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Abstract 

 

We have investigated a Schottky barrier solar cell based on p-type Cu(In,Ga)Se2 (CIGS) 

material, using the Scaps-1D numerical simulation software for steady-state calculations. 

Internal parameters such as band diagram, electron and hole concentrations, and recombination 

rate were evaluated. External parameters such as current density-voltage (𝐽 − 𝑉) and power-

voltage (𝑃 − 𝑉) characteristics were calculated. Photovoltaic output parameters, including short 

circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (𝐹𝐹), maximum power (𝑃𝑚𝑎𝑥), 

and photovoltaic conversion efficiency (𝜂), were extracted. The investigation focused on 

changing the defect density (𝑁𝑡), thickness (𝑑), and doping concentration (𝑁𝐴) of the CIGS 

absorber layer. In terms of achieving the highest photovoltaic conversion efficiency (𝜂), 

increasing the doping concentration yielded 23.28%. Increasing the thickness of the p-type CIGS 

layer further improved efficiency to 25.22%. However, it is advisable to limit the defect density 

to avoid degradation, with a recommended value not exceeding 1015𝑐𝑚−3. On the other hand, 

the photovoltaic output parameters of the cell show no dependency on the cathode work function 

(𝜙𝑚) changing in the range [4.1-4.7 eV]. These findings highlight the importance of optimizing 

parameters such as doping concentration, thickness, and defect density in order to achieve the 

highest photovoltaic conversion efficiency in Schottky barrier solar cells based on p-type CIGS 

material. 
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General introduction 

 

The need for clean and renewable sources of energy is indeed increasing due to various 

geopolitical and environmental factors. Photovoltaics, along with other green technologies like 

wind, hydroelectric, solar thermal, and geothermal power generation, are recognized as viable 

solutions to meet the growing energy demand. Solar energy is particularly abundant, with the 

amount of energy available from the Sun at the Earth's surface far surpassing our current and 

future energy needs. The key challenge lies in designing efficient devices that can effectively 

convert sunlight into electricity while using sustainable and affordable materials. Additionally, it 

is important to develop fabrication processes that are cost-effective and scalable [1].  

While crystalline silicon (c-Si) is widely used in photovoltaic solar cells, thin film technologies 

offer an alternative that can be cheaper and achieve comparable efficiencies. Thin film solar cells 

utilize direct energy band gap semiconductors, which have certain advantages over c-Si. One key 

advantage of thin film technologies is their ability to achieve similar sunlight absorption with 

only a few microns of material, compared to several hundred microns required by c-Si. This is 

because direct band gap materials allow for efficient absorption of sunlight in a smaller 

thickness. Three of the most successful thin film materials used in solar cells are: Cadmium 

Telluride (CdTe), hydrogenated Amorphous Silicon (a-Si:H) and Copper Indium Gallium 

Diselenide (Cu (In,Ga) Se2: CIGS) [2]. CIGS thin film solar cells have shown promise in terms 

of both efficiency and manufacturing scalability. CIGS is a direct band gap material that can be 

deposited as a thin film on flexible substrates. It is attractive due to its abundance and potential 

for low-cost manufacturing processes. It offers good light absorption properties [3,4] and has 

demonstrated high conversion efficiencies in laboratory settings [5-8].  

A Schottky-barrier solar cell, also known as a metal-semiconductor (MS) solar cell, is a type of 

photovoltaic device that converts sunlight into electricity. It differs from traditional p-n junction 

solar cells by utilizing a metal-semiconductor interface; which creates a Schottky junction. The 

metal electrode acts as the top (front) contact, while the semiconductor material serves as the 

active layer responsible for absorbing light and generating charge carriers (electrons and holes). 

The Schottky junction forms a barrier to the flow of the majority charge carriers from the 

semiconductor material to the front contact. The Schottky junction plays a crucial role in the 

operation of the solar cell. It creates a built-in electric field that separates the photo-generated 
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charge carriers and drives them toward their respective electrodes. This separation is vital for the 

efficient extraction of carriers and reduces recombination losses, improving the overall 

performance of the solar cell [9-13]. 

Various materials have been used as the semiconductor in Schottky-barrier solar cells, including 

silicon (Si), gallium arsenide (GaAs), copper indium gallium selenide (CIGS), Indium Gallium 

Nitride (InGaN) and organic semiconductors. CIGS is an emerging thin-film semiconductor 

material that has shown promise for both traditional and Schottky-barrier solar cells [14-18]. It is 

important to note that the efficiency, cost, and application requirements of a solar cell technology 

depend on various factors, including the specific material, device architecture, and 

manufacturing processes employed. Ongoing research and technological advancements aim to 

address the challenges and improve the performance of Schottky-barrier solar cells, making them 

a promising alternative to traditional solar cell designs [13,19-25]. 

Objectives of the work: 

In this work, we will focus on the investigation of the Schottky barrier solar cell based on p-type 

Cu(In,Ga)Se2 (CIGS) material, exposed to the AM1.5 G standard spectrum at ambient 

temperature (300°K). The solar cell consists of a p-type CIGS absorber layer with a front contact 

of Aluminum (Al) as cathode metal, and a back contact that acts as the anode. The work function 

(𝜙𝑚) of the cathode is 4.1 eV, lower than the electron affinity of the p-type CIGS material 

(𝜒𝑠𝑐 = 4.8 𝑒𝑉). Consequently, the Al/p-type CIGS interface forms a Schottky barrier which 

blocks the flow of holes from the p-type CIGS layer toward the cathode; while enabling efficient 

collection of photogenerated electrons. The back contact forms an Ohmic contact, allowing easy 

passage of both electrons and holes for efficient carrier transport. In this investigation, we utilize 

the Scaps-1D numerical simulation software for steady-state calculations. Internal parameters 

such as band diagram, electron and hole concentrations, and recombination rate are evaluated. 

External parameters such as current density-voltage (𝐽 − 𝑉) and power-voltage (𝑃 − 𝑉) 

characteristics are calculated. The photovoltaic output parameters, including short circuit current 

density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (𝐹𝐹), maximum power (𝑃𝑚𝑎𝑥), and 

photovoltaic conversion efficiency (𝜂), are extracted from the current density-voltage (𝐽 − 𝑉) 

characteristics . The investigation will focus on varying parameters of the p-type CIGS absorber 

layer: defect density (𝑁𝑡) within the range [1010 − 1020𝑐𝑚−3], the thickness (𝑑) within the 

range [0.01-10µm], and the doping concentration (𝑁𝐴) within the range [1010 − 5 × 1017𝑐𝑚−3]. 
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Furthermore, we will explore if there is an effect of changing the cathode work function (𝜙𝑚) in 

the range [4.1 − 4.7 𝑒𝑉] on the solar cell output parameters. To assess this effect, we will 

consider different cathode metals, including Al, Ta, Ti, Zn, Mo, W, and Cu, respectively. 

Overall, the master thesis aims to provide a comprehensive understanding of photovoltaic 

energy, particularly focusing on CIGS-based Schottky barrier solar cells, and presents numerical 

simulations to investigate the performance of these solar cells under various parameters. 

Thesis organization: 

The master thesis is structured into three main chapters, along with a general introduction and 

conclusion. Here is a breakdown of each chapter: 

Chapter I: This chapter provides an introductory overview of the basic concepts in photovoltaic 

energy. It covers the fundamental properties and operation of solar cells based on PN junctions. 

Additionally, it focuses on copper indium gallium diselenide (Cu (In, Ga) Se2: CIGS) based solar 

cells, highlighting their important structural, electrical, and optical properties. CIGS is a 

semiconductor material that shows promise as an alternative to traditional silicon solar cells. 

Chapter II: The main focus of this chapter is to provide an overview of CIGS-based Schottky 

barrier solar cells and the physics that limit the transport in such cells. The Schottky barrier solar 

cell is a type of solar cell that relies on a metal-semiconductor junction, known as a Schottky 

barrier, to generate electricity. This chapter explores the working principles and limitations of 

this type of solar cell. 

Chapter III: This chapter is dedicated to the investigation of Schottky barrier solar cells based on 

p-type CIGS material using the numerical simulation software Scaps-1D. The research study 

aims to analyze the impact of varying parameters of the CIGS absorber layer on the performance 

of the solar cell. Specifically, the focus is on investigating the effects of changing the defect 

density (𝑁𝑡), thickness (𝑑), and doping concentration (𝑁𝐴) of the CIGS layer. Additionally, the 

study explores the influence of altering the cathode work function (𝜙𝑚) on the output parameters 

of the solar cell. The obtained results will be thoroughly discussed and analyzed in this chapter. 

The general introduction sets the context for the research topic and provides an overview of the 

thesis. The general conclusion summarizes the key findings and discusses their implications. 
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I.1.Introduction 

Global Energy demand is in increase continuously every year due to population growth and 

economic development. In order to fulfill the energy demand with time, roughly 30 TWh of 

energy is required by the end of 2050 [1, 2]. Today most of these energy demands are produced 

by burning fossil fuels such as coal, petroleum and natural gas. The peak supply of these energy 

from conventional sources has already been achieved recently or is about to be achieved within 

the next 20- 30 years [1, 2]. 

There is increasing need for clean, renewable sources of energy in today’s geopolitical and 

environmental context. Photovoltaics, combined with other “green‟ technologies such as wind, 

hydroelectric, solar thermal and geothermal power generation, is now generally recognized to be 

a solution to the energy demand. The energy available from the Sun at the surface of the Earth is 

more than sufficient to provide for our present and future energy needs. The main challenge is to 

design devices that are efficient in converting the sunlight into electricity, made of sustainable 

and cheap elements, and that can be fabricated using low cost processes [3,4] 

Ternary compounds of the group I-III-VI2 of the chalcopyrite type are a class of semiconductors 

that have been extensively researched in recent years. These materials have the chemical formula 

ABC2, where A is a group I element (e.g., Cu), B is a group III element (e.g., In, Ga or Al), C is 

a group VI element (e.g., S, Se or Te) [5]. One of the key advantages of these materials is their 

chalcopyrite crystal structure, which gives them unique physical and chemical properties. The 

chalcopyrite structure has a relatively low symmetry, which can result in high carrier mobility 

and low defect densities. Additionally, these materials have a high stability, which makes them 

suitable for use in a variety of technological applications [6]. Another advantage of these 

materials is their high optical coefficient, which makes them useful in photovoltaic devices such 

as solar cells. The bandgap of chalcopyrite compounds is typically in the range of 1-2 eV, which 

makes them suitable for absorbing visible light and converting it into electrical energy [6,7]. In 

addition to their use in photovoltaics, chalcopyrite compounds have also been investigated for 

use in light-emitting diodes (LEDs) and photo-detectors. By controlling the composition and 

doping of these materials, researchers have been able to tailor their properties to specific 

applications [8].  

Overall, the unique combination of physical and chemical properties exhibited by chalcopyrite 

compounds makes them an attractive material for a wide range of technological applications. 
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In this chapter we will provide an introductory overview of the basic concepts in photovoltaic 

energy. The properties of solar cells based on PN junctions and their mode of operation will be 

also presented. Thereafter, we will focus on the copper indium gallium diselenide                       

(Cu (In, Ga) Se2: CIGS) based solar cells, and highlight the important structural, electrical and 

optical properties of the CIGS which is a semiconductor material that has emerged as a 

promising alternative to traditional silicon solar cells.  

I.2.Solar radiation 

The sun is a nuclear fusion reactor that has been operating for 5 billion years, and through the 

process of converting hydrogen into helium, it emits huge amounts of energy into space (its 

power is estimated at 63,500 𝑘𝑊 / 𝑚²). This radiation leaks out in all directions and travels 

through space at a constant speed of 300,000 𝑘𝑚 per second, called the speed of light. After 

traveling a distance of approximately 150 million kilometres, solar radiation reaches outside the 

Earth's atmosphere with a strength of about 1350 W/m², which is called the extra-atmospheric 

solar constant (Figure. I.1).  

 

Figure I.1: Standards for measuring the spectrum of light energy emitted by the sun, concept of 

AM convention. 

Current theories present solar radiation as particle emission [9,10] .This stream of particles, 

called photons, reaches the earth in different wavelengths ranging from UV (0.2 µ𝑚) to far 

infrared (2.5 µ𝑚). We use the AM concept of Air Mass in order to characterize the solar 

spectrum in terms of the emitted energy [11,12] .The total energy transmitted by solar radiation 

over the distance between the sun and the earth is of order 1350 𝑊/𝑚² (AM0) in space outside 

Earth's atmosphere (Figure. I.1 and Figure I.2).  
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Figure I.2: Solar spectra recorded under several conditions according to the AM convention. 

Source NREL solar spectrum. [13] 

When Solar radiation passes through the atmosphere, it undergoes an attenuation and a 

modification of its spectrum, as a result of absorption and dispersion in gases, water and soil. 

Thus, the ozone layer absorbs part of the light spectrum from the sun, especially part of the 

ultraviolet radiation which is harmful to health. Direct sunlight radiation received at ground level 

(at an inclination of 90°) is up to 1000 𝑊/𝑚2 due to atmospheric absorption (AM1). This value 

changes according to the ray slope of light relative to the earth. The smaller the penetration angle 

𝜃, the thicker the thickness atmosphere that the rays will have to cross will be large, resulting in 

a substantial loss of energy. For example, direct energy carried by solar radiation which arrives 

at an angle of 48° is about 833 𝑊/𝑚² (AM1.5). To know the global radiation received on the 

ground, it is necessary to add to the latter the diffuse radiation. Diffuse radiation concerns all 

radiation whose trajectory between the sun and the observation point is not geometrically straight 

and which is dispersed or reflected by the atmosphere or the ground. 
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Considering this, we obtain a reference of the global spectrum noted AM1.5 with a power of 

1000𝑊/𝑚², Figure I.2 corresponds to our latitudes [13,14]. 

I.3 PN junction “base of the photovoltaic device” 

The solar cell is an electronic component capable of supplying energy, if properly lit. If the 

energy of the photons that reach the solar cell (ℎ𝑣) is greater than the bandgap energy of the 

material, an electron-hole pair is generated. The electric field created between the two terminals 

of the PN junction allows the electron-hole pair to separate [15]. The operating principle of the 

solar cell is illustrated in Figure I.3.  

 

Figure I.3: Principle of the solar cell operation. 

The incident photons create free carriers in each of the regions (1), (2) and (3) whose behaviour 

differs according to the place of their creation. The minority photocarriers diffuse in the 

electrically neutral P and N zones. Those which reach the space charge region are propelled by 

the electric field towards the region where they become the majority. These photocarriers 

therefore contribute to the scattering current, by creating a scattering photocurrent. In the space 

charge zone (Z.C.E or SCR), the electron-hole pairs, created by the photons, are dissociated by 

the electric field; the electron is propelled towards the N-type region and the hole towards the      

P-type region. These carriers give rise to a generation photo-current [16]. Thus, the energy 

conversion process in a solar cell can be summarized as follow [17]:  

1. Absorption of photon energy from sunlight into the absorber or active layer of the solar cell. 
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2. Generation of charge carriers in the device by the process of electron excitation due to photo 

absorption. 

3. Separation of charge carriers at the cell junction or interface. 

4. Collection of charge carriers at the contacts. 

I.4. Recombination phenomena  

The operation of a solar cell is based on the creation and separation of electron-hole pairs by 

absorption of light and under the action of an electric field. Nevertheless, there are always 

recombinations of these electron-hole pairs limiting the cell performance. In a semiconductor 

material, a given recombination mechanism is characterized by a recombination rate, 

representing the number of recombination per time unit and per volume unit. There are three 

main mechanisms: radiative recombination, Shockley-Read-Hall (SRH) recombination and 

Auger recombination. [18] 

I.4.1 Radiative recombination 

Radiative recombination or band to band recombination (Figure I.4), corresponds to the 

transition of an electron from the conduction band to the valence band.  

 

Figure I.4: Mechanism of radiative recombination. 

It is accompanied by the issue of a photon with an energy close to that of the gap of the material 

(inverse process of the photogeneration) [19]. This type of recombination is a frequent process in 
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direct-gap semiconductors such as nitrides [20]. Note that it is the basis of photoluminescence 

and LEDs. 

I.4.2 Shockley-Read-Hall (SRH) recombination 

The Shockley-Read-Hall (SRH) recombination mechanism is schematized in Figure I.5. This 

mechanism involves a localized defect in the band gap of the material which can be a 

recombinant center for free carriers [19]. This type of defects is predominant in nitride materials 

and this mechanism will therefore play an important role in the operation of solar cells based on 

these materials. [18] 

 

Figure I.5: Shockley-Read-Hall (SRH) recombination mechanism. 

I.4.3 Auger recombination 

The Auger recombination mechanism is shown in Figure I.6. It is also band-to-band 

recombination, but unlike radiative recombination, the energy released is transmitted to a third 

carrier who finds himself excited in a level upper part of the conduction band. The third carrier 

can then thermalize by emitting one or more phonons. Note that this phenomenon also exists 

with holes in the valence band [18].  
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Figure I.6: Auger recombination mechanism. 

I.5. Solar cell characterization 

I.5.1 Equivalent circuit of a photovoltaic cell 

A real solar cell can be schematized by Figure I.7. It proposes an electrical model of the 

photovoltaic cell. 

 

Figure I.7: Equivalent circuit of a solar cell. 

We find there the generator current 𝐼𝑝ℎ, corresponding to the photogenerated current opposed to 

the dark current 𝐼𝑑𝑎𝑟𝑘 = 𝐼𝐷 of the forward biased diode, as well as resistors 𝑅𝑠, 𝑅𝑠ℎ  and the load 

resistance 𝑅𝐿. 𝑅𝑠, represents, the resistance of the semiconductor, the contact resistance between 

the semiconductor and conductor, and the resistance of the contacts such as cell metallization, 
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interconnection or TCO layers [21]. This resistance should ideally be as low as possible to limit 

its influence on the cell current. This can be achieved by decreasing the resistivity of the used 

material. 𝑅𝑠ℎ, the shunt (parallel) resistor translates the presence of a leakage current through the 

emitter caused by a fault. This is the case when diffusion from high temperature metal contacts 

pierces the emitter. It can also be due to a short circuit on the edges of the cell. This resistance 

should tend to infinity in order to maximize the current delivered to the external load [21]. Figure 

I.8 shows a typical set of the current density-voltage (𝐽(𝑉)) curves in the dark and at standard 

illumination.  

 

Figure I.8: Representative 𝐽(𝑉) curve of a solar cell. 

The 𝐽(𝑉) curve can shift towards negative current density values due to the effect of light. By 

illuminating the cell, the light generated current 𝐼𝑝ℎ is subtracted to the dark current flowing into 

the diode (𝐼𝑑𝑎𝑟𝑘 = 𝐼𝐷), so that the total current flowing between the device terminals (𝐼) 

becomes: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷      Eq. I.1 

In the dark condition, the current-voltage (𝐼𝐷(𝑉)) characteristic of an ideal diode is governed by 

Shockley's equation [22]: 

𝐼𝐷(𝑉) = 𝐼0 (exp (
𝑞𝑉

𝐴𝑘𝐵𝑇
) − 1)     Eq.I.2  
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Where 𝐼0 is the saturation current, 𝐴 the ideality factor, 𝑘𝐵 is the Boltzmann constant, 𝑇 the 

temperature in degrees Kelvin and 𝑞 the charge of the electron. 

The dark 𝐼𝐷(𝑉) curve is presented in Figure I.9. 

 

Figure I.9: 𝐼𝐷(𝑉) characteristic of a p-n junction in the dark. 

To account for realistic losses [23,24], the diode recombination, the series (𝑅𝑠), and parallel, or 

shunt (𝑅𝑠ℎ) resistances are introduced, and the dark current-voltage (𝐼𝐷(𝑉)) characteristic of the 

real diode becomes: 

𝐼𝐷(𝑉) = 𝐼0 (exp (
𝑞(𝑉−𝐼𝑅𝑠)

𝐴𝑘𝐵𝑇
) − 1) + (

𝑉−𝐼𝑅𝑠

𝑅𝑠ℎ
)               Eq.I.3 

Under illumination, the produced current (𝐼) through the external circuit is [23,24]: 

𝐼(𝑉) = 𝐼𝑝ℎ − 𝐼𝐷(𝑉) ≅ 𝐼𝑠𝑐 − [𝐼0 (exp (
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝐵𝑇
) − 1) + (

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
)]   Eq.I.4 

The current 𝐼 is generally related to the surface and the current density 𝐽 is expressed as          

(𝑚𝐴/𝑐𝑚2). The illuminated curve occurring in the fourth quadrant, indicates that the cell is 

delivering power to the load. In the laboratory, this load is often a power supply capable of 

acting as a current sink. The current directions in Eq.I.4 represent the illuminated configuration, 

and we use the + sign in the (𝑉 + 𝐼𝑅𝑠) terms. If the cell is placed in the dark, the 𝐼𝑝ℎ (or 𝐼𝑠𝑐) 

term disappears, the power supply must supply current to the cell, and the current through 𝑅𝑠 

changes direction, so the − sign is appropriate in the (𝑉 − 𝐼𝑅𝑠) terms of Eq.I.3 . 

𝐼(𝑉) (or 𝐽(𝑉)) curves provide most of the following performance parameters: short-circuit 

current (𝐼𝑠𝑐) or current density (𝐽𝑠𝑐), which is the current for 0V applied voltage; open-circuit 
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voltage (𝑉𝑜𝑐), which represents the voltage for no current passing through the solar cell; fill 

factor (𝐹𝐹), which indicates how close, in percentage, the solar cell is from its maximum 

potential power considering the 𝑉𝑜𝑐 and 𝐽𝑠𝑐, and light to power conversion efficiency (𝜂) which 

relates to the solar cell conversion efficiency. 

I.5.2 Short-circuit current density (𝑱𝒔𝒄) 

The short-circuit current density, 𝐽𝑠𝑐, is the current through the solar cells when 𝑉 =  0, which is 

a similar condition as the two electrodes of the cell being short-circuited together. Because 

𝑉 =  0, and power is the product of current and voltage, no power is generated at this point but 

𝐽𝑠𝑐 marks the onset of power generation. 𝐽𝑠𝑐 of a solar cell depends on the incident photon flux 

density on the cell, which is determined by the spectrum of the incident light. The optimum 

current that the solar cell can deliver strongly depends on the optical properties such as 

absorption in the absorber layer and total reflection of the solar cell. [24] 

I.5.3 Open-circuit Voltage (𝑽𝒐𝒄) 

The open-circuit voltage, 𝑉𝑜𝑐, is the voltage at which no current flows across the solar cell, which 

is the same as the device being open-circuited. This is the maximum voltage that a cell can 

deliver. Since 𝐽 = 0 there is no power produced at this point but it marks the boundary for 

voltages at which power can be produced. The 𝑉𝑜𝑐 corresponds to the amount of forward bias 

voltage at which the dark current compensates the photo-current in the solar cell. The 𝑉𝑜𝑐 can be 

calculated from an equation given below by assuming that the net current is zero. 

𝑉𝑜𝑐 =
𝐴𝑘𝐵𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽0
+ 1)     Eq.I.5 

Where 
𝑘𝐵𝑇

𝑞
  is the thermal voltage, 𝐽𝑝ℎ is the photocurrent density, 𝐽0 is the dark saturation 

current and  𝐴 is the ideality factor.  

I.5.4 Fill Factor (𝑭𝑭) 

The fill factor (𝐹𝐹) is defined as the ratio of the maximum power (𝑃𝑚𝑎𝑥  = 𝐽𝑀𝑃 × 𝑉𝑀𝑃) 

generated by a solar cell to the product of 𝑉𝑜𝑐 and 𝐽𝑠𝑐. 

𝐹𝐹 =
𝑃𝑀𝑃

𝐽𝑠𝑐 .𝑉𝑜𝑐
=

𝐽𝑀𝑃∙𝑉𝑀𝑃.

𝐽𝑠𝑐∙𝑉𝑜𝑐
     Eq.I.6 
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It is an indication of how close 𝐽𝑀𝑃 and 𝑉𝑀𝑃 come to the boundaries of power generation of 𝐽𝑠𝑐  

and 𝑉𝑜𝑐. It is also an indication of the sharpness of the 𝐽(𝑉) curve that connects 𝐽𝑠𝑐  and 𝑉𝑜𝑐. 

High 𝐹𝐹 is always desired since this is the indication o f higher maximum power but the diode-

like behavior of solar cells results in 𝐹𝐹 always being less than one. It can easily be shown from 

geometrical considerations that for a linear relationship between 𝐼 and 𝑉, type 𝑉 = 𝑅. 𝐼 

(implying that the device behaves like a simple resistor), 𝐹𝐹 = 1/4. The fill factor of high 

efficiency CIGS devices produced today are typically in the range 70-80% (81.2% in the 19.9% 

CIGS device reported in [25]). High 𝐽𝑠𝑐 , 𝑉𝑜𝑐 and 𝐹𝐹 are required to obtain high efficiency (𝜂). 

Both 𝐽0 and 𝐽𝑆𝐶  depend on the energy band gap (𝐸𝑔), therefore J(V) can be expected to depend 

on 𝐸𝑔 too. More precisely; when 𝐸𝑔 increases, 𝐽𝑆𝐶  decreases, since less photons have enough 

energy to be absorbed, and 𝐽0 increases, since more carriers are available at the electrodes for 

recombination. 𝐸𝑔 is then the main factor limiting 𝑉𝑂𝐶 [4], but 𝑅𝑠ℎ also has an important impact, 

since recombinations reduce the open circuit voltage. In the ideal case, 𝐼𝑆𝐶  depends linearly on 

the area of the device that is illuminated, and is also affected by 𝑅𝑠. The diode ideality factor (𝐴), 

which can help determine whether SRH recombination are predominantly taking place in the 

SCR, or in the bulk or the contacts, is also a valuable parameter [4]. 

I.5.5 Power Conversion Efficiency (𝜼) 

The most commonly used parameters to compare the performance of a solar cell is the power 

conversion efficiency (PCE or 𝜂) which is defined as the ratio of the output energy from the solar 

cells to input energy from the sun. The efficiency of a solar cell is determined as: 

𝜂% =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
× 100% = (

𝐽𝑚𝑝𝑉𝑚𝑝

𝑃𝑖𝑛
) × 100% = (

𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛
) × 100%    Eq.I.7 

The above equation clearly shows that 𝐹𝐹, 𝐽𝑠𝑐 , and 𝑉𝑜𝑐 all have direct effects on 𝜂. The 

efficiency of the solar cells is also very dependent on the power and spectrum of the incident 

light source and the temperature of the solar cell, since the solar cells do not absorb and convert 

photons to electrons at all wavelengths with the same efficiency. So all the conditions under 

which the conversion efficiency of the cell is measured should be carefully controlled in order to 

compare various solar cells. Even though the solar spectrum at the earth’s surface varies with 

location, cloud coverage, and other factors, the AM 1.5 G spectrum is the most commonly used 
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standard spectrum for measuring and comparing the performance of photovoltaic devices. The 

record efficiency of CIGSe-based solar cells is 20.3% [26]. 

I.5.6 Spectral response of a solar cell 

The spectral response 𝑅𝑆 of a photovoltaic cell is the ratio between the current of short-circuit 

(𝐼𝑠𝑐) generated by the cell and the incident light power (𝑃𝑖𝑛), depending on the different 

wavelengths forming the incident radiation. The spectral response 𝑅𝑆 is given by the following 

relation [27]: 

𝑅𝑆 =
𝐼𝑠𝑐(𝜆)

𝑃𝑖𝑛(𝜆)
(𝐴 𝑊𝑎𝑡𝑡)⁄      Eq.I.8 

I.5. .7 External quantum Efficiency (𝑬𝑸𝑬) 

The external quantum efficiency (𝐸𝑄𝐸) of the cell is the ratio of the number of carriers 

generated on the number of incident photons for each wavelength (𝜆), it is related to the spectral 

response by [27]: 

𝐸𝑄𝐸(𝜆) = 𝑅𝑆(𝜆).
ℎ.𝑐

𝑒.𝜆
       Eq.I.9   

I.5.8 Internal quantum Efficiency (𝑰𝑸𝑬) 

The internal quantum efficiency 𝐼𝑄𝐸 of the cell is the ratio of the number of carriers generated 

on the number of photons penetrating into the material, it is related to the efficiency external 

quantum (𝐸𝑄𝐸) by the equation 

𝐼𝑄𝐸(𝜆) =
𝐸𝑄𝐸(𝜆)

1−𝑅(𝜆)
        Eq I.10 

Where 𝑅(𝜆) represents the reflection coefficient for the wavelength (𝜆).  

I.6.Generations of solar cells 

The field of solar cells is generally divided into four generations: 

 The first generation includes solar panels based on crystalline silicon. Developed since 60 

years, the silicon-based solar panel industry today presents a certain technological maturity with 

the highest efficiencies (24.7% in the laboratory) and a market share of around 80% of the 

current photovoltaic market. [28,29] 
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 The second generation of solar cells was developed from the 80s with the objective of 

reducing costs by relying on the use of thin layers. Using only a few microns of material, the 

researchers succeeded to find an alternative to the very expensive manufacture of inherent silicon 

ingots in the first-generation solar panels manufacture. The technologies based on this approach 

use Cu(In, Ga)Se2, CdTe and amorphous (a-Si) semiconductors with a very high absorption 

coefficient. Cu(In, Ga)Se2 (CIGSe) based solar cells are thin film solar cells which show 

efficiencies around 20.3% in the laboratory [30],[31] as shown in Figure I.10. [28]. Some 

literatures [32,33] report an efficiency of 22.6% for the CIGS –based solar cells.  

 

Figure I.10: Record conversion efficiencies of different solar cell technologies in thin layer in 

cell and module. [28] 

 The third generation brings together all the new approaches proposed and developed over the 

past few years. This generation is focused on reducing the costs of manufacturing by proposing 

new approaches (organic solar cells, cells of Graetzel...). It also searchs for exceed the current 

limits of efficiencies by using original concepts such as multijunction solar cells, intermediary 

gap solar cells or the use of hot carriers. The majority of third generation systems are currently 

under development and target more or less long term applications. [28] 

 Fourth-generation Solar Cells: these are solar cells which are also called organic-inorganics 

because, they combine the flexibility of polymer thin films with the stability of inorganic 

nanostructured layers with a view targeted at maintaining the low cost of thin film photovoltaic, 

improving charge transport (carrier lifetime) ,enhancement in energy harvesting cross section of 

the solar cell and improved optical coupling by increasing the optical path length especially 
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when metal nanoparticles (mNP) are incorporated within the layers of a perovskite solar cell 

(PSC) [34]. An example of a fourth generation solar cell is a perovskite solar cell (PSC) that has 

incorporated within its layers carbon nanotubes (CNT), metal nanoparticles(mNP), nano hybrid 

materials or graphene [34]. Furthermore, it has been established that, the incorporation of 

inorganic materials within active materials like PSC, has greatly improved the carrier lifetime of 

solar cell devices [28]. 

Other types of junctions that cannot be classed within any generation are [28]: 

1. Semiconductor insulator junctions. 

2. Metal insulator semiconductor junction. 

3. Metal-semiconductor or Schottky junctions, which are primarily the type of junction adopted 

in this research work for the solar cell study.  

 

Figure I.11: A chart showing the generations and chronological evolution solar cells [34]. 
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I.7. Thin-film photovoltaics 

Most photovoltaic solar cells are made using crystalline silicon (c-Si), much cheaper devices can 

be made using thin film technologies based on the use of direct energy band gap semiconductors. 

c-Si, with its indirect energy band gap, requires thicknesses of several hundreds of microns to 

absorb most of the sunlight. Also, the photogenerated carriers need to diffuse this distance back 

to the junction without being lost by recombination, which can only be achieved by purifying the 

silicon to a high level and growing crystals free from defects. In thin films, on the other hand, 

their direct band gap allow a similar absorption of the sunlight with only a few microns of 

material, and the carriers are generated very close to or within the junction, minimizing the need 

for a long minority carrier diffusion length. Thin films can therefore be made cheaper and of 

comparable efficiencies to c-Si. The most successful thin film materials used are cadmium 

telluride (CdTe), hydrogenated amorphous Si (a-Si), and copper indium gallium diselenide 

(CIGS). Figure I.12 shows the market share of the different produced technologies [4]. 

 

Figure I.12: Cell production by technology (in MW of DC current) [35]. 

The state of art efficiencies extracted for solar cells based on several crystalline and amorphous 

photo reactive materials are summarized in Table.I.1 [32,33]. 
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Table.I.1: Highest efficiencies of state of art solar cells based on different materials [32,33]. 

 

I.8. CIGS based solar cells 

The quaternary semiconductor Cu (In, Ga)Se2 (CIGS) is one of the most promising materials for 

Thin Film Solar Cells (TFSC’s). It has a direct bandgap in the ideal energy range for solar 

energy conversion (1.04-1.68 eV), which results in an absorption coefficient of ~ 105 𝑐𝑚−1, 

sufficient to absorb most incident light within a few 𝜇𝑚’𝑠 [36,37]. The possibility to apply CIGS 

for photovoltaic was already realized in the early 1970’s, when the first solar cells based on bulk 

single crystal CuInSe2 (CIS) quickly reached conversion efficiencies exceeding 10% [38,39]. 

The first thin-film devices followed shortly after and had initial efficiencies limited to ~5-6% 

[37], but owing to much research and development currently with CIGS the 20% efficiency 

record has been exceeded by various groups. The progress in CIGS-based devices over the past 

30 years is shown in Figure I.13 [40,41]. 
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Figure I.13: Graph showing the progress in conversion efficiency in laboratory scale (squares), 

small modules (circles) and full-size modules (triangles) CIGS-based TFSC’s 

[41]. 

On the laboratory scale, the verified efficiency record is currently at 22.6% [42,43], which 

already exceeds the current record efficiency of 22.0% on the same scale devices based on 

multicrystalline Si. Transferring the high efficiencies of CIGS lab-scale cells to the modular 

scale has been a challenge due to issues in scaling up the most successful deposition techniques. 

Nevertheless, the 19.2% efficiency record currently reached on CIGS modules is only slightly 

lower than the 19.9% record for comparable Poly-Si modules and proves CIGS technology can 

be highly competitive with conventional c-Si. Significant cost reduction in CIGS TFSC’s are to 

be expected once further upscaling of production is achieved [40,41]. 

I.8.1 CIGS material properties 

Polycrystalline Cu (𝐼𝑛1−𝑥, 𝐺𝑎𝑥)Se2 (CIGS) is a II-III-VI2 is a nonstoichiometric compound with 

intrinsic p-type semiconducting properties. CIGS is composed by four elements: copper, indium, 

gallium and selenium. CIGS shows a typical [44] chalcopyrite structure deriving from the group 

IV class of tetrahedrally bonded semiconductors (Figure I.14), similar to the zinc-blende (ZnS) 

one, according to the Grimm-Sommerfield rule [45]. The lattice is a body-centered tetragonal 

such that each Cu (Group I) or In, Ga (Group III) has 4 bonds with Se (Group VI). On the other 

hand, Se atom has 2 bonds each with Cu and In (or Ga). Group III elements (ex: Ga) added to the 

lattice in place of In increase the bandgap at the cost of added stress to the lattice. In the lattice, 
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the unit cell aspect ratio, 𝑐/𝑎, is close to 2. Deviations can arise due to the different strengths of 

Cu-Se, In-Se and Ga-Se bonds [33,46].  

 

Figure I.14: a) Band gap as a function of lattice parameter of I-III-VI2 semiconductors and II-VI 

semiconductors reprinted from Scheer [47]. b) Chalcopyrite structure of CuInSe2 

semiconductor reprinted from [48]. 

Different compounds can be obtained by varying the stoichiometry in the chemical formula 

𝐶𝑢(𝑙𝑛1−𝑥, 𝐺𝑎𝑥)𝑆𝑒2 from 0 (pure (copper indium selenide, CIS) to 1 (pure copper gallium 

selenide, CGS). [45]. 

One consequence of this structure variation is the variation of the CIGS band-gap as a function 

of the Ga content. From CuInSe2 to CuGaSe2, the band-gap varies from approximately 1.04 eV 

to 1.68 eV [49]. When the composition 𝑥 =  [𝐺𝑎]/([𝐺𝑎] + [𝐼𝑛]) is introduced, the band-gap 

energy (𝐸𝑔), as a function of 𝑥, can be expressed by the following empirical formula [33]: 

𝐸𝑔(𝑥) = (1 − 𝑥)𝐸𝑔(𝐶𝐼𝑆) + 𝑥𝐸𝑔(𝐶𝐺𝑆) − 𝑏𝑥(1 − 𝑥)  Eq.I.11 

Where the band gap of CuInSe2 (𝐸𝑔(𝐶𝐼𝑆)) is 1.04 eV, the band gap of CuGaSe2 (𝐸𝑔(𝐶𝐺𝑆)) is 

1.68 eV; and 𝑏 is the bowing parameter that depends on the growth. The most reproducible 

values of 𝑏 are around 0.15-0.24 eV [50]. 
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The most important variables in CIGS composition are the relative Cu-content, expressed as 

[𝐶𝑢]/([𝐺𝑎] + [𝐼𝑛]) or CGI, and the relative Ga-content, expressed previously as                               

𝑥 = [𝐺𝑎]/([𝐺𝑎] + [𝐼𝑛]) or GGI. Variation of the CGI leads to variations in the phase and 

conductivity type of CIGS. For good absorber layer quality, the bulk conductivity needs to be P-

type which is achieved for CGI ~0.9, i.e. slightly Cu-poor compared to stoichiometric 

composition. Variation of the GGI leads to variations in the bandgap, where GGI = 0 

corresponds to ~ 1.04 eV and GGI = 1 corresponds to ~1.68 eV. The best device efficiencies 

have been reached using GGI ~ 0.3, corresponding to a bandgap of ~ 1.2 eV. Although this is 

slightly lower than the theoretically ideal bandgap of ~1.4 eV for conversion of solar light, 

increasing the GGI beyond ~0.3 leads to only limited increase in 𝑉𝑜𝑐 and reduced device 

performance, most likely due to increased interface recombination [40,49-51]. 

Finally, it is worth noting that the chalcopyrite phase field is increased by the addition of Ga or 

Na [51]. As a result, the Na inclusion in the CuInSe2 structure causes a replacement of InCu 

antisite defects by Na atoms, thus reducing the density of compensating donors [49] The 

calculated effect of Na inclusion is therefore consistent with the increase of compositional range 

in which single-phase chalcopyrite exists and shows an higher conductivity, as experimentally 

observed. The high absorption coefficient (𝛼 >  105 𝑐𝑚−1) and the p-type behavior obtained 

when CIGS is grown in an excess of selenium (with a hole concentration of 1016 − 1017 𝑐𝑚−3 

and a record in charge carrier mobility of 200 cm
2
/Vs) , make CIGS films very promising as 

absorber layers in thin film solar cells, so that conversion efficiencies exceeding 20% were 

demonstrated in laboratory device prototypes [41,45]. 

I.8.2. CIGS-based solar cells architecture 

The basic structure of a Cu(In, Ga)Se2 thin-film solar cell is depicted in Figure I.15. The most 

commonly used substrate is soda-lime glass, 1-3 mm thick, covered by a thin molybdenum film 

(300 nm-1μm thick) acting as the backside ohmic contact. The Na content in soda-lime has been 

shown to be useful for enhancing the solar cell performances, as it diffuses through the Mo film 

and increases open circuit voltage [52], as well as p-type conductivity and average grain size 

[53]. The heterojunction is constituted by a p-CIGS layer (thickness ranging between 1.5 and 2.5 

μm) and a transparent conducting oxide (TCO, usually Al-doped ZnO), buffered by a thin layer 

of CdS (or ZnS, ZnMgO) and a layer of undoped ZnO. As remarked above, CIGS is a p-type 

semiconductor with a carrier concentration of about 1016 𝑐𝑚−3 [54], while Al- doped ZnO is a 

n-type semiconductor with a carrier concentration of 1020𝑐𝑚−3 [54]. 
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Figure I.15: Basic structure of a Cu(In, Ga)Se2 thin-film solar cell [45]. 

This asymmetric doping causes the space-charge region to extend much more inside the CIGS 

film than into the ZnO layer. The front contact is generally composed by Al or alternate nichel 

(Ni)/Al layers. Finally, an antireflecting coating (100-200 nm thick layer of MgF2) aimed at 

avoiding light losses due to the semiconductor-air interface [45].  

I.8.3. CIGS Cell Band Structure 

The band structure of a CIGS-based photovoltaic cell is shown in Figure I.16 [55]. After 

absorption of the light radiation, the creation of the electron–hole pairs takes place within the 

absorber material. The molybdenum rear contact collects the holes. The formation of a MoSe2 

layer at the CIGS/Mo interface constitutes the ohmic contact between the absorber and the back 

contact. It generates a band curvature for efficiently collecting the holes and pushing the 

electrons back to the upper electrode. In order to avoid volume and interface recombinations, it is 

necessary to remove the electronic junction of the physical junction (CdS/CIGS) rich in defects. 

This is why the p–n junction must be pushed back (buried) into the CIGS volume. To do this, in 

a standard manner, a surface inversion is performed by generating a gallium gradient on the 

surface of the absorber. 
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Figure I. 16: Schematic representation of the expected band-alignment in a typical CIGS-based 

device at 0 V bias [55], for constant GGI, and hence constant bandgap 

(𝐸𝑔~ 1.2 𝑒𝑉). The upper and lower black-lines indicate the conduction band edge 

(𝐸𝐶) and valence band edge (𝐸𝑉) respectively. The bandgap of the ZnO layer is 

assumed to be in the range > 3 𝑒𝑉. ‘SCR’ refers to the Space Charge Region 

(depletion region), while ‘QNR’ refers to the ‘Quasi Neutral Region’, i.e. the bulk 

of the absorber layer where no internal electric field is present. 

Depending on the quantity of gallium, the CIGS can be a p-type or n-type semiconductor. The 

junction between the CdS and the CIGS thus constitutes an energy barrier at the conduction band 

level. This barrier is favorable to the proper functioning of the cell because it increases the 

inversion of the absorber at the surface with the creation of an n-type zone. The front contact in 

ZnO then collects the electrons [56]. 

I.9.Conclusion 

In this chapter, we gave an overview on Photovoltaics (PV) which is the technology that 

converts sunlight directly into electricity using solar cells. Solar cells are the fundamental 

building blocks of PV systems and are typically made from semiconductor materials. Solar cells 

can be categorized into different generations based on the materials used and the manufacturing 

processes involved. The properties of CIGS materials make them attractive for solar cell 

applications. They have a high absorption coefficient, which means they can absorb a large 

amount of light even with a thin layer. This allows for the use of less material, reducing costs. 

CIGS materials also exhibit excellent thermal stability and are relatively tolerant to variations in 
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composition, making them suitable for large-scale production. Overall, CIGS-based solar cells 

offer a promising alternative to traditional silicon-based solar cells, with the potential for 

improved efficiency and cost-effectiveness. Ongoing research and development in thin film 

technologies, including CIGS, aim to further enhance their performance and increase their 

market share in the renewable energy sector. 
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II.1 Introduction 

A Schottky-barrier solar cell, also known as a metal-semiconductor (MS) solar cell is a type of 

photovoltaic device that converts sunlight into electricity. It is named after the Schottky barrier, 

which is the energy barrier formed at the interface between a metal and a semiconductor. In a 

Schottky-barrier solar cell, a metal electrode is in contact with a semiconductor material, forming 

a Schottky junction. The metal electrode acts as the top contact, while the semiconductor 

material serves as the active layer that absorbs light and generates charge carriers (electrons and 

holes). The Schottky junction forms a barrier to the flow of charge carriers, creating a built-in 

electric field that separates the photo-generated carriers and drives them towards their respective 

electrodes. Unlike traditional p-n junction solar cells, which rely on a p-n junction formed within 

a single semiconductor material, Schottky-barrier solar cells utilize the Schottky barrier for 

charge separation. The metal used in the Schottky contact typically has a lower work function 

than the semiconductor material (if it is p-type doped), resulting in a rectifying behavior at the 

junction. This rectification allows the efficient extraction of photo-generated carriers and reduces 

recombination losses [1-5]. The advantages of Schottky-barrier solar cells include their potential 

for high efficiency, as they can offer excellent charge carrier separation and collection. They are 

particularly suitable for applications that require low-cost and lightweight solar devices, such as 

portable electronics or space applications. However, they generally have lower open-circuit 

voltage compared to p-n junction solar cells and can be sensitive to temperature variations [6-9]. 

Various materials have been used as the semiconductor in Schottky-barrier solar cells, including 

silicon (Si), gallium arsenide (GaAs), copper indium gallium selenide (CIGS), Indium Gallium 

Nitride (InGaN) and organic semiconductors. The choice of materials depends on factors such as 

desired efficiency, cost, and application requirements. Overall, Schottky-barrier solar cells are an 

interesting alternative to traditional p-n junction solar cells, offering unique advantages and 

potential for further development in photovoltaic technology. [5,6,10-15]. Chapter II focuses on 

providing an overview of CIGS-based Schottky barrier solar cells and discussing the physics that 

limit the transport in such cells. 

II.2 Physics of the Schottky barrier solar cell.  

The difference between the work functions of a metal (𝛷𝑀) and a semiconductor (𝛷𝑆), and the 

misalignment of the energy bands of the semiconductor with the work function of the metal can 

generate a barrier with rectifying properties on a metal-semiconductor contact. Figure II.1 shows 
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the formation of a barrier height for a metal/p-type semiconductor interface according to ideal 

Schottky barrier theory [16].  

 

 

Figure II.1: Energy band diagrams for a metal-p-type semiconductor contact when 𝛷𝑆  >  𝛷𝑀. 

Materials are shown in isolation (a) and after contact (b). All parameters are 

referenced to the vacuum level under the basis of ideal Schottky barrier theory [16]. 

The energy band diagram for both materials in isolation is shown in Figure. II.1a). Here, the 

most important properties such as work function of the metal 𝛷𝑀, and electron affinity 𝛸𝑆, 

ionization potential 𝐼𝑃𝑆, and work function 𝛷𝑆 of the semiconductor, are all referenced to the 
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vacuum level 𝐸𝑉𝐴𝐶 [17,18]. Since 𝛷𝑆  >  𝛷𝑀 in this example, there is an electron charge transfer 

from the metal to the semiconductor which equalizes the Fermi levels once both materials are 

brought into contact. This causes a built-in potential 𝑉𝑏𝑖 and a local vacuum level 𝐸𝐿𝑉𝐴𝐶 to 

appear as a consequence of the charge transfer. A Schottky barrier height 𝛷𝑏𝑝 is also created, 

which represents a potential barrier that holes in the p-type semiconductor must overcome to 

transit to the metal side [17,18]. The value of 𝛷𝑏𝑝 for an ideal contact is represented by the 

Schottky-Mott approximation in Eq. II.1 [16]:   

𝛷𝑏𝑝 = 𝐼𝑃𝑆 − 𝛷𝑀 = (𝛸𝑆 + 𝐸𝑔) − 𝛷𝑀 = 𝑞𝑉𝑏𝑖 + (𝐸𝑓 − 𝐸𝑉)  Eq.II.1 

Figure. II.2 shows the case when 𝛷𝑆  <  𝛷𝑀, where a flow of electrons from the semiconductor 

into the metal equalizes the Fermi levels and produces a depletion region in the semiconductor 

[16].  

 

Figure II.2. a) Schottky barrier for an n-type semiconductor when 𝛷𝑀 > 𝛷𝑆. The Fermi levels 

equalize once that materials are in contact, which causes the bands to bend upwards 

and to create a barrier 𝛷𝑏𝑛 that electrons need to overcome to cross from the 

semiconductor to the metal, thus rectifying properties are achieved. b) When        

𝛷𝑀 > 𝛷𝑆. for a p-type material, the bending of the bands does not prevent the motion 

of holes, and a contact with Ohmic instead of rectifying properties is created [16].  

This bends the bands upwards as shown in Figure II.2a) for n-type semiconductors. Here, the 

electrons need to overcome the barrier 𝛷𝑏𝑛 to be able to pass from the semiconductor into the 
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metal, which results in rectifying properties. For the case of a p- type semiconductor, the bending 

of the band does not stop the flow of holes, thus the contact becomes Ohmic as shown in      

Figure II.2b) [17,19]. On the other hand, the bands bend downwards when 𝛷𝑀 < 𝛷𝑆. For this 

case, an Ohmic behaviour is achieved for n-type materials, since the flow of electrons does not 

find a barrier as shown in Figure. II.3 a), whereas a rectifying contact is created for p-type 

material, where holes find difficulties to pass underneath the barrier, as shown in Figure. II.3 b). 

Generally, the case 𝛷𝑀 > 𝛷𝑆 is true for most of the metal/n-type semiconductor contacts, 

whereas 𝛷𝑀 < 𝛷𝑆 is true for most of the metal/p-type semiconductor contacts therefore, the 

majority of the metal-semiconductor contacts produce Schottky contacts [17,19]. 

 

Figure II.3: When 𝛷𝑀 < 𝛷𝑆 bands are bent downwards and, a) Ohmic properties are achieved 

for n-type semiconductors whereas b) p-type semiconductors produce rectifying 

contacts due to the difficulty of holes to pass below the barrier 𝛷𝑏𝑝. [16]. 

When 𝛷𝑆  >  𝛷𝑀 for the p-type material, a hole, at the semiconductor surface, can be 

thermionically emitted into the metal if its energy is above the barrier height (𝛷𝑏𝑝) and the 

thermionically emitted hole density is: 

𝑝𝑡ℎ = 𝑁𝑉𝑒𝑥𝑝 (−
𝛷𝑏𝑝

𝑘𝐵𝑇
)   Eq.II.2 

where 𝑁𝑉 is the effective density of states at the valence band Edge (𝐸𝑉). 
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At thermal equilibrium, the current density is balanced by two equal and opposite flows of 

carriers, and thus there is zero net current. Holes in the semiconductor (sc) tend to flow (or emit) 

into the metal (m), and there is an opposing balanced flow of holes from metal into the 

semiconductor. These current components (𝐽𝑠𝑐⟶𝑚 and 𝐽𝑚⟶𝑠𝑐 respectively) are proportional to 

the density of holes at the boundary:  

|𝐽𝑠𝑐⟶𝑚| = |𝐽𝑚⟶𝑠𝑐| ∝ 𝑝𝑡ℎ     Eq.II.3 

Or 

|𝐽𝑠𝑐⟶𝑚| = |𝐽𝑚⟶𝑠𝑐| = 𝐶1𝑁𝑉𝑒𝑥𝑝 (−
𝛷𝑏𝑝

𝑘𝐵𝑇
)   Eq.II.4 

where 𝐽𝑠𝑐⟶𝑚 is the current density from the semiconductor to the metal, 𝐽𝑚⟶𝑠𝑐 is the current 

density from the metal to the semiconductor, and 𝐶1 is a proportionality constant. 

When a forward bias (𝑉) is applied to the contact, the built-in potential (𝑉𝑏𝑖) across the barrier is 

reduced to (𝑉𝑏𝑖 − 𝑉) , and the hole density at the surface increases to: 

𝑝𝑡ℎ = 𝑁𝑉𝑒𝑥𝑝 (−
(𝛷𝑏𝑝−𝑞𝑉)

𝑘𝐵𝑇
)     Eq.II.5 

The current density (𝐽𝑠𝑐⟶𝑚) that results from the hole flow out of the semiconductor is therefore 

altered by the same 𝑝𝑡ℎ factor . The flux of holes from the metal to the semiconductor, however, 

remains the same because the barrier (𝛷𝑏𝑝) remains at its equilibrium value. The net current 

under forward bias is then: 

𝐽 = (𝐽𝑠𝑐⟶𝑚) − (𝐽𝑚⟶𝑠𝑐) = 𝐶1𝑁𝑉𝑒𝑥𝑝 (−
(𝛷𝑏𝑝−𝑞𝑉)

𝑘𝐵𝑇
) − 𝐶1𝑁𝑉𝑒𝑥𝑝 (−

𝛷𝑏𝑝

𝑘𝐵𝑇
)  

𝐽 = 𝐶1𝑁𝑉𝑒𝑥𝑝 (−
𝛷𝑏𝑝

𝑘𝐵𝑇
) [𝑒𝑥𝑝 (

𝑞𝑉

𝑘𝐵𝑇
) − 1]   Eq.II.6 

With the same argument for the reverse-bias condition, the expression for the net current is 

identical to Eq.II.6 except that (𝑉) is replaced by (–𝑉). The coefficient 𝐶1𝑁𝑉 is found to be 

equal to 𝐴∗T2, where A* is called the effective Richardson constant (in units of 𝐴/(𝐾2𝑐𝑚2)) and 

T is the absolute temperature. The value of 𝐴∗ depends on the effective mass. 

The current-voltage characteristic of a metal-semiconductor contact under thermionic emission 

condition is then: 
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𝐽(𝑉) = 𝐽0 (exp (
𝑞𝑉

𝑘𝐵𝑇
) − 1)    Eq.II.7 

𝐽0 = 𝐴∗T2𝑒𝑥𝑝 (−
𝛷𝑏𝑝

𝑘𝐵𝑇
)    Eq.II.8 

Where 𝐽0 is the saturation current density and the applied voltage 𝑉 is positive for forward bias 

and negative for reverse bias. 

II. 3 Charge transport in Schottky barrier solar cell 

When the sunlight shines on a Schottky junction solar cell, only photons with greater energy than 

the semiconductor band gap (𝐸𝑔) are able to release a valence electron and thus electron–hole 

pairs are generated. The established electric field inside the junction region works on separating 

these pairs by drifting the holes toward the semiconductor and electrons toward the metal [20] as 

shown in Figure II. 4. However, these charges provide a forward bias polarization of the 

Schottky junction so that part of the photogenerated charges cause an internal current through the 

forward bias Schottky junction (diode current (𝐼𝐷)). Hence, only a part of the generated charges 

contributes to the external current (𝐼). Therefore, 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷      Eq.II.9 

where 𝐼𝑝ℎ  ≅  𝐼𝑠𝑐 represent the photogenerated current and the short-circuit current, respectively. 

When the Schottky-barrier-type structure is designed as a photovoltaic device, it is operated in 

the fourth quadrant of the 𝐼(𝑉) plot. Consequently it is convenient to express the produced 

current (𝐼) through the external circuit when a voltage (𝑉) is developed. Taking into account the 

series (𝑅𝑠) and shunt (𝑅𝑠ℎ) resistances and the ideality factor (𝐴) , the equation that provides the 

current (𝐼) as a function of the voltage (𝑉) (in the load resistance) is given by [20]: 

𝐼(𝑉) = 𝐼𝑝ℎ − 𝐼𝐷(𝑉) ≅ 𝐼𝑠𝑐 − [𝐼0 (exp (
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝐵𝑇
) − 1) + (

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
)]   Eq.II.10 

The dark saturation current, 𝐼0, is the major factor influencing the value of 𝐹𝐹 and 𝑉𝑜𝑐 [21]. 

Figure II.4 (b) illustrates the possible transport mechanisms in Schottky barrier solar cells. This 

includes: (1) depletion layer (SCR)  recombination-generation, (2) thermionic emission over the 

barrier, (3) field emission or tunnelling through the barrier, (4) thermionic field emission and (5) 

drift-diffusion in space-charge region (𝑥 <  𝑊) and in the quasi-neutral region (𝑥 >  𝑊). 
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Figure II.4: The representation of the generated electron-hole pair in Schottky barrier solar cell 

within: (a) an electrical circuit. (b) energy band structure showing the possible 

transport mechanisms ((1) -(5)). 
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If the dominant transport of the forward-biased Schottky junction is the thermionic emission. In 

this case, the dark saturation current is given by: 

𝐼0 = 𝑆𝐴∗T2exp (
−ϕ𝐵

𝑘𝐵𝑇
)    Eq.II.11 

Where 𝑆  is the effective area of contact in 𝑐𝑚2, (𝐴∗) is effective Richardson’s constant in 

𝐴 𝑐𝑚−2 °𝐾−2, 𝑇is the absolute temperature in °𝐾and (𝜙𝐵) is the Schottky barrier height in 𝑒𝑉. 

The open circuit voltage 𝑉𝑂𝐶 can be deduced by setting 𝐼(𝑉𝑜𝑐) = 0, if (𝑅𝑠) and (𝑅𝑠ℎ) are 

neglected, then :  

𝑉𝑜𝑐 ≅ 𝐴 [(
𝑘𝐵𝑇

𝑞
) ln (

𝐼𝑠𝑐

𝑆𝐴∗𝑇2
) +

𝜙𝐵

𝑞
]  Eq.II.12 

It is important to state, that the greater the value of 𝜙𝐵 , the lower the value of 𝐼0, and 

consequently, the lower is the 𝐼𝐷 value [20]. The diode structure shown on figure II.4 would 

produce a minority carrier solar cell with the dark current (𝐼𝐷) approaching the ideal value 

limited by the drift-diffusion mechanisms [22] and characteristics equivalent to that of n-p 

junction solar cell would result 

II.4. Overview of CIGS –based Schottky barrier solar cells 

A CIGS Schottky barrier solar cell is a type of thin-film solar cell that uses a metal-

semiconductor junction to convert sunlight into electricity. CIGS stands for copper indium 

gallium diselenide, which is the semiconductor material used for the absorber layer. The metal 

layer is usually aluminum or molybdenum. The CIGS-Mo (or CIGS-Al) interface is a Schottky 

barrier to holes, which means that it blocks the flow of positive charges from the CIGS layer to 

the metal layer. This helps to create a voltage difference between the two layers and generate 

electric current when light is absorbed by the CIGS layer [15,23]. 

The efficiency of CIGS Schottky barrier solar cells depends on several factors, such as the 

bandgap and thickness of the CIGS layer, the type and quality of the metal contact, and the 

presence of defects and interface states. According to some recent studies, the highest efficiency 

reported for CIGS solar cells is 27.652% [24], which is achieved by optimizing the thickness and 

doping of the CIGS layer and adding an electron back reflector layer. The main challenges for 

improving the efficiency of CIGS Schottky barrier solar cells are to reduce the recombination 
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losses at the metal-semiconductor interface and to increase the open circuit voltage and fill factor 

of the device. 

A Schottky junction solar cell based on p-type Cu(In, Ga)Se2 (CIGS) material operates based on 

the principles of photovoltaic effect and the formation of a Schottky barrier at the junction 

between the CIGS layer and a metal contact. Here's a brief explanation of the physics involved: 

1. Schottky barrier formation: At the junction between the CIGS layer and the metal contact, a 

Schottky barrier is formed. This barrier arises due to the difference in work function between the 

CIGS material and the metal contact. The metal contact is typically chosen to be a low work 

function material like molybdenum (Mo) or Aluminum (Al). This barrier creates a potential 

energy step that affects the flow of charge carriers (electrons and holes) across the interface. In a 

CIGS-based Schottky barrier solar cell, the metal contact typically acts as the cathode (negative 

electrode), while the CIGS layer functions as the anode (positive electrode). 

2. Absorption of photons: When photons from sunlight strike the CIGS layer, they can be 

absorbed by the material. The bandgap of CIGS is tuned to absorb a significant portion of the 

solar spectrum. 

3. Generation of electron-hole pairs: The absorbed photons excite electrons from the valence 

band to the conduction band, leaving behind holes in the valence band. This process generates 

electron-hole pairs, creating a population of free electrons and holes within the CIGS layer. 

4. Charge separation: Due to the built-in electric field at the junction between the CIGS layer and 

the metal contact, the generated electrons and holes are separated. The electrons are attracted to 

the metal contact, while the holes remain within the CIGS layer.  

5. Collection of electrons: The Schottky barrier at the interface allows the electrons to flow from 

the CIGS layer into the metal contact, creating a photocurrent. This flow of electrons constitutes 

the electrical output of the solar cell. 

6. Recombination and losses: To ensure efficient device performance, it is essential to minimize 

recombination losses within the CIGS layer and at the metal contact interfaces. Strategies such as 

passivation layers and surface treatments are employed to reduce recombination and improve the 

overall device efficiency. 
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It is important to note that the detailed physics and device characteristics of a Schottky junction 

solar cell based on p-type CIGS material can be quite complex and involve additional 

considerations, including material composition, device structure, and optimization of interfaces. 

This simplified explanation provides an overview of the key principles involved. 

Some of the advantages of CIGS Schottky barrier solar cells are [8,24-28]: 

• They have a high absorption coefficient and a tunable bandgap, which means they can absorb 

more sunlight and adjust to different wavelengths with less material. 

• They have a low thermal budget and a simple structure, which means they can be fabricated at 

lower temperatures and costs than conventional solar cells. 

• They have a high open circuit voltage and a low contact resistance, which means they can 

produce more power and reduce losses at the metal-semiconductor interface. 

• They have a better resistance to heat than silicon-based solar cells, which improves their 

performance and stability at high temperatures. 

• They do not contain the toxic element cadmium, which is present in some other thin-film solar 

cells such as CdTe. 

• They can be produced on flexible substrates, which enables more applications and integration 

possibilities. 

• They can be combined with perovskite as a top cell in a tandem configuration, which can 

increase the power conversion efficiency and energy yield significantly. 

Some of the disadvantages of CIGS Schottky barrier solar cells are [25,26]: 

• They have a low fill factor and a high ideality factor, which means they have a low output 

current and a high recombination rate at the junction. 

• They have a low stability and a high sensitivity to environmental factors, such as moisture, 

oxygen, and temperature, which can degrade their performance over time  

• They have a limited availability and a high toxicity of some of the materials used, such as 

indium, gallium, and selenium, which can pose challenges for mass production and disposal. 
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The fill factor and the ideality factor of CIGS Schottky barrier solar cells can be improved by 

various methods, such as [23,24]: 

• Adding an electron back reflector layer (EBR) at the back contact to minimize the 

recombination of carriers and increase the output current. 

• Optimizing the thickness and doping of the CIGS layer to enhance the absorption and carrier 

collection. 

• Improving the quality and uniformity of the metal contact to reduce the contact resistance and 

interface states. 

• Using a graded bandgap structure for the CIGS layer to match the solar spectrum and reduce 

the thermalization losses. 

The stability and sensitivity of CIGS Schottky barrier solar cells can be enhanced by various 

methods, such as [23,25,28]: 

• Adding an insulator layer between the metal and the CIGS layer to prevent direct contact and 

reduce the degradation caused by moisture, oxygen, and temperature. 

• Using a transparent conducting oxide (TCO) layer instead of a metal layer to improve the 

transparency and conductivity of the contact and reduce the reflection losses. 

• Applying a surface treatment to the CIGS layer to remove impurities, passivate defects, and 

improve the surface morphology and structure orientation. 

• Incorporating a buffer layer between the CIGS layer and the TCO layer to improve the band 

alignment and reduce the interface recombination. 

In the following, we provide a brief description of the specified Schottky barrier solar cell based 

on Cu(In,Ga)Se2 (CIGS) material that we will study in this work. Figure II.5 (a) displays the 

schematic diagram of the CIGS-based Schottky solar cell and the corresponding band diagram is 

shown in Figure II.5 (b) under sunlight illumination (short circuit condition). The base layer is   

p-type CIGS with band gap energy 𝐸𝑔 ≅ 1.15 𝑒𝑉. This latter corresponds to a 𝐺𝑎/(𝐼𝑛 + 𝐺𝑎) 

ratio of 𝑥 ≅ 0.25 which is recommended for high performance CIGS solar cells [29].  
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Figure II.5: Schematic diagram of :(a) CIGS-based Schottky barrier solar cell, (b) the 

corresponding band diagram under sunlight illumination and zero bias (short 

circuit condition). 
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The Schottky barrier at the metal/semiconductor interface is obtained by making the cathode 

metal (which is situated on the top of the cell) from Aluminum (Al). With such a choice; the 

cathode work function (𝜙𝑚 = 4.1 𝑒𝑉) is lower than the electron affinity of the p-type CIGS 

material (𝜒𝑠𝑐 = 4.8 𝑒𝑉). However, the anode is defined to be neutral (Ohmic contact). The bands 

of CIGS at the AL/ p-type CIGS) interface bend downward at zero bias (Figure II.5 (b)). Once 

optical absorption occurs in the Schottky solar cell, electron-hole pairs (EHP) are photogenerated 

in the device and charge separation occurs, at the Schottky interface, by the built-in field of the 

depletion region, resulting in a photovoltage between the metallic cathode and the bulk of the p-

type CIGS material. The sweeping effect drifts the minority carriers (electrons e) into the top 

metal contact; and the majority carriers (holes h) into the neutral p-type region; where they have 

to reach the collection electrode (anode) by diffusion. Incident photon illumination creates 

electron–hole pairs in the depletion region, as well as in the neutral region of the p-type CIGS 

material. For the latter, however, only those electrons, within the diffusion length from the edge 

of the depletion region, have a chance to diffuse to the depletion region, and only those holes, 

within the diffusion length from the edge of the bottom collection electrode, have a chance to 

diffuse to the anode electrode. The carriers sweeping effect in the depletion region, and the 

carrier diffusion in the neutral region, produce the photo-generated current which flows in the 

opposite direction of the forward dark current as mentioned in the previous section.  

II.5 Conclusion 

Cu (In, Ga)Se2 (CIGS) is a semiconductor material that has gained significant attention in 

photovoltaic research due to its high absorption coefficient and suitable bandgap for solar energy 

conversion. In CIGS-based solar cells, one of the device structures that can be employed is the 

Schottky barrier solar cell. This type of solar cell relies on the formation of a Schottky barrier at 

the interface between a metal contact and the CIGS absorber layer. The Schottky barrier solar 

cell architecture offers certain advantages, such as simplicity and potential for low-cost 

fabrication. However, it also poses some challenges that limit the efficiency and performance of 

the device. Efforts are made to optimize and improve the performance of CIGS-based Schottky 

barrier solar cells. Various techniques, including interface engineering, surface passivation, and 

material modification, are employed to reduce the recombination at the metal-semiconductor 

interface and enhance carrier collection. The main focus of this chapter was to provide an 

overview of CIGS-based Schottky barrier solar cells and the physics that limit the transport in 

such cells. 
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III.1 Introduction 

In this chapter, we will investigate the Schottky barrier solar cell based on p-type Cu(In, Ga)Se2 

(CIGS) material, exposed to the AM1.5 G standard spectrum at ambient temperature (300°K). 

The cathode metal, which serves as the front contact of the cell, is Aluminum (Al) with a work 

function (𝜙𝑚) of 4.1 eV, lower than the electron affinity of the p-type CIGS material           

(𝜒𝑠𝑐 = 4.8 𝑒𝑉). This configuration forms a Schottky barrier for holes. The anode at the back of 

the cell is defined to be neutral (Ohmic contact). To conduct the investigation, we will utilize the 

numerical simulation software Scaps-1D. This software allows us to perform steady-state 

calculations of various internal parameters of the solar cell, including the band diagram, electron 

and hole concentrations, and recombination rate. Additionally, it enables the calculation of 

external parameters such as current density-voltage (𝐽 − 𝑉) and power-voltage (𝑃 − 𝑉) 

characteristics. These calculations will allow us to extract important photovoltaic output 

parameters, namely the short circuit current density 𝐽𝑠𝑐, the open circuit voltage 𝑉𝑜𝑐, the fill 

factor 𝐹𝐹,the maximum power 𝑃𝑚𝑎𝑥provided by the cell and the photovoltaic conversion 

efficiency 𝜂 . Our investigation will focus on varying the parameters of the CIGS absorber layer, 

specifically the defect density (𝑁𝑡) within the range [1010 − 1020𝑐𝑚−3], the thickness (𝑑) within 

the range [0.01-10µm], and the doping concentration (𝑁𝐴) within the range                         

[1010 − 5 × 1017𝑐𝑚−3]. Furthermore, we will explore if there is an effect of changing the 

cathode work function (𝜙𝑚) in the range [4.1 − 4.7 𝑒𝑉] on the solar cell output parameters. To 

assess this effect, we will consider different cathode metals, including Al, Ta, Ti, Zn, Mo, W, 

and Cu, respectively. 

III.2. SCAPS-1D: an overview 

The numerical simulation is a powerful tool that leads to a comprehensive understanding of solar 

cells, identifying the main parameters that affect their performance and designing new 

experimental production structures. Many simulation programs have been used for the CIGS 

solar cells, such as SILVACO ATLAS [1], AMPS [2], and SCAPS [3-5]. SCAPS-1D (Solar Cell 

Capacitance Simulator one Dimension) is a one-dimensional solar cell simulation software 

developed at the University of Gent in Belgium by Marc Burgelman and his colleagues [6]. Its 

primary purpose is to simulate the electrical characteristics of photonic devices, particularly thin 

film solar cells. Initially, SCAPS was developed specifically for simulating CuInSe2 and CdTe 

cell structures. However, subsequent versions have expanded its capabilities to make it 
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applicable for the simulation of the electrical characteristics, performance, and spectral response 

of several crystallines and thin film–based photovoltaic cells, such as perovskite, CZTS, Si, 

GaAs, amorphous silicon (a-Si:H), micro-morphed silicon (µc-Si:H/a-Si:H) and CIGS solar cells 

[7]. One of its advantages is that the SCAPS simulation results agreed well with the 

corresponding experimental results, such as perovskite, CZTS, Si, CdTe, and CIGS solar cells 

[4,8-11]. With SCAPS, we can simulate solar cell structures that consist of multiple layers, 

including up to seven intermediate layers, as well as front and rear contacts. The software allows 

for the specification of various doping profiles within the layers and provides the ability to define 

energy distributions of donor or acceptor levels within the volume and at the interfaces. SCAPS 

also allows for the simulation of different light spectra by specifying the energy distribution of 

incident photons. SCAPS offers flexibility in introducing parameters with graduated variations, 

depending on the composition and depth of the solar cell. This allows exploring different 

material compositions, layer thicknesses, and doping profiles to understand their impact on the 

electrical characteristics and performance of the solar cell. Overall, SCAPS-1D provides 

researchers and engineers with a powerful tool for simulating and analyzing the behavior of 

various types of solar cells, aiding in the design and optimization of photonic devices for 

improved performance and efficiency. SCAPS simulates the energy diagrams in steady states 

and calculates the electron–hole recombination profile with the charge carrier transport in one 

dimension by solving the fundamental semiconductor equations. These equations are Poisson’s 

equations that connect the electrostatic potential to the charge (Eq. III.1) and the continuity 

equations for electrons and holes (Eq. III.2 and III.3) [7,12]: 

𝑑2

𝑑𝑥2
𝜓(𝑥) =

𝑞

𝜀0𝜀𝑟
(𝑝(𝑥)) − 𝑛(𝑥) + 𝑁𝐷 − 𝑁𝐴 + 𝜌𝑝 − 𝜌𝑛)   Eq. III.1 

Where 𝜓 is electrostatic potential, 𝑞 is electrical charge, 𝜀𝑟 is relative permittivity and 𝜀0 is the 

vacuum permittivity, 𝑝 and 𝑛 are free hole and electron concentrations, 𝑁𝐷 is charged impurities  

of donor and 𝑁𝐴 is acceptor type,  𝜌𝑝and  𝜌𝑛 are holes and electrons distribution in defect states, 

respectively. The continuity equations for electrons and holes are: 

1

𝑞
(
𝑑𝐽𝑛

𝑑𝑥
) + 𝐺 − 𝑅 = 0       Eq. III.2 

−
1

𝑞
(
𝑑𝐽𝑝

𝑑𝑥
) + 𝐺 − 𝑅 = 0    Eq. III.3 

Where 𝐽𝑛 and 𝐽𝑝 are electron and hole current densities, 𝑅 is the recombination rate, and 𝐺 is the 

generation rate. 
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Carrier transport in semiconductors occurs by drift and diffusion and can be expressed by the 

equations 

𝐽𝑛 = 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
− 𝑞𝜇𝑛𝑛

𝑑𝜓

𝑑𝑥
       Eq. III.4 

𝐽𝑝 = −𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
− 𝑞𝜇𝑝𝑝

𝑑𝜓

𝑑𝑥
       Eq. III.5 

Where 𝐷𝑛 and 𝐷𝑝 are electron and hole diffusion coefficients, 𝜇𝑛 and 𝜇𝑝 are electron and hole 

mobilities.  

SCAPS is a Windows-oriented program, developed with Lab Windows/CVI of National 

Instruments. We use here the LW/CVI terminology of a ‘Panel’ (names used in other softwares 

are: a window, a page, a pop-up…). SCAPS opens with the ‘Action Panel’ [13]. There are 

dedicated panels for the basic actions (Figure III.1) [13]: 

1. Run SCAPS. 

2. Definition of the problem including the geometry, the materials and all properties of the 

investigated solar cell. 

3. Indication of the circumstances in which we want to do the simulation, i.e. specification of the 

working point. This means stating the parameters which are not varied in a measurement 

simulation, and which are relevant to that measurement such as the temperature 𝑇, the voltage 𝑉, 

the frequency 𝑓 and the dark or light conditions. A one sun (equal to  1000 𝑊/𝑚2) illumination 

with the ‘air mass 1.5, global’ (AM1.5 G) spectrum is the default, but we have a large choice of 

monochromatic light and spectra for the specialized simulations.  

4. Indication of what we will calculate, i.e. which measurement we will simulate. We can select 

one or more of the following measurements: current-voltage (𝐼 − 𝑉), capacitance – voltage 

(𝐶 − 𝑉), capacitance - frequency (𝐶 − 𝑓) and the spectral response (quantum efficiency:  

𝑄𝐸(𝜆)). 

5. Starting the calculations. The Energy Bands Panel opens (Figure III.2), and the calculations 

start. At the bottom of the Panel, we see a status line, e.g. “iv from 0.000 to 0.550 V:                              

V = 0.550 V”, showing us how the simulation proceeds. Meanwhile, SCAPS stands us a free 

movie how the conduction and valence bands, the Fermi levels and the whole caboodle are 

evolving. 
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6. Display of the simulated curves. After the calculations, SCAPS switches to the Energy band 

panel (Figure III.3). We can now look to the band diagrams, carrier densities, current densities, 

at the last bias point (ex: V = 0.8 Volt). We can output, save and plot the results (buttons save 

graphs, save data, show data and plot). We can also display and save additional curves such as 

those of the generation- recombination rate profiles and 𝐼 − 𝑉 characteristics (buttons Gen-Rec 

and I-V). Figure III.4 shows for example the panel of 𝐼(𝑉) characteristic curves in dark and light 

conditions. The solar cell output parameters are, also, displayed. 

 

 

Figure III 1: The SCAPS start-up panel: The Action panel or main panel. The meaning of the 

blocks numbered 1 to 6 is explained in the text. [13]. 
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Figure III.2: Energy Bands Panel [13]. 

 

Figure III.3: Energy band panel after the calculations.  
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Figure III.4: Panel of 𝐼(𝑉) characteristic curves in dark and light conditions. The solar cell 

output parameters are also displayed [13].   

III. 3. Editing a solar cell structure via Scaps-1D 

When clicking the ‘Set Problem’-button on the action panel, the ‘Solar cell definition’-panel is 

displayed. This panel allows to create/edit solar cell structures and to save those to or load from 

definition files. These definition files are standard ASCII-files with extension ‘*.def’. Layer-, 

contact-, and interface properties can be edited by clicking on the appropriate box as shown in 

Figure III.5. The light illuminated side can be chosen at the right or left contact. 

Layers can be added by clicking ‘add layer’. They are introduced one by one, with their optical 

and electrical properties (Figure. III.6). SCAPS absorption files are ASCII-files (simple text 

files) with the extension ‘*.abs’, and they reside by default in the [SCAPS]\absorption 

subdirectory. If a line in this file can be interpreted as starting with at least two numeric values, 

the first value is interpreted as the wavelength 𝜆 (in nm) and the second as the absorption 

coefficient 𝛼 (in 1/m).  
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Figure III.5: Solar cell definition panel. 

 

Figure III.6: Layer properties panel. 
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The contact properties can be set by either clicking the front or back contact button on the cell 

definition panel, which opens the ‘contact properties panel’ as shown on Figure III.7. The 

surface recombination velocities and the metal work function 𝜙𝑚 (for majority carriers) can be 

input.  

 

Figure III.7: Contact properties panel. [13]. 

However, we can also choose the option “flat bands”. In this case, SCAPS calculates for every 

temperature the metal work function 𝜙𝑚 in such a way that flat-band conditions prevail. When 

the layer adjacent to the contact is n-type Eq.III.6 is used, when it is p-type Eq.III.7 is used, 

when it can be considered to be intrinsic Eq.III.8 is used [13]. 

𝜙𝑚 = 𝜒𝑠𝑐 + 𝑘𝐵𝑇𝑙𝑛 (
𝑁𝐶

𝑁𝐷−𝑁𝐴
)    Eq.III.6 

𝜙𝑚 = 𝜒𝑠𝑐 + 𝐸𝑔 − 𝑘𝐵𝑇𝑙𝑛 (
𝑁𝐶

𝑁𝐴−𝑁𝐷
)   Eq.III.7 

𝜙𝑚 = 𝜒𝑠𝑐 + 𝑘𝐵𝑇𝑙𝑛 (
𝑁𝐶

𝑛𝑖
)    Eq.III.8 

Where 𝜒𝑠𝑐 is the electron affinity of the semiconductor layer, (𝑁𝐷 −𝑁𝐴) is the net doping in n-

type semiconductor, (𝑁𝐴 − 𝑁𝐷) is the net doping in p-type semiconductor, 𝑛𝑖 is the intrinsic 

concentration and 𝑁𝐶 the effective density of state (𝑐𝑚−3) at 𝐸𝐶.  
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At the contacts a (wavelength dependent) reflection/transmission 𝑅(𝜆) or 𝑇(𝜆) can be set.These 

can be set either as a constant value (wavelength independent) or as a filter file. 

III.4. Description of the studied Schottky barrier solar cell based on CIGS 

material: 

Figure III.8 shows the structure of the studied Schottky - barrier solar cell based on p-type CIGS 

material. The right contact is illuminated and acts as the front contact. This latter is chosen to be 

the cathode and is made of Aluminum (Al) with a work function (𝜙𝑚) of 4.1 eV. The work 

function of Aluminum is lower than the electron affinity of the CIGS absorber layer (𝜒𝑠𝑐), which 

is 4.8 eV. Consequently, the Schottky contact condition is fulfilled at the front contact.   

 

Figure III.8: Structure of the studied Schottky - barrier solar cell based on p-type CIGS material. 

The purpose of using a Schottky contact at the front contact is to create a barrier that allows 

selective carrier collection. In this case, the lower work function of Aluminum compared to the 

electron affinity of CIGS leads to a barrier for holes, allowing efficient collection of 

photogenerated electrons while blocking the flow of holes from the p-type CIGS layer to the 

front contact [14,15]. On the other hand, the left (back) contact, which acts as the anode, is 

defined to be neutral and forms an Ohmic contact. The Ohmic contact allows both electrons and 

holes to pass through easily without any significant barrier. The flat bands condition is chosen 
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for the back contact, which means that the energy bands align with the Fermi level of the 

material. This condition ensures efficient carrier transport without hindrance. To account for 

surface recombination, surface recombination velocities (𝑆𝑛 and 𝑆𝑝) are specified. The values 

given are 𝑆𝑛 = 𝑆𝑝 = 107𝑐𝑚/𝑠 [13].These velocities represent the rates at which electrons and 

holes recombine at the surface of the material. This structure aims to maximize the collection of 

photogenerated electrons at the front contact while allowing easy passage of both electrons and 

holes at the back contact, facilitating efficient carrier transport in the studied CIGS solar cell 

[16].  

The numerical simulation is performed using the software tool Scaps-1D. The simulation aims to 

calculate the basic characteristics of the solar cell under steady-state conditions, considering the 

input parameters specified in Table III.1. The material properties that are used are extracted from 

some known and reliable studies [2,7,15,17-22]. 

As mentioned in section III.2, Scaps-1D, solves the one-dimensional equations, including 

Poisson's equation, transport equations, and continuity equations for electrons and holes. These 

equations describe the behavior of the semiconductor material, taking into account the Shockley-

Read-Hall recombination model. By numerically solving these equations, Scaps-1D calculates 

various characteristics of the solar cell, such as the band diagram, generation and recombination 

rates, carrier densities, and cell currents [23,24]. These results provide insights into the 

performance and behavior of the solar cell. During the simulation, the solar cell is subjected to 

the AM1.5G solar spectrum, which represents the standard solar spectrum for terrestrial 

applications, and has an incident power density of 100 mW/cm
2
. The simulation assumes room 

temperature conditions (300°K).  

To accurately model the absorption properties of the CIGS material, the Scaps library provides 

the CIGS absorption file data (α(λ)) [17]. This data represents the wavelength-dependent 

absorption coefficient, which determines the material's ability to absorb light at different 

wavelengths. The photovoltaic parameters are simulated without considering the influences of 

the series and shunt resistance. 

By utilizing the Scaps-1D simulation tool and incorporating the relevant parameters and inputs 

(Table III.1), the study aims to obtain a comprehensive understanding of the solar cell's behavior, 

performance, and key characteristics under the specified conditions. 
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Table III 1. Baseline parameters for modeling the Schottky barrier solar cell based on CIGS 

material at 𝑇 = 300 °𝐾. [2,7,15,17-22]. 

Parameters Value 

Solar cell thickness, 𝑑 (µm) 1.2 then varied within the range [0.01-10 µm] 

Energy band gap, 𝐸𝑔 (eV) 1.15 

Relative dielectric permittivity, 𝜀𝑟 13.6 

Electron affinity, 𝜒𝑠𝑐 (eV) 4.8 

Effective density of state at 𝐸𝐶,      

𝑁𝐶 (𝑐𝑚−3) 

2.2 × 1018  

Effective density of state at 𝐸𝑉,     

𝑁𝑉 (𝑐𝑚−3) 

1.8 × 1019  

Electron thermal velocity(𝑐𝑚/𝑠) 107  

Hole thermal velocity(𝑐𝑚/𝑠) 107  

Electron mobility, µ𝑛 

(𝑐𝑚2𝑉−1𝑠−1) 

100 

Hole mobility, µ𝑝 (𝑐𝑚2𝑉−1𝑠−1) 25 

Doping concentration 𝑁𝐴 (cm
-3

) in 

p-type CIGS layer 

7 × 1015 then varied within the range                              

[1010 − 5 × 1017𝑐𝑚−3]. 

Defect density 𝑁𝑡 (cm
-3

) in p-type 

CIGS layer 

1013 then varied within the range [1010 − 1020𝑐𝑚−3]. 

Defect type Neutral 

Electron capture cross             

section (𝑐𝑚2) 

10−15  

Hole capture cross  section (𝑐𝑚2) 10−15  
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Defect energetic distribution Single 

Defect energy level 𝐸𝑡(𝑒𝑉) 𝐸𝑉 + 0.56  

Electron life time, 𝜏𝑛(𝑠) 10−5  

Hole life time, 𝜏𝑝(𝑠) 10−5  

Electron diffusion length , 𝐿𝑛(𝜇𝑚) 51  

Hole diffusion length , 𝐿𝑝(𝜇𝑚) 25  

Cathode work function (𝜙𝑚(𝑒𝑉)) 4.1 (Al) then varied in the range [4.1 − 4.7 𝑒𝑉] 

 

III.5. Results and discussion 

Figure III.9 shows, the band diagram of the Schottky barrier solar cell based on p-type CIGS 

material with Aluminum (Al) as the cathode metal (𝜙𝑚 = 4.1 𝑒𝑉). The corresponding Schottky 

barrier height 𝜙𝑏𝑝 for holes is :  

𝜙𝑏𝑝 = (𝜒𝑠𝑐 + 𝐸𝑔) − 𝜙𝑚 = 1.85 𝑒𝑉  Eq.III.9 

The cell thickness is = 1.2 µ𝑚 , the doping concentration of the p-type CIGS layer is                        

𝑁𝐴 = 7 × 1015𝑐𝑚−3 and the defect density 𝑁𝑡 = 1013𝑐𝑚−3. Case (a) of Figure III.9 

corresponds to the thermal equilibrium; case (b) corresponds to the short – circuit condition with 

AM1.5G spectrum illumination. The bands of the CIGS layer at the (Al/ CIGS) interface bend 

downward. Relatively to the thermal equilibrium, the splitting of the quasi-Fermi levels, at short-

circuit condition, shows an increase, by photo-generation, of the hole carrier density in the 

depletion region near the Schottky contact ((Al/ CIGS) interface). However, the electron carrier 

density increases in the remaining part of the depletion region and in the quasi-neutral region of 

the p-type CIGS layer. This is clearly showed by Figure III.10 which displays, the carrier density 

distributions along the Schottky barrier solar cell based on p-type CIGS material, at thermal 

equilibrium and short-circuit condition with the AM 1.5G spectrum illumination.  
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Figure III. 9: Band diagram of the Schottky barrier solar cell based on p-type CIGS material 

with Aluminum (Al) as the cathode metal (𝜙𝑚 = 4.1 𝑒𝑉): (a) at thermal 

equilibrium,  (b) at short circuit condition with AM 1.5G spectrum illumination. 
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Figure III.10: Carrier density distributions along the Schottky barrier solar cell based on p-type 

CIGS material at thermal equilibrium, and at short circuit condition with           

AM 1.5G spectrum illumination. 

Figure III.11 presents the simulated current density – voltage (𝐽 − 𝑉) and the provided power – 

voltage (𝑃 − 𝑉) characteristics. The photovoltaic output parameters of the cell are                              

𝐽𝑠𝑐 = 40.50 𝑚𝐴/𝑐𝑚2, 𝑉𝑜𝑐 = 0.6255 𝑉 ,  𝑃𝑚𝑎𝑥 = 0.02058 𝑊/𝑐𝑚2 , 𝐹𝐹 =81.23% and the 

conversion efficiency 𝜂 = 20.58%. This latter is close to some recent works [25,26]; which 

reported a conversion efficiency of 20.49 % [25] and 20.7% [26] respectively. This suggests that 

our simulation results align well with other works and validate the accuracy of the simulation 

software and modeling approach. Having similar output parameters to reported works is a 

positive outcome, as it indicates that our p-type CIGS Schottky barrier solar cell is performing 

well and achieving competitive efficiency levels.  

Figure III.12 shows the generation and recombination rates through the solar cell under the 

AM1.5G standard spectrum and 𝑇 = 300°𝐾. In the Schottky barrier solar cell based on p-type 

CIGS material with aluminum (Al) as the cathode metal, the recombination rate is primarily 

limited by the minority carrier densities (Figure III.10). Specifically, the recombination rate is 

influenced by the hole carrier density in the depletion region near the p-type CIGS/Al interface 

and by the electron carrier density in the remaining part of the depletion region and the quasi-

neutral region of the p-type CIGS layer. 
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Figure III.11: Simulated 𝐽 − 𝑉and 𝑃 − 𝑉characteristics of the Schottky barrier solar cell based 

on p-type CIGS material with Al as the cathode metal (𝜙𝑚 = 4.1 𝑒𝑉), under the 

AM1.5G standard spectrum and 𝑇 = 300°𝐾. 

 

Figure III.12: Generation and recombination rate distributions through the Schottky barrier solar 

cell based on p-type CIGS material under the AM1.5G standard spectrum and        

𝑇 = 300°𝐾. 
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In the depletion region near the p-type CIGS/Al interface (Figure III.10), there is a high 

concentration of electrons due to the formation of a Schottky barrier for holes, resulting in a low 

holes carrier density. The high electron carrier density and the low hole carrier density create a 

gradient in carrier concentrations, leading to the recombination of minority carriers (holes) with 

majority carriers (electrons). This recombination process limits the overall efficiency of the solar 

cell. In the remaining part of the depletion region and the quasi-neutral region of the p-type 

CIGS layer, the concentration of holes increases, and the electron concentration remains lower 

than the hole concentration due to the p-type nature of the CIGS material (Figure III.10). 

Recombination occurs between the minority carriers (electrons) and the majority carriers (holes) 

in these regions as well, contributing to the overall recombination rate. To improve the 

performance of the solar cell, it is crucial to minimize recombination losses by optimizing the 

minority carrier densities in the different regions of the device. This can be achieved through 

various strategies such as reducing defect densities, optimizing the doping concentration, and 

carefully engineering the band structure of the CIGS absorber layer and the interface with the 

cathode material. Figures III.13, III.14 and III.15 show, respectively, the effect of the defect 

density (𝑁𝑡), the thickness (𝑑) and the doping concentration (𝑁𝐴) of the p-type CIGS layer on 

the recombination rate distribution. 

 

Figure III.13: Generation and recombination rate distributions through the Schottky barrier solar 

cell based on p-type CIGS material with the increase of the defect density (𝑁𝑡) 

within the range [1010 − 1020𝑐𝑚−3]. 
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Figure III.14: Generation and recombination rate distributions through the Schottky barrier solar 

cell based on p-type CIGS material with the increase of the thickness (𝑑) within 

the range [0.01 − 10 𝜇𝑚].  

 

Figure III.15: Generation and recombination rate distributions through the Schottky barrier solar 

cell based on p-type CIGS material with the increase of the doping concentration 

(𝑁𝐴) within the range [1010 − 5 × 1017𝑐𝑚−3]. 
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The increase of the defect density in the p-type CIGS layer (Figure III.13) leads to an increase in 

the recombination rate distribution along the layer. Defects in the semiconductor material, such 

as CIGS, can act as recombination centers. When the defect density in the p-type CIGS layer 

increases; there are more available recombination centers for charge carriers. This means that a 

higher number of electrons and holes will encounter these defects and recombine, rather than 

reaching the interface between the p-type CIGS and the Schottky contact (Al). The 

recombination rate distribution along the p-type CIGS layer will then increases, resulting in the 

loss of current and reduced efficiency of the solar cell. In the context of a solar cell, it is 

desirable to minimize recombination and maximize the collection of charge carriers at the 

electrodes to generate electrical current.  

As shown in Figure III.16 and Table III.2; increasing the defect density in the p-type CIGS layer 

within the range [1010 − 1020𝑐𝑚−3] has, initially, little impact on the photovoltaic output 

parameters of the solar cell. The increase in recombination rate due to higher defect density does 

not have a significant negative impact on the photovoltaic output parameters. They remain 

relatively unaffected. However, once the defect density exceeds 1015𝑐𝑚−3, negative effects start 

to emerge, leading to a decrease in the fill factor (𝐹𝐹) and the open circuit voltage (𝑉𝑜𝑐). This 

reduction is likely due to an increase in the recombination losses caused by the higher 

concentration of defects. The recombination of charge carriers at the defect sites hampers the 

effective separation and collection of the carriers, leading to a decrease in the fill factor and open 

circuit voltage. As the defect density increases further, exceeding 1017𝑐𝑚−3, the short circuit 

current density (𝐽𝑠𝑐)  experiences a significant decrease. The higher defect density promotes 

more recombination events, leading to a reduction in the number of charge carriers available for 

contributing to the short circuit current. The decreases in fill factor, open circuit voltage, and 

short circuit current density all contribute to a reduction in the conversion efficiency (𝜂) of the 

Schottky barrier solar cell. The conversion efficiency represents the ability of the solar cell to 

convert incoming sunlight into electrical energy, and the negative effects caused by the higher 

defect density ultimately lead to a decrease in this efficiency. 
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Figure III.16: Variation effect of the p-type CIGS layer defect density on : (a) (𝐽 − 𝑉) 

characteristics and (b) the photovoltaic output parameters of the Schottky barrier 

solar cell . 
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Table III.2: Variation effect of the p-type CIGS layer defect density on the photovoltaic output 

parameters of the Schottky barrier solar cell . 

Defect density 

(𝒄 −𝟑) 

𝑱𝒔𝒄( 𝑨/𝒄  ) 𝑽𝒐𝒄(𝑽) 𝑭𝑭 𝜼(%) 

 𝟎 𝟎 40,505 0,62557 0,81241 20,5853 

 𝟎   40,50499 0,62557 0,81241 20,5853 

 𝟎   40,50499 0,62557 0,81241 20,5851 

 𝟎 𝟑 40,50491 0,62555 0,81237 20,5838 

 𝟎   40,50419 0,62543 0,81201 20,5703 

 𝟎 𝟓 40,49692 0,62422 0,8084 20,4355 

 𝟎 𝟔 40,42521 0,61251 0,78049 19,3257 

 𝟎 𝟕 39,78487 0,55433 0,71254 15,7142 

 𝟎   35,91831 0,44866 0,63095 10,1679 

 𝟎 𝟗 19,45698 0,31018 0,47316 2,8557 

 𝟎 𝟎 2,80793 0,14739 0,36594 0,1514 

 

Therefore, minimizing the recombination rate distribution by reducing the defect density in the 

p-type CIGS layer is crucial to optimize the (𝐽 − 𝑉) characteristics and improve the photovoltaic 

performance of the Schottky barrier solar cell. Techniques such as defect passivation, interface 

engineering, and material optimization are employed to mitigate recombination losses and 

enhance the efficiency of the solar cell [27-29]. 

Figure III.17 shows the variation effect of the p-type CIGS layer thickness on : (a) (𝐽 − 𝑉) 

characteristics and (b) the photovoltaic output parameters of the Schottky barrier solar cell                   

( which are also presented in Table III.3) 
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Figure III.17: Variation effect of the p-type CIGS layer thickness on : (a) (𝐽 − 𝑉) characteristics 

and (b) the photovoltaic output parameters of the Schottky barrier solar cell . 
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Table III.3: Variation effect of the p-type CIGS layer thickness on the photovoltaic output 

parameters of the Schottky barrier solar cell . 

Thickness (  ) 𝑱𝒔𝒄( 𝑨/𝒄  ) 𝑽𝒐𝒄(𝑽) 𝑭𝑭 𝜼(%) 

0,01 3,78002 0,41484 0,7726 1,2115 

0,05 14,32666 0,4635 0,77855 5,1699 

0,1 22,04841 0,48851 0,78278 8,4311 

0,5 37,74838 0,58878 0,78704 17,4924 

1 40,06296 0,6195 0,80785 20,05 

2 41,52976 0,64223 0,82246 21,9365 

3 42,17359 0,654 0,82685 22,806 

4 42,56989 0,66245 0,83197 23,462 

5 42,85512 0,66834 0,83363 23,8767 

6 43,07992 0,67336 0,83381 24,1877 

7 43,2677 0,6778 0,83666 24,5368 

8 43,4309 0,68145 0,83829 24,8102 

9 43,57676 0,68434 0,83943 25,0332 

10 43,70994 0,68697 0,83993 25,2208 

 

We can notice that increasing the thickness of the p-type CIGS layer has a positive effect on the 

photovoltaic output parameters of the cell despite the increase in the recombination rate 

distribution along the p-type CIGS layer as shown previously in Figure III.14. 

On one hand, increasing the thickness of the p-type CIGS layer can improve light absorption 

within the semiconductor material. A thicker layer allows for a greater path length for incident 

photons, increasing the probability of photon absorption and generation of electron-hole pairs. 

This can result in a higher short-circuit current density (𝐽𝑠𝑐) and an overall increase in the 
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photocurrent. However, increasing the thickness of the p-type CIGS layer can also lead to an 

increase in the recombination rate distribution along the layer (Figure III.14). This is due to the 

longer distance that the charge carriers have to travel before reaching the contacts, providing 

more opportunities for recombination. The net effect of the increased recombination rate 

distribution and improved light absorption depends on the specific characteristics of the solar cell 

and the compromise involved. In some cases, the positive impact of enhanced light absorption 

may outweigh the negative impact of increased recombination, leading to an overall 

improvement in the photovoltaic output parameters, which is fortunately satisfied as shown on 

Figure III.17 and Table III.3. However, if the recombination losses dominate, the overall 

performance of the solar cell may still be negatively affected despite the thicker p-type CIGS 

layer. Usually, to optimize the photovoltaic output parameters, it is important to find a balance 

between light absorption and recombination losses such as optimizing the layer thickness.  

Figure III.18 shows the variation effect of the p-type CIGS layer doping concentration (𝑁𝐴) on : 

(a) (𝐽 − 𝑉) characteristics and (b) the photovoltaic output parameters of the Schottky barrier 

solar cell ( which are also presented in Table III.4). Increasing the doping concentration of the p-

type CIGS layer in a Schottky barrier solar cell can have several effects on the photovoltaic 

output parameters. Regarding the open circuit voltage (𝑉𝑜𝑐); this latter is increased with 

increasing the doping concentration of the p-type CIGS layer. This is because higher doping 

levels can reduce the recombination rate at the interfaces (as shown on Figure III.15), allowing 

for a more efficient separation of photogenerated carriers. A higher 𝑉𝑜𝑐 corresponds to an 

increased potential difference between the terminals of the solar cell when no current is flowing.  

The fill factor (𝐹𝐹) shows also an increase with increasing the doping concentration. The fill 

factor is a measure of how effectively the solar cell utilizes the available voltage and current. 

Higher doping levels can improve the charge carrier transport properties, reducing resistive 

losses and improving the 𝐹𝐹. However, increasing the doping concentration of the p-type CIGS 

layer has, initially, not affected the short circuit current density (𝐽𝑠𝑐). But, once the doping 

concentration reaches a certain threshold, typically around (1015 𝑐𝑚−3), the short circuit current 

density starts to decrease. The short circuit current density (𝐽𝑠𝑐) is primarily determined by the 

absorption of incident photons and the efficient collection of photo-generated carriers. Some 

works reported that higher doping concentration can leads to a decrease in short circuit current 

density 𝐽𝑆𝐶  due to the decrease in the minority carrier diffusion length [30].  
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Figure III.18: Variation effect of the p-type CIGS layer doping concentration on :  (a) (𝐽 − 𝑉) 

characteristics and (b) the photovoltaic output parameters of the Schottky barrier 

solar cell . 
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Table III.4: Variation effect of the p-type CIGS layer doping concentration on the photovoltaic 

output parameters of the Schottky barrier solar cell . 

Doping 

concentration 

𝑵𝑨(𝒄 
−𝟑) 

𝑱𝒔𝒄( 𝑨/𝒄  ) 𝑽𝒐𝒄(𝑽) 𝑭𝑭 𝜼(%) 

 𝟎 𝟎 41,74824 0,23505 0,63681 6,2489 

 𝟎   41,76927 0,29468 0,68069 8,3782 

 𝟎   41,78457 0,35437 0,7194 10,6522 

 𝟎 𝟑 41,79541 0,41463 0,74668 12,9397 

 𝟎   41,79556 0,48079 0,76793 15,4314 

 𝟎 𝟓 41,60686 0,56638 0,79753 18,794 

 𝟎 𝟔 40,23901 0,63552 0,81365 20,8072 

 𝟎 𝟕 38,44502 0,69731 0,82902 22,2242 

𝟓 ×  𝟎 𝟕 37,45063 0,73954 0,84085 23,2883 

 

Higher doping concentrations can also affect the absorption characteristics of the material. 

Indeed, Figure III.19 shows the optical generation rate distribution along the Schottky barrier 

solar cell with the increase of the doping concentration (𝑁𝐴) within the range                      

[1010 − 5 × 1017𝑐𝑚−3]. Increasing the doping concentration in the p-type CIGS layer leads to 

the observed increase in the optical generation rate along the first half of the p-type CIGS layer, 

which is closer to the front side illuminated. We believe that this behavior contributes to the open 

circuit voltage (𝑉𝑜𝑐) increase. When the doping levels are increased, more charge carriers 

(electrons and holes) are available in the material. This results in an increased generation of 

electron-hole pairs when the material absorbs light. The higher optical generation rate along the 

front side of the p-type CIGS layer means that more electron-hole pairs are generated in this 

region. Consequently, a higher number of charge carriers are available for separation, 

contributing to an improvement in the open circuit voltage. 
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Figure III.19: Optical generation rate distribution along the Schottky barrier solar cell with the 

increase of the doping concentration (𝑁𝐴) within the range                           

[1010 − 5 × 1017𝑐𝑚−3]. 

Concerning the short circuit current density (𝐽𝑠𝑐), as we mentioned previously, it does not show, 

initially, a sensitivity to the increase in doping levels until the concentration reaches around 

(1015 𝑐𝑚−3). Beyond this value, the short circuit current density starts to decrease. This 

decrease can be attributed to the observed decrease in the optical generation rate along the 

second half of the p-type CIGS layer, which is closer to the back side of the solar cell. This 

means that fewer electron-hole pairs are generated and available for separation near the back side 

of the p-type CIGS layer. Consequently, there is a reduction in the number of charge carriers 

contributing to the short circuit current, leading to a decrease in the short circuit current density. 

Overall, the increase in doping concentration affects the optical generation rate distribution along 

the p-type CIGS layer. In the front side, the increase of the optical generation rate contributes to 

the improvement in open circuit voltage, while, in the back side, the decrease of the optical 

generation rate leads to the reduction in short circuit current density beyond a certain doping 

concentration. These effects highlight the complex interplay between doping levels, optical 

generation rate, and the performance characteristics of the Schottky barrier solar cell based on 

Al/p-type CIGS material. 
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Regarding the distribution of the recombination rate (Figure III.15), increasing the doping 

concentration does not have a significant impact on the recombination rate in the bulk of the p-

type CIGS layer. Then, the recombination processes in this region are mainly governed by other 

factors such as material quality, defects, and impurities present in the bulk material. However, 

the recombination rate at the front interface between the aluminum (Al) and p-type CIGS layer, 

as well as at the back interface of the p-type CIGS layer, decreases with increasing doping 

concentration. This decrease is beneficial as it indicates a reduction in recombination losses at 

the interfaces, improving the overall efficiency of the solar cell. It indicates also that it is not the 

cause of the short circuit current density reduction. This latter can be considered as a slight 

reduction since it does not alter the further improvement in 𝑉𝑜𝑐 , 𝐹𝐹 and then in the power 

conversion efficiency (𝜂) with further increase of the doping concentration (𝑁𝐴) beyond the 

value of 1015 𝑐𝑚−3 .  

For the ideal case when series and shunt resistances are neglected, we remind that:  

𝑉𝑜𝑐 ≅
𝐴𝑘𝐵𝑇

𝑞
ln (

𝐽𝑠𝑐

𝐽0
+ 1)  Eq.III.10 

Ii is clear that open circuit voltage (𝑉𝑜𝑐) depends on 𝐽0 (the saturation current density) and on 𝐽𝑠𝑐, 

(the short circuit current density). 𝐽0 may be limited by diffusion, recombination or thermionic 

emission [31]. So, 𝑉𝑜𝑐 is a measure of the amount of the dominant mechanism in the solar cell 

(diffusion, recombination or thermionic emission). 

Usually for the Schottky barrier solar cell, 𝑉𝑜𝑐 is dependent on the Schottky barrier height (𝜙𝐵) 

through the reverse bias saturation current density 𝐽0 which is limited by thermionic emission: 

𝐽0 = 𝐴∗𝑇2exp (−
𝜙𝐵

𝑘𝐵𝑇
)  Eq.III.11 

Where 𝐴∗is the effective Richardson constant for the semiconductor. But we can see from      

Figure III.18 and Table III.4 that an increase in doping levels results in larger open circuit 

voltage. This means that 𝑉𝑜𝑐 is noticeably dependent on the doping levels; and this can occur 

only if the Schottky barrier solar cell behaves as an ideal n
+
-p junction diode in the voltage range 

of solar cell operation [30]. In an ideal n
+
-p junction diode, the 𝑉𝑜𝑐 is primarily determined by the 

difference in Fermi levels between the n-type and p-type regions. Higher doping levels can 

create a larger built-in potential across the junction, resulting in a higher 𝑉𝑜𝑐. In the case of a 

Schottky barrier solar cell based on (Al/p-type CIGS material), the choice of aluminum (Al) as 

the cathode metal helps to establish a high Schottky barrier height (𝜙𝑏𝑝 = 1.85 𝑒𝑉) at the 

Al/CIGS interface (see Eq.III.9). This high barrier height contributes to the formation of an 
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effective n
+
-p junction-like behaviour. With a high Schottky barrier height, the Schottky barrier 

solar cell can exhibit characteristics similar to a minority carrier-dominated diode. This means 

that in the absence of illumination (dark conditions), the dark current can approach the ideal 

value with a saturation current density (𝐽0) limited by diffusion. In other words, the dark current 

is primarily governed by the diffusion of minority carriers across the junction rather than 

recombination processes. 

The behaviour of a minority carrier-dominated diode with a high Schottky barrier height allows 

for a higher 𝑉𝑜𝑐 and better performance in terms of open circuit voltage.  

With the doping density increase, the saturation current density 𝐽0 will decrease according to 

Eq.III.12 and hence 𝑉𝑜𝑐 increases according to Eq.III.10.  

𝐽0=q𝑛𝑖
2 (

1

𝑁𝐴
√
𝐷𝑛

𝜏𝑛
+

1

𝑁𝐷
√
𝐷𝑃

𝜏𝑃
) ≅ q𝑛𝑖

2 (
1

𝑁𝐴
√
𝐷𝑛

𝜏𝑛
)   Eq.III.12 

Where 𝑛𝑖 is the intrinsic density (𝑐𝑚−3) , 𝐷𝑛 and 𝐷𝑝 are the diffusion coefficients (𝑐𝑚2𝑠−1) of 

electrons and holes respectively.  

The limiting open circuit voltages reached in such a structure are those of an ideal n
+
-p junctions 

and their characteristics are determined solely by the p-type CIGS layer properties and do not 

depend critically on the barrier height (𝜙𝑏𝑝) at the (Al/ p-type CIGS layer) interface. In other 

words, the dominant current is governed by the transport properties in the p-type CIGS layer via 

drift-diffusion of minority carriers.  

Now we explore in Figure III.20 the behaviour of : (a) (𝐽 − 𝑉) characteristics and (b) the 

photovoltaic output parameters of the Schottky barrier solar cell with changing the cathode work 

function (𝜙𝑚) within the range [4.1 − 4.7 𝑒𝑉]. For that purpose, we will consider different 

cathode metals, including Al, Ta, Ti, Zn, Mo, W, and Cu, respectively. [32]  

The (𝐽 − 𝑉) characteristics and the photovoltaic output parameters of the Schottky barrier solar 

cell show no dependency on the cathode work function (𝜙𝑚) change within the range                  

[4.1 − 4.7 𝑒𝑉]. This can be attributed to the high barrier height (𝜙𝑏𝑝) established at the metal/p-

type CIGS interface. Following the equation for (𝜙𝑏𝑝): 

𝜙𝑏𝑝 = (𝜒𝑠𝑐 + 𝐸𝑔) − 𝜙𝑚  Eq.III.13 
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Figure III.20: Behaviour of : (a) (𝐽 − 𝑉) characteristics and (b) the photovoltaic output 

parameters of the Schottky barrier solar cell with changing the cathode work 

function (𝜙𝑚) within the range [4.1 − 4.7 𝑒𝑉]. 

The high barrier height (𝜙𝑏𝑝) is limited, to a significant extent, by the bandgap energy (𝐸𝑔) and 

the semiconductor electron affinity (𝜒𝑠𝑐), particularly when (𝜙𝑚) is lower than (𝜒𝑠𝑐). This means 

that the Schottky barrier height (𝜙𝑏𝑝) is primarily governed by the intrinsic properties of the p-

type CIGS material rather than the cathode work function (𝜙𝑚) in this range.  As a result, when 
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the cathode work function (𝜙𝑚) falls within the specified range, the (𝐽 − 𝑉)characteristics and 

the photovoltaic output parameters of the solar cell are not significantly influenced by changes in 

(𝜙𝑚). This is because the dominant factor determining the barrier height, (𝜙𝑏𝑝), is related to the 

bandgap energy and the semiconductor electron affinity of the p-type CIGS material. 

III.6. Conclusion 

We have investigated the Schottky barrier solar cell based on p-type Cu(In,Ga)Se2 (CIGS) 

material, exposed to the AM1.5 G standard spectrum at ambient temperature (300°K). The 

cathode metal, which serves as the front contact of the cell, is Aluminum (Al) with a work 

function (𝜙𝑚) of 4.1 eV, lower than the electron affinity of the p-type CIGS material           

(𝜒𝑠𝑐 = 4.8 𝑒𝑉). This configuration forms a Schottky barrier for holes at the (Al/p-type CIGS) 

interface. The purpose of using a Schottky contact at the front contact is to create a barrier that 

allows selective carrier collection. In this case, the lower work function of Aluminum compared 

to the electron affinity of CIGS leads to a barrier for holes, allowing efficient collection of 

photogenerated electrons while blocking the flow of holes from the p-type CIGS layer to the 

front contact. On the other hand, the left (back) contact, which acts as the anode, is defined to be 

neutral and forms an Ohmic contact. The Ohmic contact allows both electrons and holes to pass 

through easily without any significant barrier. This condition ensures efficient carrier transport 

without hindrance. To conduct the investigation, we have utilized the numerical simulation 

software Scaps-1D. This software allowed us to perform steady-state calculations of various 

internal parameters of the solar cell, including the band diagram, electron and hole 

concentrations, and recombination rate. Additionally, it enables the calculation of external 

parameters such as current density-voltage (𝐽 − 𝑉) and power-voltage (𝑃 − 𝑉) characteristics. 

These calculations allowed us to extract important photovoltaic output parameters, namely the 

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

maximum power( 𝑃𝑚𝑎𝑥)provided by the cell and the photovoltaic conversion efficiency (𝜂) . 

Our investigation has focused on varying the parameters of the CIGS absorber layer, specifically 

the defect density (𝑁𝑡) within the range [1010 − 1020𝑐𝑚−3], the thickness (𝑑) within the range            

[0.01-10µm], and the doping concentration (𝑁𝐴) within the range [1010 − 5 × 1017𝑐𝑚−3].  

The increase of the defect density in the p-type CIGS layer leads to an increase in the 

recombination rate distribution along the layer. However, it displays, initially, little impact on the 

photovoltaic output parameters of the cell. But, when the defect density exceeds 1015𝑐𝑚−3, 
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negative effects start to emerge, leading to a decrease in the fill factor (𝐹𝐹), open circuit voltage 

(𝑉𝑜𝑐), and eventually the short circuit current density (𝐽𝑠𝑐),, resulting in a reduction in 

conversion efficiency (𝜂). 

Increasing the thickness of the p-type CIGS layer has a positive effect on the photovoltaic output 

parameters of the cell despite the increase in the recombination rate distribution along the p-type 

CIGS layer. Increasing the thickness of the p-type CIGS layer improves the light absorption 

within the semiconductor material and the positive impact of enhanced light absorption has 

outweighed the negative impact of increased recombination, leading to an overall improvement 

in the photovoltaic output parameters. 

Increasing the doping concentration of the p-type CIGS layer has several effects on the 

photovoltaic output parameters of the Schottky barrier solar cell. Regarding the open circuit 

voltage (𝑉𝑜𝑐); this latter is increased with increasing the doping levels. The fill factor (𝐹𝐹) shows 

also an increase with increasing the doping concentration. However, the short circuit current 

density (𝐽𝑠𝑐) , initially, is not affected by the doping concentration increase, but once the doping 

concentration reaches a certain threshold, typically around (1015 𝑐𝑚−3), the short circuit current 

density starts to decrease. This fact can be considered as a slight reduction since it does not alter 

the further improvement in 𝑉𝑜𝑐 , 𝐹𝐹 and then in the power conversion efficiency (𝜂) with further 

increase of the doping concentration (𝑁𝐴) beyond the value of 1015 𝑐𝑚−3 . The recombination 

rate distribution showed, at its turn, a decrease at the front and back interfaces with increasing 

doping concentration. This decrease is beneficial as it indicates a reduction in recombination 

losses at the interfaces, improving the overall efficiency of the solar cell. 

By exploring the behaviour of (𝐽 − 𝑉) characteristics and the photovoltaic output parameters of 

the Schottky barrier solar cell with changing the cathode work function (𝜙𝑚) within the range 

[4.1 − 4.7 𝑒𝑉], we have noticed that these latter show no dependency on the cathode work 

function (𝜙𝑚) change within the previous range. This can be attributed to the high barrier height 

(𝜙𝑏𝑝) established at the metal/p-type CIGS interface, and because the dominant factor 

determining the barrier height, (𝜙𝑏𝑝), is related to the bandgap energy and the semiconductor 

electron affinity of the p-type CIGS material, rather than the cathode work function (𝜙𝑚) in this 

range [4.1 − 4.7 𝑒𝑉]. 

In summary, the better photovoltaic conversion efficiency (𝜂) reached from increasing the 

doping concentration of the p-type CIGS layer is 23.28 %. Increasing the thickness of the p-type 
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CIGS layer allowed us to improve (𝜂) to 25.22 % . However, to avoid a significant degradation 

and to maintain better photovoltaic output parameters, it is advisable to limit the p-type CIGS 

layer defect density to a value not exceeding 1015𝑐𝑚−3. This suggests that minimizing defects 

and optimizing the material quality during the fabrication process is crucial for achieving higher 

efficiency and performance in Schottky barrier solar cells based on Al/p-type CIGS material. 
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General conclusion 

 

We have investigated the Schottky barrier solar cell based on p-type Cu(In,Ga)Se2 (CIGS) 

material, exposed to the AM1.5 G standard spectrum at ambient temperature (300°K). The solar 

cell consists of a p-type CIGS absorber layer with a front contact of Aluminum (Al) as cathode 

metal, and a back contact that acts as the anode. The work function (𝜙𝑚) of the cathode is         

4.1 eV, lower than the electron affinity of the p-type CIGS material (𝜒𝑠𝑐 = 4.8 𝑒𝑉). 

Consequently, the Al/p-type CIGS interface forms a Schottky barrier which blocks the flow of 

holes from the    p-type CIGS layer toward the cathode; while enabling efficient collection of 

photogenerated electrons. The back contact forms an Ohmic contact, allowing easy passage of 

both electrons and holes for efficient carrier transport. In this investigation, we utilized the 

Scaps-1D numerical simulation software for steady-state calculations. Internal parameters such 

as band diagram, electron and hole concentrations, and recombination rate were evaluated. 

External parameters such as current density-voltage (𝐽 − 𝑉) and power-voltage (𝑃 − 𝑉) 

characteristics were calculated. Photovoltaic output parameters, including short circuit current 

density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (𝐹𝐹), maximum power (𝑃𝑚𝑎𝑥), and 

photovoltaic conversion efficiency (𝜂), were extracted. The investigation focused on varying 

parameters of the p-type CIGS absorber layer: defect density (𝑁𝑡) within the range             

[1010 − 1020𝑐𝑚−3], the thickness (𝑑) within the range [0.01-10µm], and the doping 

concentration (𝑁𝐴) within the range  [1010 − 5 × 1017𝑐𝑚−3].  

Increasing the defect density in the p-type CIGS layer leads to an increase in recombination 

rates. Initially, the photovoltaic output parameters are not significantly affected. However, when 

the defect density exceeds 1015𝑐𝑚−3, negative effects start to emerge. High defect density 

results in a decrease in fill factor (𝐹𝐹), open circuit voltage (𝑉𝑜𝑐), short circuit current density 

(𝐽𝑠𝑐), and conversion efficiency (𝜂). Minimizing defects and optimizing material quality during 

fabrication is crucial for achieving higher efficiency. 

Increasing the thickness of the p-type CIGS layer has a positive effect on photovoltaic output 

parameters. Despite increased recombination rates, the enhanced light absorption outweighs the 

negative impact. Improved light absorption leads to better performance in terms of 𝐽𝑠𝑐, 𝑉𝑜𝑐, 𝐹𝐹, 

and 𝜂. 
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Increasing the doping concentration of the p-type CIGS layer has several effects on photovoltaic 

output parameters. Open circuit voltage (𝑉𝑜𝑐) increases with higher doping levels. Fill factor 

(𝐹𝐹) also increases with increasing doping concentration. Short circuit current density (𝐽𝑠𝑐) 

remains unaffected initially but starts to decrease once the doping concentration exceeds a 

certain threshold (around 1015𝑐𝑚−3). Recombination rate decreases at the front and back 

interfaces with increasing doping concentration, reducing recombination losses and improving 

overall efficiency. 

The photovoltaic output parameters and (𝐽 − 𝑉) characteristics show no dependency on the 

cathode work function (𝜙𝑚) in the range of 4.1-4.7 eV. This can be attributed to the high barrier 

height (𝜙𝑏𝑝) established at the metal/p-type CIGS interface, and because the dominant factor 

determining the barrier height, (𝜙𝑏𝑝), is related to the bandgap energy (𝐸𝑔) and the 

semiconductor electron affinity (𝜒𝑆𝐶) of the p-type CIGS material, rather than the cathode work 

function (𝜙𝑚) within the range [4.1 − 4.7 𝑒𝑉]. 

In terms of achieving the highest photovoltaic conversion efficiency (𝜂), increasing the doping 

concentration of the p-type CIGS layer yielded 23.28%. Increasing the thickness of the p-type 

CIGS layer further improved efficiency to 25.22%. However, it is advisable to limit the defect 

density to avoid degradation, with a recommended value not exceeding 1015𝑐𝑚−3. Minimizing 

defects and optimizing material quality during fabrication are crucial for achieving better 

efficiency and performance in Schottky barrier solar cells based on Al/p-type CIGS material. 
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 ملخص

، باستخدام برنامج المحاكاة  Pعمة من نوع مط (Cu(In,Ga)Se2 :CIGS)قمنا بدراسة خلية شمسية ذات حاجز شوتكي بناء على مادة 

ونات و  Scaps-1Dالرقمية  ز الإلكير ي مخطط الطاقة ، تراكي 
و باعتبار النظام المستقر لحساب كل من الوسائط الداخلية المتمثلة فز

ي الخصائص كثافة تيار 
J)جهد   –الثقوب و معدل الالتحام و الوسائط الخارجية المتمثلة فز − V) جهد  –تطاعة و الخصائص إس

(P − V)  ة ي كثافة تيار الدارة القصي 
، جهد الدارة  (Jsc)و من ثم استخلاص وسائط الخروج الفوطوفولطائية للخلية و المتمثلة فز

ومردود التحويل  (Pmax)، الإستطاعة الكهربائية الأعظمية الممنوحة من طرف الخلية  (FF) ، معامل التعبئة (Voc)المفتوحة 

ي الفوطو 
ي الدراسة على تأثي  تغيي  كل من كثافة العيوب )(η)فولطائ 

ز التطعيم ) (d)( ، السمك 𝑁𝑡. ركزنا فز ي المنطقة 𝑁𝐴و تركي 
( فز

ز التطعيم أعطى مردود p-type CIGSالممتصة  ، فإن زيادة تركي  ي
. زيادة %23.28. من حيث تحقيق أعلى مردود تحويل فوطوفولطائ 

. و مع ذلك ، من الأحسن الحد من كثافة العيوب من أجل تجنب %25.22حسن المردود أكير إلى  p-type CIGSسمك المنطقة 

. من جهة أخرى لم تظهر وسائط الخروج 1015𝑐𝑚−6تدهور الوسائط الفولطائية مع قيمة موصى بها لكثافة العيوب لا تتجاوز 

اع  ز ي المجال لمعد (𝜙𝑚)الفوطوفولطائية أي تأثر بعمل الإنير
ه فز تسلط هذه النتائج الضوء على .  [eV 4.7-4.1]ن الكاتود لدى تغيي 

ي الخلايا 
ي فز

ز التطعيم والسمك وكثافة العيوب من أجل تحقيق أعلى مردود تحويل فوطوفولطائ  ز الوسائط مثل تركي  أهمية تحسي 

 .pمطعمة من النوع  CIGSالشمسية ذات حاجز شوتكي بناءً على مادة 

 ؛ خلية شمسية ؛ حاجز شوتكي ؛ محاكاة رقمية  CIGS حية: كلمات مفتا

 

Abstract 

We have investigated a Schottky barrier solar cell based on p-type Cu(In,Ga)Se2 (CIGS) material, using the Scaps-

1D numerical simulation software for steady-state calculations. Internal parameters such as band diagram, electron 

and hole concentrations, and recombination rate were evaluated. External parameters such as current density-

voltage (𝐽 − 𝑉) and power-voltage  (𝑃 − 𝑉) characteristics were calculated. Photovoltaic output parameters, 

including short circuit current density (𝐽𝑠𝑐), open circuit voltage (𝑉𝑜𝑐), fill factor (𝐹𝐹), maximum power (𝑃𝑚𝑎𝑥), 

and photovoltaic conversion efficiency (𝜂), were extracted. The investigation focused on changing the defect 

density (𝑁𝑡), thickness (𝑑), and doping concentration (𝑁𝐴) of the CIGS absorber layer. In terms of achieving the 

highest photovoltaic conversion efficiency (𝜂), increasing the doping concentration yielded 23.28%. Increasing the 

thickness of the p-type CIGS layer further improved efficiency to 25.22%. However, it is advisable to limit the 

defect density to avoid degradation, with a recommended value not exceeding 1015𝑐𝑚−3. On the other hand, the 

photovoltaic output parameters of the cell show no dependency on the cathode work function (𝜙𝑚) changing in the 

range [4.1-4.7 eV]. These findings highlight the importance of optimizing parameters such as doping 

concentration, thickness, and defect density in order to achieve the highest photovoltaic conversion efficiency in 

Schottky barrier solar cells based on p-type CIGS material. 
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