the last layer. The sun light enters into this 

cell from the top layer (type p). The solar cell under investigation, is with serial resistance 

R=0.01 Ω.cm
-2 

and parallel resistance Rp=1x10
5
 Ω.cm

-2
, temperature of T=300 K  
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figure 3.3: Solar cell structure of a-SiGe:H 

3.2.5-Physical constants associated with each layer of the a-SiGe:H cell  

Table 3.2: Cell-simulating physical constants [13] 

 

 a-SiGe:H (n) a-SiGe:H (i) a-SiGe:H (p) 

Dk[-] 

 

11.9 11.9 11.9 

Chi[eV] 

 

4.17 4.17 4.17 

Eg[eV] 

 

1.5 1.5 1.5 

Eg opt[eV] 

 

1.5 1.5 1.5 

Nc[cm^-3] 

 

2.5 x10
20

 2.5 x10
20

 2.5 x10
20

 

Nv[cm^-3] 

 

2.5 x10
20

 2.5 x10
20

 2.5 x10
20

 

a-SiGe:H 

e=10nm 

              

                 a-SiGe:H   

 

a-SiGe:H 

 e=10nm 

P 

 

 

 

i 

 

 

 

n 
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µn[cm^2/Vs] 

10 10 10 

 

µp[cm^2/Vs] 

2 2 2 

Na[cm^-3] 

 

0 0 1 x10
19

 

Nd[cm^-3] 

 

1 x10
19

 1000 0 

Ve [cm/s] 

 

1 x10
06

 1 x10
06

 1 x10
06

 

Vh[cm/s] 

 

5 x10
06

 1 x10
06

 5 x10
06

 

Rho [g*cm^-3] 2.328 2.328 2.328 

 

3.2.6-The effect of the thickness of the absorber layer on the cell properties 

   In this section, we will examine how the absorber layer's thickness affects the characteristics 

of the cell, which are denoted by the following: efficiency η, fill factor FF, open circuit 

voltage Voc, and short circuit current Jsc. The figure 3.4 shows the evolution these 

parameters as a function of the thickness of the absorber layer. 
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Figure3.4: the evolution of the open circuit voltage Voc (a), the short circuit current Jsc (b), 

the fill factor FF (c) and the efficiency η (d) as a function of the thickness of the absorber 

layer 
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Open circuit voltage VOC 

   From the figure 3.4 in curve (a), we can observe that there is a significant relationship 

between the open circuit voltage values and the thickness of the i-type a-Si:H layer. We 

observe an increase in the open circuit voltage values from 873.3 mV to 887.2 mV when the 

thickness increases from 0.1 μm to 0.8 μm. The value was fixed at 890.6 mV when the 

thickness was increased from 2 μm to 4 μm and its value increased until 894.1 when the 

thickness increases to 6 μm. 

Short circuit current Jsc 

  We also notice that there is an increase in the short circuit current values from 9.382 to 19.37 

mA/cm
-2

 when the thickness increases from 0.1 to 7 μm 

Filling factor FF 

  Regarding the filling factor, we note that this parameter decreases from 85.07 to 83.12% 

when the layer thickness increases from 0.1 to 7 μm 

Efficiency η 

  Finally, from the curve d there is an increase in the efficiency η from 6.97 to 14.39 % when 

the thickness increases from 0.1 to 7 μm. 

3.2.7- The special structure of tandem solar cell (a-Si:H, a-SiGe:H): 

   The solar cell under study in this study consists of four layers,As shown in Figure 3.5, a-

Si:H n-type forms the first layer, a-Si:H i-type forms the second layer and a third layer of a-

SiGe:H type i, forming Type a-Si:H p last layer. Sunlight enters this cell from the upper layer 

(p-type). The solar cell under study has a series resistance R=0.01 Ω.cm
2
 and a parallel 

resistance Rp=1x10
5
 Ω.cm

2
, at a temperature T=300 K. 
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Figure 3.5: Structure of tandem solar cells (a-Si:H,a-SiGe:H) 

3.2.8-Physical constants associated with each layer of the a-Si:H cell  

Table3.3 : Cell-simulating physical constants[14] 

 a-Si:H (n) a-Si:H (i) a-SiGe:H (i) a-Si:H(p) 

Dk[-] 

 

11.9 11.9 11.9 11.9 

Chi[eV] 

 

3.9 3.9 3.9 3.9 

Eg[eV] 

 

1.52 1.68 1.58 1.52 

Eg opt[eV] 

 

1.72 1.72 1.45 1.72 

Nc[cm^-3] 

 

2.846 x10
19

 4 x10
20

 4 x10
20

 1 x10
20

 

Nv[cm^-3] 

 

2.685 x10
19

 4 x10
20

 4 x10
20

 1 x10
20

 

µn [cm^2/Vs] 

 

20 1 2 20 

µp[cm^2/Vs] 

 

5 0.1 0.2          5 

Na [cm^-3] 

 

0 0 0      1 x10
19

 

Nd [cm^-3] 1 x10
19

 1000 1000        0 

a-Si:H  , e=10-6 cm 

a-Si :H 

e=2 10 -6 cm 

a-SiGe:H 

 

a-Si:H  , e=10-6 cm 

i 

p 

n 
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Ve[cm/s] 

 

1 x10
06

 1 x10
06

 1 x10
06

 1 x10
06

 

Vh[cm/s] 

 

5 x10
06

 1 x10
06

 1 x10
06

 5 x10
06

 

Rho[g*cm^-3] 

 

2.328 2.328 2.328 2.328 

 

3.2.9- The effect of the thickness of the absorber layer on the cell properties 

    In this section, we will examine how the absorber layer's thickness affects the 

characteristics of the cell, which are denoted by the following: efficiency η, fill factor FF, 

open circuit voltage Voc, and short circuit current Jsc The figure 3.6 shows the evolution the 

evolution these parameters as a function of the thickness of the absorber layer. 
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 Figure3.6: the evolution of the open circuit voltage Voc (a), the short circuit current Jsc (b), 

the fill factor FF (c) and the efficiency η (d) as a function of the thickness of the absorber 

layer 

Open circuit voltage VOC 

    From the figure3.6. In curve a, we can observe that there is a significant relationship 

between the open circuit voltage values and the thickness of the i-type a-Si:H layer. We 

observe an increase in the open circuit voltage values from 960.1 mV to 970.5 mV when the 

thickness increases from 0.1 µm to 0.8 µm. We noticed that the value remained constant at 

974 mV when the thickness increased from 2μm to 7μm 

Short circuit current JSC: 

      We also notice that there is an increase in short circuit current values from 9.971 to 23.9 

mA/cm
-2 

when its thickness increases from 0.1μm to 7 μm. 

Filling factor FF: 

    Regarding the filling factor, we note that this parameter increases from 77.59 to78.30% 

when the thickness of the layer increases from 0.1μm to0.4μm. It decreases from78.12 

to70.85% when the thickness increases from0.6μm to 8μm. 

Efficiency η: 
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   Finally, from the curve d there is an increase in the efficiency η from 7.43 to 16.52% when 

the thickness increases from 0.1μm to 7 μm. 

     -The increase in efficiency eff, open circuit voltage Voc and short current Jsc with the 

increase of the absorption layer thickness in the solar cell is due to several reasons: 

     Increase in the amount of light absorbed: As the thickness of the absorbing layer increases, 

more photons are able to interact with the absorbing material, which leads to an increase in 

the amount of light absorbed and thus increased electricity production. 

      Increase in the number of charge carriers: The chance of generating charge carriers 

increases with the increase in the thickness of the absorbent layer, as more electron-hole pairs 

are produced in the absorbent layer. This leads to an increase in short-circuit current. 

     Increase in open circuit voltage: As the amount of light absorbed and the number of charge 

carriers increases, more voltage is generated in the solar cell due to greater interaction 

between the generated carriers. This leads to an increase in open circuit voltage. 

     Increase in carrier collection efficiency: As the thickness of the absorption layer increases, 

the carrier collection efficiency in the solar cell improves, which contributes to increasing the 

overall efficiency of the cell. 

     The fill factor decreases by several factors with the increase in the thickness of the 

absorber layer in the solar cell. We explain these factors as follow: 

      Increase in material losses: When the thickness of the absorbing layer increases, the 

number of electrical carriers that must be crossed to reach the collecting layers increases. This 

can increase material losses, as electrical carriers are susceptible to being blocked or 

obstructed when moving through the layer, reducing carrier collection efficiency and resulting 

in a decrease in fill factor. 

      Increase in internal resistance: Due to the increase in the thickness of the absorbing layer, 

the distance that the current must travel before reaching the collection point increases. This 

increases the internal resistance of the cell, which reduces the effectiveness of current transfer 

within the cell and thus reduces the fill factor 
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3.3 The effect of doping the a-Si:H(n) layer and a-Si:H(p) layer 

     In this part, we studied the effect of changing the concentration of donor ND and acceptor 

NA which are the doping of the n-type and p-type layers of the tandem solar cell, respectively. 

We varied NA and ND from 1 x10
14 

cm
-3

 to 1 x10
20

cm
-3

 

3.3.1-The effect of n-doping the a-Si:H(n) (the emitter) layer 

      In the figure 3.7 shows the evolution of the external parameters of our cell as a function of 

the concentration of the doping of the emitter. The doping concentration was varied from 1 

x10
14 

to 1 x10
20 

cm
-3

. 

       From Figure 3.7, we observe the open circuit voltage Voc increases from 894.1 to 991.1 

mV as the doping increases from 1 x10
14 

to 1 x10
20

cm
-3

. We record the highest value of Voc = 

991.1 mV, and we also notice an increase in the current JSC from 4.58 mA to33.03 mA with 

an increase in the  doping from 1 x10
14 

to 1 x10
20

cm
-3

, while the FF increases from 51.71 % to 

75.61% and the efficiency from 2.12 % To 24.76% when doping increases from 1 x10
14 

to 1 

x10
20

cm
-3

.  
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Figure3.7: the evolution of the open circuit voltage Voc (a), the short circuit current Jsc (b), 

the fill factor FF (c) and the efficiency η (d) as a function of of doping the a-Si:H(n) layer ND 

in a tandem solar cell 

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

efficiency by increasing doping in the n-layer can be explained as follows: 

Improving the energy barrier:   Increasing doping in the n-layer can lead to improving the 

energy barrier between the n-layer and the p-layer in the semiconductor, which increases the 

open-circuit voltage. 

Enhancing carrier diffusion: Increasing doping can improve carrier diffusion within the n-

layer, enhancing the fill factor and increasing the efficiency of the cell. 

  Overall, improving the doping level in the n-layer can lead to comprehensive improvements 

in the performance of solar cells, increasing their efficiency and ability to generate power. 

3.3.2-The effect of  p-doping of the a-Si:H(p) (the base) layer 

   In the figure 3.7 shows the evolution of the external parameters of our cell as a function of 

the concentration of the doping of the emitter. The doping concentration was varied from 1 

x10
14 

to 1 x10
19 

cm
-3

. 

     From the figure 3.8, we observe an increasing of the open circuit voltage Voc from 737.8 

to 974mV with increasing of doping from 1 x10
14 

to 1 x10
19 

cm
-3

.  Also, we observe an 

increase in Jsc from 23.42 mA to 23.90 mA with an increase in doping from 1 x10
14 

cm
-3

 to 1 

x10
20 

cm
-3

, while we notice that FF decreases from 68.35% to 63.61%, then its value increases 
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to 76.51% at 1x10
17

, then the value of FF decreases from 76.51%to 70.98% when the doping 

is increased from 1 x10
17 

to 1 x10
19 

cm
-3

. As for the efficiency, it increases from 11.81 % to 

16.52% when the doping is increased from 1 x10
14 

to 1 x10
19

cm
-3

, it shows a maximum value 

of 16.52% at the doping concentration of 1x10
19 

cm
-3

. 

 

 

Figure3.8: the evolution of the open circuit voltage Voc (a), the short circuit current Jsc (b), 

the fill factor FF (c) and the efficiency η (d) as a function of of doping the a-Si:H(p) layer Na 

in a tandem solar cell 

 

 

3.4. Conclusion 

        In this chapter, we conducted numerical simulations of a-Si:H and a-SiGe:H solar cell 

and a-Si:H and a-SiGe:H tandem solar cell using the AFORS-Het software, where we focused 

1E13 1E14 1E15 1E16 1E17 1E18 1E19 1E20 1E21
700

750

800

850

900

950

1000

 

 

v
o

c
(m

v
) 

Na(cm^-3)

23,4

23,5

23,6

23,7

23,8

23,9

 

 

J
s
c
(m

A
/c

m
^
2

)
Na(cm^-3)

1E13 1E14 1E15 1E16 1E17 1E18 1E19 1E20
62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

 

 

ff
(%

)

Na(cm^-3)
1E13 1E14 1E15 1E16 1E17 1E18 1E19 1E20

11

12

13

14

15

16

17

18

19

20

 

 

E
ff
%

Na(cm^-3)

a b 

c d 



Chapter three: results and discussion 
 

 
 

55 

on studying the effect of the thickness of the absorber layer and the effect of doping 

concentration. On the outputs parameters of solar cells, the results showed that the best 

thickness is 7 μm compared to other thicknesses. The study also showed us that the best value 

for the efficiency of η in the a-Si:H solar cell is 14.70%, and its value in the a-SiGe:H solar 

cell is 14.39% and in the tandem solar cell a-Si:H/a- SiGe:H. We reached an efficiency equal 

to 16.52%. As for the concentration of stimulants, we found For the p type doping, the best 

conversion efficiency 16.52% for the doping concentration of 10
19

. For the n type doping, the 

best conversion efficiency is 25% for the concentration of 10
20 

cm
-3
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      Amorphous semiconductors have garnered significant attention in recent times due to 

their distinct characteristics and financial benefits, such as their ability to be more affordable 

than their crystalline counterparts. These materials provide a reasonable alternative in spite of 

shortcomings including poor mobility, high fault density, and lack of repeatability.  

       This work focused on the study of hydrogenated amorphous silicon (a-Si:H) solar cells 

using the AFORS-HET software, which is suitable for this type of cell, to maximize yield by 

optimizing the cell's characteristic properties. Given that the cell is a multi-layer system, it is 

necessary to examine each layer and assess the impact of changes in optical and electrical 

factors on the cell as a whole. 

         In this work, we simulated a simple n-i-p structure solar cell based on hydrogenated 

amorphous silicon (a-Si:H) that contains a top layer of a-Si:H n-type, a middle layer of a-Si:H 

i-type, and a bottom layer of a-Si:H p-type. Then, we studied a solar cell based on amorphous 

silicon-germanium which contained a top layer of a-SiGe:H n-type, a middle layer of a-

SiGe:H i-type, and a bottom layer of a-SiGe:H p-type. Afterwards, we examined a tandem 

cell consisting of a top layer of a-Si:H n-type, a middle layer of (a-Si:H and a-SiGe:H)  i-type, 

and a bottom layer of a-Si:H p-type. We varied the thickness of the middle intrinsic layer (i) 

and the doping concentration to observe their effects on the electrical properties. The results 

showed that the optimal thickness is 7 micrometres compared to other thicknesses. The study 

also indicated that the optimal efficiency value (η) is 14.70 % for the a-Si:H solar cell, 14.39 

% for the a-SiGe:H solar cell, and 16.52 % for the a-Si:H/a-SiGe:H tandem solar cell. 

Regarding the doping concentration, we discovered that the optimal conversion efficiency for 

p-type doping is 16.52% at a concentration of 10
19

 cm^-3. The optimal conversion efficiency 

for n-type doping is 25% at a concentration of 10
20

cm^-3. 

          The results suggest that hydrogenated amorphous silicon and its alloys can form a 

strong foundation for developing innovative solar cells that meet the increasing demand for 

clean and renewable energy. Thus, this study provides a comprehensive framework that 

researchers and engineers can rely on in developing and applying tandem solar cells, 

contributing to the advancement of solar technology and achieving global environmental  

goals. 
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