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Resumen 
 

Las celdas solares de película delgada CI(G)Se son el candidato más prometedor en el 

mercado fotovoltaico para la producción de energía debido a sus propiedades favorables. En 

este estudio se utiliza un nuevo método de depósito híbrido para sintetizar las películas 

delgadas de CI(G)Se. El método de depósito híbrido es similar al método de co-evaporación 

de tres etapas, pero en este se combina con la técnica de pirólisis por pulverización neumática 

para obtener ventajas de ambos métodos. La primera etapa consistió en el depósito de capas 

precursoras de In2Se3 mediante la técnica de pirólisis por pulverización neumática. La 

segunda y tercera etapa del método de depósito híbrido se llevó a cabo por el método de co-

evaporación seguido del proceso de selenización. En este trabajo de investigación, se prestó 

más atención a la variación de la temperatura del sustrato de la primera etapa, las 

temperaturas y tiempos de selenización ya que estos parámetros pueden afectar fuertemente 

las propiedades del material de las películas delgadas de CI(G)Se. A partir de los resultados 

se observó la estructura cristalina de calcopirita con la orientación preferencial de (112), las 

composiciones ligeramente pobres en Cu y ricas en Se, los granos compactos y más grandes 

con formas irregulares y la conductividad tipo p de las películas absorbentes de CI(G)Se 

depositadas. La segunda parte de este trabajo se enfocó sobre el crecimiento de películas 

delgadas de CdS por el método de depósito por baño químico, trabajando a diferentes 

proporciones de amoniacos, temperaturas y tiempos de depósito. Se obtuvo la estructura de 

cristal hexagonal, las películas uniformes y suaves, la alta transmitancia y la conductividad 

de tipo n en las películas delgadas de CdS que se pueden utilizar en las celdas solares como 

capa búfer. 

 

Se simularon las celdas solares de película delgada CI(G)Se mediante el software SCAPS, 

que estudia principalmente el espesor y la concentración de portadores de cada 

semiconductor utilizado en las celdas solares. Se investigó la influencia de los defectos (en 

semiconductores y en la interfaz), la temperatura ambiente y las resistencias parásitas en el 

rendimiento del dispositivo. A partir de estos resultados, la eficiencia de la celda solar de 

película delgada CI(G)Se mejoró con un aumento en el espesor de la capa absorbente al 

mejorar la absorción de fotones. Los centros de recombinación para los portadores de carga 

generados aumentaron a mayores concentraciones de portadores de la capa absorbente. El 

espesor de CdS superior a 100 nanómetros reduce el rendimiento de la celda solar 



 

 

aumentando la resistencia en serie y absorbiendo fotones en la capa de CdS. Las mayores 

concentraciones de portadores de CdS mejoró la recolección de portadores de carga 

generados al extender la región de carga espacial en la capa absorbente. Después de analizar 

estos resultados, la eficiencia optimizada para las celdas solares de película delgada CISe, 

CIGSe y CIGSe bicapa fue del 22.81, 27.32 y 27.99 %, respectivamente. Estos resultados 

demostraron que la celda solar de película delgada CIGSe bicapa obtuvo un mejor 

rendimiento que el uso de capas absorbentes individuales al mejorar la absorción de fotones. 

A partir de los resultados de eficiencia cuántica se observó que la eficiencia está 

directamente relacionada con el bandgap de la capa absorbente. 

 

A través de la simulación se analizaron los resultados experimentales de los semiconductores 

CISe, CIGSe y CdS. La eficiencia de las celdas solares de película delgada CI(G)Se después 

de reemplazar los resultados experimentales en la simulación se redujo con poco margen que 

los resultados teóricos optimizados. Estos mostraron que las condiciones optimizadas 

experimentalmente tienen el potencial de lograr más del 20% de eficiencia para las celdas 

solares de película delgada CI(G)Se. La presencia de defectos en la capa absorbente, la capa 

amortiguadora y su interfaz redujo el rendimiento del dispositivo al aumentar las tasas de 

recombinación de los portadores de carga generados, disminuyendo la longitud de difusión 

de los portadores de carga minoritarios. La eficiencia de las celdas solares se reduce con el 

aumento de la temperatura ambiente, lo que se debe principalmente a la disminución del 

voltaje de circuito abierto al aumentar la corriente de saturación. El factor de llenado de la 

celda solar es muy sensible a las resistencias parásitas. El alto rendimiento de la celda solar 

se detectó en valores bajos de resistencia en serie y valores altos de resistencia en derivación. 

Este incremento del rendimiento de los dispositivos se debe a un mejor transporte por deriva 

de los portadores de carga libres hacia los electrodos con resistencias en serie más bajas y 

una tasa de recombinación más baja con resistencias en derivación más altas. El estudio 

teórico puede proporcionar información valiosa, orientando así el diseño del trabajo 

experimental. 

 

Palabras Clave: In2Se3, CISe, CIGSe, CIGSe-bicapa, CdS, método de depósito híbrido, 

técnica de pirolisis por pulverización neumática, método de co-evaporación, proceso de 

selenización, método de depósito por baño químico, simulación SCAPS. 

 



 

 

Abstract 
 

The CI(G)Se thin film solar cells are the most promising candidate in photovoltaic market 

for energy production due to their favorable material properties. In this study, a new hybrid 

deposition method is used to synthesize CI(G)Se thin films. The hybrid deposition method 

is similar to the three-stage co-evaporation method, but in this, it was combined with the 

pneumatic spray pyrolysis technique to get the advantages of both methods. The first stage 

involved the deposition of In2Se3 precursor layers by the pneumatic spray pyrolysis 

technique. The second and third stages of the hybrid deposition method were carried out in 

the co-evaporation method followed by the selenization process. In this research work, more 

attention was given to the variation of the first stage substrate temperature, selenization 

temperatures and times because these parameters can strongly affect the material properties 

of CI(G)Se thin films. The chalcopyrite crystal structure with the preferential orientation of 

(112), the slightly Cu-poor and Se-rich compositions, the compact and larger grains with 

irregular shapes, and p-type conductivity of deposited CI(G)Se absorber films were observed 

from the results. The second part of this work was focused on the growth of CdS thin films 

by the chemical bath deposition method, working at different proportions of ammonia, 

deposition temperatures and times. The hexagonal crystal structure, uniform and smooth 

films, high transmittance as well as n-type conductivity were found for CdS thin films that 

can be utilized in solar cells as a buffer layer.  

 

The CI(G)Se thin film solar cells were simulated through SCAPS software, which mainly 

studied the thickness and carrier concentration of each semiconductor used in solar cells. 

The influence of defects (in bulk semiconductors and at the interface), ambient temperature, 

and parasitic resistances on the device performance was also investigated. From these 

results, the efficiency of CI(G)Se thin film solar cell was enhanced with an increase in 

thickness of the absorber layer by improving the absorption of photons. The recombination 

centers for the generated charge carriers increased at higher carrier concentrations of the 

absorber layer. The thickness of CdS greater than 100 nanometers reduce the solar cell 

performance by increasing the series resistance and absorbing photons in the CdS layer. The 

higher carrier concentrations of CdS improved the collection of generated charge carriers by 

extending the space charge region in the absorber layer. After analyzing these results, the 

optimized efficiency for CISe, CIGSe, and CIGSe bilayer thin film solar cells were 22.81, 



 

 

27.32, and 27.99%, respectively. These results demonstrated that the CIGSe bilayer thin film 

solar cell obtained better performance than using single absorber layers by enhancing the 

absorption of photons. It was seen from quantum efficiency results that efficiency is directly 

related to the bandgap of the absorber layer.  

 

The experimental results of the CISe, CIGSe and CdS semiconductors are also analyzed 

through this simulation. The efficiency of CI(G)Se thin film solar cells after replacing the 

experimental results in the simulation was decreased with little margin than optimized 

theoretical results. These results showed that the experimentally optimized conditions had 

the potential to achieve more than 20% of efficiency for CI(G)Se thin film solar cells. The 

presence of defects in the absorber layer, buffer layer, and their interface reduced the device 

performance by increasing the recombination rates of generated charge carriers, decreasing 

the diffusion length of the minority charge carriers. The efficiency of solar cells reduced 

with an increase in the ambient temperature, which is mainly due to the decrement of open 

circuit voltage by increasing the saturation current. The fill factor of the solar cell is very 

sensitive to parasitic resistances. The high solar cell performance was detected at low values 

of series resistance and high values of shunt resistance. This increment of the device 

performance is due to the better drift transport of free charge carriers towards the electrodes 

at lower series resistances and lower recombination rate at higher shunt resistances. The 

theoretical study can provide valuable information, thus guiding a design in the experimental 

work. 

 

Keywords: In2Se3, CISe, CIGSe, CIGSe-bilayer, CdS, hybrid deposition method, pneumatic 

spray pyrolysis technique, co-evaporation method, selenization process, chemical bath 

deposition method, SCAPS simulation. 
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Chapter 1 Introduction 
 

1.1 Introduction of energy sources 

 

Energy is required for a wide range of applications such as transportation, industries, 

agriculture, household applications, etc. The use of energy plays an essential role in 

individual and nation development, including quality of life index, life expectancy, water 

access, literacy rates, per capita income [1, 2], etc. The world energy demand is ever-growing 

and expects to grow further in the future due to the growth in the world’s population, the 

development of human civilization, and the industrial revolution [3]. The worldwide energy 

supply is currently based on non-renewable fossil fuels such as coal, oil, gas, etc. But these 

energy sources have raised concern due to their limited quantity and environmental impact. 

Generally, these energy sources are combusted to derive useful energy that drives the 

emissions of greenhouse gases like nitrous oxide (N2O), carbon dioxide (CO2), methane 

(CH4), and other pollutants [4, 5]. The average global temperature rises with an increase in 

greenhouse gas emissions and finally affects the ecological system. Non-renewable energy 

sources are not uniformly available worldwide, increasing the cost of energy sources to use 

in all parts of the world. The formation of non-renewable fossil fuels takes a long time. So 

that it is challenging to recover in time once they are gone, this problem could result in 

conflicts and unstable pricing of these fossil fuels. Hence, there is essential for alternative 

energy sources that should be secure, sustainable, economical, environmentally friendly, and 

socially acceptable.  

 

Renewable energy comes from the natural flow of wind, sunlight, water, or biological 

material around the world. These energy sources are abundantly, everlastingly, uniformly, 

and freely available on the earth, providing security for future development and growth. All 

renewable energy sources such as hydropower, wind energy, geothermal, biomass, solar 

energy, etc., are not equivalent in terms of the energy scale. Solar energy is the most 

promising clean, safe, and abundant energy source among different renewable energy 

sources, which can meet global energy demands [7, 8]. The main motivation to use solar 

energy for energy production is its huge energy (i.e., around 14 TWyr) reaching the earth's 

surface every day, which is the world's present energy consumption in one year. Apart from 

sunlight and heat, the sun's energy has the advantage of forming other types of sources, 
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including biomass, wind energy, hydroelectric energy, and conventional energy sources 

indirectly. Solar energy can be harnessed directly in electrical energy, which is the most 

convenient and versatile form of energy, by using photovoltaic devices or solar cells 

containing semiconductors. A solar cell is a p-n junction semiconductor device. For 

understanding the design and operation of solar cells, it is necessary to review the 

fundamentals of semiconductors and the crucial principles of solar cells. 

 

1.2 Semiconductor and solar cell physics 

 

1.2.1 Semiconductors 

 

The elements can be classified into three sections: a conductor, an insulator, and a 

semiconductor. A conductor contains a large number of free electrons and has high 

conductivity. An insulator has no free electrons, a huge forbidden energy gap, and low 

conductivity. The semiconductor is a material whose electrical conductivity magnitude lies 

between that of a conductor and an insulator. Semiconductors are considered the foundation 

of the modern electronics industry. There are mainly two types of semiconductors: elemental 

semiconductor (such as Si, Ge, Se, C60, etc.) and the other is a compound semiconductor 

(i.e., GaAs, CdTe, InGaAs, CISe, CIGSe, etc.) [9, 10]. Semiconductor materials at 0 K have 

completely filled valence bands and completely empty conduction bands (i.e., behave like 

an insulator), which is not suitable to carry current. At higher temperatures (T>0), electrons 

are excited from the valence band to the conduction band by breaking the bond. The presence 

of free electrons in a conduction band at higher temperatures conducts current and behaves 

as a conductor. The electrons' occupation in the conduction band and valence band states 

vary with ambient temperature, which is determined by the Fermi-Dirac distribution function 

and is given by [11, 12], 

 

f(E) = '

'()*+	(./.012 )
    (eq. 1.1) 

 

where K is the Boltzmann constant (8.62×10-5 eV/K), T is an absolute temperature in kelvin, 

Ef is the Fermi energy, and f(E) is the Fermi-Dirac function, which determines the 

probability of electron occupancy at energy level ‘E’ at absolute temperature. The above-

mentioned Fermi-Dirac distribution function is valid only under equilibrium conditions, and 
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its value can vary between 0 and 1. The unity value of f(E) at energy level E suggests the 

probability that an electron occupying that energy level is 100%. On the other hand, the zero 

percent probability of an electron will occupy in the energy level E is found for the zero 

value of f(E). The probability that a hole will occupy at energy level E is given by [1- f(E)]. 

The Fermi level is the energy level at which the 50% probability of an electron occupying 

that level. The band diagram of intrinsic, n-type, and p-type semiconductors is shown in Fig. 

1.1. The Ef lies almost in the middle between the conduction band and valence band for an 

intrinsic semiconductor. At T=0 K, the value of f(E) is nonzero for all energy levels below 

the Ef and zero for all energy levels above Ef. At T>0 K, the probability of an electron 

occupying a conduction band edge energy level is nonzero because some electrons will get 

enough energy to get excited to the conduction band. In a p-type semiconductor, there are 

more holes than electrons as compared to an intrinsic semiconductor. The higher probability 

of an electron occupying an energy state E is in the valence band, shifting the f(E) towards 

the valence band. Therefore, the Ef lies near to valence band. More electrons than holes are 

found in an n-type semiconductor compared to an intrinsic semiconductor. The f(E) shifts 

towards the conduction band due to the higher probability of an electron occupying an 

energy level in the conduction band. As a result of this, the Ef lies closer to the conduction 

band [12].  

 

 
Fig. 1.1 Band diagrams for a) an intrinsic semiconductor, b) p-type and c) n-type semiconductor 

 

The forbidden energy is the minimum energy required to excite an electron from the valence 

band's top level or lower energy band (Ev) to the bottom of the conduction band or higher 

energy band (Ec). There are two types of bandgap for semiconductors depending on the 

electronic band structure, indirect and direct bandgap. In the indirect bandgap 

semiconductor, the excitation of an electron from the valence band to the conduction band 

requires absorption of the photon and absorption of a phonon (i.e., high momentum). The 
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only absorption of a photon is sufficient for an electron transition from the valence to the 

conduction band in the direct bandgap semiconductor. A semiconductor can divide into two 

parts, intrinsic and extrinsic semiconductors. An intrinsic semiconductor is an ideal 

semiconductor with no lattice defects and no impurities, whose both bands contain an equal 

number of electrons and holes after thermal excitation. An extrinsic semiconductor is formed 

by adding impurities into the semiconductor that causes the different value of the electrons 

and holes in both conduction and valence bands. Both type semiconductors, n-type and p-

type, are made by doping a semiconductor with donor and acceptor impurities, respectively. 

The impurities atoms that create free electrons (or holes) are called donors (or acceptors). 

The conductivity of a semiconductor can vary by adding impurities in it through the variation 

of the concentration of charge carriers. 

 

1.2.2 p-n junction 

 

A p-n junction is formed by sandwiching the p-type semiconductor and n-type 

semiconductor. In isolation, a p-type semiconductor has more holes than electrons and vice 

versa. Thus, electrons and holes act as mobile charge carriers in the n- and p-type 

semiconductor materials. Once these two semiconductors come in contact with each other, 

the thermal equilibrium of each system is lost. Depending on the types of semiconductor 

materials used in the p-n junction formation, the p-n junction structure divides into 

homojunction and heterojunction. A thorough understanding of the p-n junction is necessary 

to understand the solar cell’s behavior and its operation. 

 

1.2.2.1 Homojunction 

 

A p-n homojunction is formed using the same semiconductor materials with a different type 

of doping (e.g., p-type silicon with n-type silicon). A p-type and n-type semiconductors are 

produced by doping acceptor and donor impurities into an intrinsic semiconductor, 

respectively. After sandwiching p-type and n-type semiconductors, free electrons diffuse 

from the n-side to the p-side, and holes diffuse from the p-side to the n-side. As an electron 

crosses, it leaves behind a fixed positive charge in the form of ionized donor impurities. 

Similarly, holes diffuse from p-side to n-side and leave behind fixed negative charges in the 

form of ionized acceptor impurities. The region with a layer of positive charges and a layer 
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of negative charges is known as the space charge region (SCR) or depletion region. The 

region outside the SCR also called the quasi-neutral region, is electrically neutral at both the 

n-side and p-side. 

 

The separation of negative and positive charges across the junction results in an electric field 

built-up, pointed from the n-side to the p-side. An electric field in the SCR creates a potential 

barrier between the two semiconductors called voltage drop or built-in potential [7, 14]. 

Finally, an equilibrium is established in the depletion region and hence stops the further 

diffusion of electrons from the n-region and holes from the p region. The schematic diagram 

of the p-n junction at equilibrium is presented in Fig. 1.2. Once the magnitudes of diffusion 

and drift currents equal one another, it results in no net flow. The Fermi level at equilibrium 

is constant throughout the entire system. If the charge carriers are created inside the SCR, 

these charge carriers (electron and hole) will drift in the electric field and cause holes to 

move into the p-region and electrons into the n-region. The recombination probability of 

charge carriers is low at SCR. Therefore, the generated charge carriers outside the SCR need 

to be transported to the SCR to prevent the recombination process. This transportation or 

diffusion process of charge carriers from quasi-neutral region to SCR represents a high 

recombination probability. The parameters such as diffusion length and lifetime of charge 

carrier are vital for reducing the recombination rate and improving the device's performance. 

Diffusion length is the average distance a charge carrier can travel before it recombines with 

another carrier, and lifetime is the amount of time the charge carriers generated away from 

the electric field remain active. 
 

 
Fig. 1.2 Schematic of a) p-n junction at equilibrium, and b) energy band diagram of p-n homojunction 
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1.2.2.2 Heterojunction 

 

A p-n heterojunction is a junction that combines two different types of semiconductor 

materials (e.g., CuInGaSe2/CdS, CdTe/CdS). This p-n heterojunction is classified into an 

isotype and an anisotype heterojunctions. An isotype heterojunction is formed when two 

semiconductors with similar conductivity, different bandgaps and lattice constants are 

brought together. In contrast, an anisotype heterojunction is formed by sandwiching two 

semiconductors with different conductivities. The band bending of heterojunction is not 

smoother than that of homojunction. This different band bending in heterojunction is mainly 

due to the difference in other electronic properties, remarkably different bandgaps, electron 

affinities, work functions, etc. This difference causes interface states or discontinuities in the 

valence band and conduction band that affect the flow of electrons (holes) by presenting a 

barrier in the junction and can form the recombination centers. The junction’s stability, 

chemical compatibility between materials, and the reproducibility of the physical and 

chemical interface are also affected. The formation of a buried junction (i.e., n-type layer 

creation into the p-type material) and the inversion of the interface by forming an n+p 

interface in the absorber layer are two main approaches to reduce the defects found in 

heterojunction. 

 

There are several advantages of using heterojunction over homojunction in solar cells. 

Heterojunction solar cells use the semiconductors with an unequal bandgap, normally a 

wider bandgap of the window layer than the absorber layer. This combination can overcome 

the surface recombination problems faced in homojunction solar cells. Heterojunction can 

also improve the efficiency by enhancing the absorption of more photons along with short-

wavelength photons in the absorber layer. The semiconductors used in this combination have 

special properties such as direct bandgap and high absorption coefficient that can absorb 

solar energy in a few micrometers of semiconductor’s thicknesses, reducing the device cost 

Furthermore, the defect levels at the interface can reduce in the heterojunction by the 

formation of buried junction as well as inversion of the junction [14–16]. Fig.1.3 shows the 

energy band diagram of heterojunction. When the electronic affinity of the p-type absorber 

layer (χp) is greater than the electronic affinity of the n-type window layer (χn), a spike (also 

called conduction band offset) forms in the conduction band. This spike acts as a potential 

barrier that controls the motion of the minority charge carriers through the p-n junction itself 
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at illumination. On the other hand, another discontinuity called cliff is formed in the valence 

band if the χn value is bigger than the χp value. The cliff limits the diffusion of charge carriers 

through the junction by creating the built-in junction potential. This built-in potential 

weakens the junction's electric field and reduces the space charge region, which negatively 

affects the device's performance. By choosing an appropriate junction partner to the absorber 

layer, the spike and cliff can be minimized and improve the current flow in a solar cell. The 

magnitude of conduction band offset (∆Ec), and valence band discontinuity (∆Ev) is 

described below [12]. 

 

∆EC = χp - χn     (eq. 1.2) 

∆EV = Egn - Egp - ∆EC    (eq. 1.3) 

 

 
Fig. 1.3 Energy band diagram of p-n heterojunction 

 

1.2.3 Working principle of solar cell 

 

Since a solar cell is a p-n junction diode, it is used to convert solar energy directly into 

electricity. The solar cell's working principle is mainly based on the photovoltaic effect (or 

photoelectric effect), where sunlight with energy greater than the material's bandgap is 

absorbed by generating electrons in the conduction band. This effect can be explained by 

assuming that the sunlight consists of energy quanta, called photons. Depending on their 

wavelength values, each photon carries a specific amount of energy. The energy of such a 

photon is expressed by the following equation [16], 
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Ep = 56
7

 ≈ '.:;	)<.=>
7(=>)

    (eq. 1.4) 

 

where, Ep is the photon energy in electron volts, h is the Planck’s constant (6.626×10-34 Js), 

c is the speed of light in vacuum (3.0×108 ms-1), and λ is the wavelength of photon. When 

the p-n junction is illuminated, the photons whose energy is greater than the bandgap of the 

semiconductor material are absorbed, and electrons are excited to the semiconductor's 

conduction band. If the energy of the photon is smaller than the semiconductor bandgap, it 

will not be absorbed but will traverse the material without interaction. The basic operation 

of the solar cell (see Fig. 1.4) involves the following steps [9, 10, 18]: 

 

i. Absorption of photons 

ii. Generation of charge carriers (i.e., creation of electron-hole pairs)  

iii. Separation of generated charge carriers with the help of built electric field at 

depletion region or recombination of these charge carriers 

iv. Finally, collection of those separated charge carriers by an external circuit 

 

 
Fig. 1.4 Schematic diagram of working principle of solar cell 

 

The spectral nature of sunlight has to be considered in choosing the semiconductor material 

for solar cells. Sunlight is a polychromatic light; its spectrum is much like the black body 

spectrum at 5762 K. Solar constant is the intensity of sunlight in the free space at the earth's 

average distance from the sun. Air mass (AM) measures how the atmosphere affects the 

solar spectrum entering the earth's surface. The spectral distribution air mass zero (AM0) 

describes the solar irradiance in space corresponding to the solar constant of 1353 Wm-2. 

The value of AM0 is unaffected by the earth's atmosphere. The spectrum air mass 1.5 global 

(AM1.5G) is the solar spectrum falling on the earth's surface. AM1.5G is generally used to 
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evaluate solar cell performance, which contains incident powers of 1000 Wm-2. This change 

in the radiation intensity is due to the absorption or scattering of the radiation by air 

molecules, clouds, and particles present in the earth's atmosphere. Fig. 1.5 displays the 

radiation spectrum for the black body, AM0, and AM1.5G. It is observed from Fig. 1.5 that 

the maximum sunlight radiation is between 250 and 1000 nm (i.e., photon energy in the 

range of 1.24 to 4.96 eV). The wavelength of ultraviolet (UV) region, visible region, and 

near-infrared region corresponds in the range from 10 to 400 nm, 400 to 700 nm, and 750 to 

2500 nm. Understanding this spectrum makes it possible to select a suitable semiconductor 

and design a high-efficiency solar cell. 

 

 
Fig. 1.5 The radiation spectrum for Black body, AM0 and AM1.5 global [8] 

 

1.2.4 Basic characteristics of solar cell 

 

Solar cells are characterized and compared with each other with four parameters: short 

circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), photovoltaic cell 

efficiency (PCE). The equivalent circuit of solar cells in the presence of series and shunt 

resistances is presented in Fig. 1.6. Two different currents are considered for a single-diode 

model: reverse photocurrent and a forward current corresponding to the diode. The 

performance of solar cell devices is mainly limited by series resistance (Rs) and parallel (or 

shunt) resistance (Rsh) of the solar cell. The Rs in a solar cell combines the resistances of the 

semiconductor materials, electrical contacts, and connecting wires. The shunt resistance is 

reduced due to pin-holes present in a solar cell or the crystal defects or precipitates of 

impurities in the junction resulting in alternative paths and recombination centers for 

generated charge carriers. The Rs and Rsh values are respectively considered to be zero and 

infinity in an ideal solar cell. The current density is the ratio between current (I) and the 
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surface area of the solar cell (A). In an ideal case, the current density-voltage (J-V) curve of 

a solar cell equals a p-n junction diode shifted by the photogenerated current. Fig. 1.7 shows 

the J-V characteristics of solar cells performed in dark and light conditions. The total current 

density for an ideal solar cell is expressed as the sum of the dark current density and light 

current density and is given by the following equation [14],  

 

J = Jdark + Jlight = Jo [exp ( @<
ABC

) - 1] - JL    (eq. 1.5) 

 

where, J is the current density of the diode, n is the ideality factor (n = 1 for ideal case), KT 

is the product of Boltzmann constant and absolute temperature, and V is the applied voltage. 

The Jsc is the maximum current density in a solar cell when no load or resistance is applied. 

The Jsc value usually depends on the absorption coefficient of the absorber materials, the 

range of photons (their number and energy), band gap of the material, recombination in the 

material. The Voc is the maximum voltage generated across the solar cell when equivalent 

circuit of solar cell kept open (i.e., at zero current). The Voc depends on the light-generated 

current and reverse saturation current. It is mainly limited by the absorber material’s 

bandgap, ambient temperature, built-in voltage and shunt resistance of the solar cell. Another 

parameter to describe the quality of solar cells is the FF. FF is the ratio of maximum power 

density (Pmax = Vmax×Jmax) that can extract from solar cell to the ideal power density (Po = 

Voc×Jsc). FF measures the perfect shape or squareness of the current-voltage curve of solar 

cells and is mainly related to the resistive losses in a solar cell. The PCE of solar cell is 

defined as the ratio of the output power by the solar cell to the input power. The PCE changes 

on the spectrum and intensity of the incident sunlight and the temperature of the solar cell. 

These solar cell parameters can be determined and expressed as follows [9, 15]: 

 

Voc = (ABC
@

) ln [(JL/Jo) + 1]    (eq. 1.6) 

Jsc = -JL = Jo [exp (@<D6
ABC

) -1]    (eq. 1.7) 

FF = ( E>F*
<D6.GH6

) = (<>F*.G>F*
<D6.GH6

)    (eq. 1.8) 

PCE = >F*I>J>	+DK)L	M)NIO)L)M
IA+JP	+DK)L

 = E>F*
EIA

 = <D6.GH6.QQ
EIA

       (eq. 1.9) 
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where, Jo is the reverse saturation current density of the diode, Pin is the input power 

(generally 1000 W/m2), Jmax and Vmax are current density and voltage at maximum-power 

conditions, respectively. In non-ideal case, the series and shunt resistances mainly affect the 

FF of the solar cells, which affects the PCE of the solar cell [8]. It is desirable to have the 

value of Rs as low as possible and the value of Rsh as high as possible. The effect can be 

observed by noticing the change in the squareness of the current-voltage curves shown in 

Fig. 1.8. For a very high value of Rs, the value of Jsc reduces, but Voc remains the same. The 

value of Voc is affected and declined at a lower value of Rsh, but it does not affect the Jsc 

value. These parasitic (Rs and Rsh) resistances can be graphically determined from the J-V 

curve. The Rs value is calculated from the reciprocal of the slope of the J-V curve under 

forward bias. And the reciprocal of the slope of the J-V curve in the reverse bias condition 

gives Rsh value. The J-V equation of equivalent circuit containing non-ideal series and shunt 

resistances of a solar cell is written in the following form [8]: 

 

J (V) = Jo [exp (@(<RSHG)
ABC

) - 1] – JL + <RSHG
SH5

   (eq. 1.10) 

 

 
Fig. 1.6 The equivalent circuit of solar cell in the presence of series and shunt resistances 

 

 
Fig. 1.7 The J-V characteristics of solar cell performed on dark and light conditions 
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Fig. 1.8 The current voltage characteristics for ideal and non-ideal conditions 

 

1.2.5 Development of PV technology 

 

Photovoltaic devices can convert solar energy directly into electricity based on the 

photoelectric effect. Edmund Becquerel, a French scientist, discovered the photoelectric 

effect in 1839 [8]. He observed that a current was produced when two plates of silver 

chloride and counter metal electrodes were immersed in an electrolyte solution upon 

illumination with sunlight. A large area solar cell based on Se film was fabricated for the 

first time in 1883. But the performance of this solar cell was limited. A real breakthrough in 

photovoltaics was reported in 1954 with the first 6% efficient solar cells: silicon solar cell 

(Bell Lab, USA) and Cu2S/CdS heterojunction solar cell (Air force, USA) [18]. After that, 

many improvements (i.e., use of different semiconductors and structures in solar cell 

technology) have been seen in the photovoltaic technology for being commercially available. 

Various types of solar cell technology have been introduced to improve efficiency, 

durability, technical/economic feasibility, payback time, etc., of the solar cells [9, 14, 20]. 

The solar cells need to be cheaper to take an essential share in energy production. To date, 

PV technologies are classified into three generations, namely first, second, and third 

depending on the type of semiconductors used in solar cell fabrication [18, 19]. Fig. 1.9 

presents the evolution of the best reported solar cell efficiency to date for different PV 

technologies (Best research-cell efficiency chart, NREL, 2021). 

 

The first generation of PV devices is made of monocrystalline and polycrystalline Si wafers 

[9, 18]. Wafer-based silicon solar cells have dominated the market with a share of more than 

85% in the global annual production due to their good photovoltaic properties, their excellent 
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stability and reliability, and its earth abundance. However, wafer-based silicon solar cell is 

the most mature technology with a record efficiency of 26.7% [20]; its production cost is 

high. The high device cost is the disadvantage of silicon-based solar cells for converting 

solar energy into electrical energy. Silicon is an indirect bandgap semiconductor with a 

bandgap of 1.12 eV; silicon poorly absorbs solar energy. And therefore, a larger thickness 

of around 200-300 µm is required to efficiently absorb the incident solar energy. 

Subsequently, the highly pure material is needed to assure the collection of the generated 

carriers and avoid the recombination process, which further increases the manufacturing cost 

of the device. The p-n homojunction is generally found in silicon solar cells where p-type 

and n-type semiconductors are made by doping acceptor and donor impurities into the 

intrinsic semiconductor, respectively. This disadvantage has led the PV market to explore 

alternate technologies that are efficient as well as cost-effective. 

 

The second generation of PV (also called thin film solar cell (TFSC) technologies) is 

employed in the PV market to reduce the solar cell's production cost compared to wafer-

based silicon solar cells. The semiconductors used in this technology have specific properties 

such as direct bandgap and high absorption coefficient (>105 cm-1), which absorb solar 

energy effectively within a few microns of the semiconductor thickness. And the utilization 

of cheaper growth methods and low-cost substrates can help in faster manufacturing that 

reduces the production cost of the device. Commercially, thin film solar cells (TFSCs) are 

primarily divided into three types: amorphous silicon (a-Si), cadmium telluride (CdTe), and 

copper-indium-gallium-diselenide (CIGSe) [14], [17]. These TFSCs rely on a p-n 

heterojunction design having a top layer called the window layer and a bottom layer called 

the absorber layer. The photons are absorbed in an absorber layer with a comparatively lower 

bandgap value than the window layer. To date, the record efficiencies of a-Si, CdTe, CIGSe 

TFSCs are 14, 22.1, and 23.4%, respectively [21]. The a-Si semiconductor has a direct 

bandgap of around 1.7 to 1.8 eV, but its conduction and valence band edges are not well 

specified. The CdTe semiconductor has a direct bandgap of 1.45 eV and an absorption 

coefficient of 105 cm-1. And the CIGSe is a semiconductor made from quaternary compounds 

whose bandgap value can be tuned from 1.04 to 1.68 eV with increasing gallium content. 

Although the TFSCs have the advantages of low cost, low payback time, monolithic 

integrations etc., they contain some drawbacks. The major problems associated with the thin 

solar cells are the presence of grain boundaries and the complex defect chemistry due to 
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polycrystalline nature, which reduces the efficiency of solar cells. They also contain the 

problems of adhesion of the film to the substrate, use of rare and more expensive (indium 

and gallium), and use of toxic (cadmium) materials. The different generations of the solar 

cell are being inspired to resolve the problems mentioned earlier. 

 

All the emerging approaches in PV are also known as the third generation of solar cells. The 

reasons for developing this new generation are to improve solar cell efficiency, use less 

expensive and less toxic material, and make it accessible to the public. In the third 

generation, various types of solar cell technologies, including dye-sensitized solar cells 

(DSSC), nanostructured solar cells (NSC), organic polymer solar cells (OPSC), multi-

junction solar cells (MJSC), and perovskite solar cells (PSC), are studied [9, 18]. The first 

and second generations rely on the p-n junction design, and photons whose energy is equal 

to or greater than the absorber material's bandgap can be absorbed in the solar cell. Therefore, 

the thermodynamic Schokley-Queisser limit for these two generations lays only around 31%. 

The third-generation solar cells have the potential to surpass the Schokley-Queisser limit 

and lower the production cost. NSC is made up of inexpensive materials, including quantum 

dot (record cell efficiency of 16.6%), nanowires and mesoscopic. These materials can also 

use for transforming solar energy into chemical fuels. OPSC, with a record efficiency of 

18.2%, exhibits excellent flexibility and is composed of organic or polymer materials. DSSC 

demonstrates attractive properties such as low cost, simple, non-toxic, flexible, transparency, 

good plasticity, etc., for commercially viable. Record efficiency of 12.3% has been found 

for dye-sensitized solar cells [18]. The MJSC, also known as tandem solar cells, are designed 

to absorb a maximum number of photons from the broad solar spectrum by stacking 

semiconductor material with increasing bandgaps on top of each other. The highest solar cell 

conversion efficiency of 47.1% has been reported in PV history using multijunction solar 

cells [21]. PSC is made from organic-inorganic halide materials defined by the formula 

ABX3 (where A and B are cations and X is an anion). For perovskite solar cells, the recently 

reported photovoltaic cell efficiency is 25.5 % [22]. 
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Fig. 1.9 Evolution of best laboratory efficiency for different generations of PV devices (source: National 

Renewable Energy Laboratory, 2021) 

 

1.3 Introduction of the numerical simulation 

 

Numerical simulations are a high-priority job that helps to integrate real-life problems into 

a virtual machine environment like a computer. Incorporating computers in numerical 

problem solving has led the researcher to find an optimum way of efficiently performing 

complex problem-solving. Numerical simulation in a computer can save research time and 

resources. It is also easy to optimize any real-time design problem without physically 

implementing it in real test environments. Because of this reason, computer-based learning 

is emphasized over worldwide universities. Computer-based learning systems have helped 

researchers in the field of semiconductor devices. Today, most of the world's market is 

dominated by semiconductor devices like mobile phones, laptops, computers, streetlights, 

and solar panels. In the field of semiconductor devices, one of the most prominent areas is 

solar cells. A semiconductor device can convert solar energy into electrical energy. Due to 

the excessive demand of electric power by consumers, the photovoltaic cell is an excellent 

alternative to meet user demands. The photovoltaic cell has been developing rapidly and has 

been reaching maximum efficiency of 29% [23]. But there are still some issues, including 

high cost, low efficiency, and environmental issue available for these solar cells that prevent 

commercial development [25–27].  
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The numerical simulation can play a vital role in dealing with those issues of the solar cell. 

Numerical simulation can interpret semiconductor devices’ physical phenomena and 

behaviors because well-controlled device parameters are available in simulators. The 

simulators are designed to solve the basic semiconductor equations (i.e., Poisson’s equation 

and Continuity equations) for charge carriers and produce non-linear equations for modeling 

the solar cells. The simulated study is cheaper and quicker than experimental work. The 

numerical simulation predicts the outcome of changes in material properties and tests the 

practicability of the proposed physical explanation. From the above discussion, it is evident 

that for rapid improvement in design and efficiency, numerical analysis of photovoltaic solar 

cells is imperative to assess the proposed physical structure's practicability and performance. 

 

Many simulators are available for theoretical modeling of solar cells that solve basic 

semiconductor equations [27]. The different types of simulators commercially available for 

modeling various types of solar cells are found in groups of literature [28–64]. These 

simulators can analyze the device with three different dimensions (i.e., 1D, 2D, and 3D). 

Some software is freely available online. Most of the software is supported on Windows 

computers, while some software can also work on MacBook and Linux. A solar cell 

capacitance simulator (SCAPS) has remained one of the favored simulators to analyze the 

device performance and optimize the parameters for achieving high-efficiency solar cells. 

SCAPS software is selected in this study for modeling CIGSe based TFSCs because this can 

provide better information about thin film solar cells than other simulations. 

 

1.3.1 SCAPS simulation 

 

A SCAPS is a one-dimensional solar cell simulator software available freely to the research 

community. This software is a Windows-oriented program and user-friendly. It uses a 

Gummel iteration scheme with Newton-Raphson substeps [64]. Several researchers from the 

Department of Electronics and Information Systems (ELIS) of the University of Gent, 

namely Alex Niemegeers, Marc Burgelman, Koen Decock, Stefaan Degrave, Johan 

Verschraegen, have contributed to its development [66–70]. SCAPS was initially developed 

for simulating solar cell structures of the CI(G)Se and the CdTe family. Recently, SCAPS 

has improved its study area to various types of solar cells, including crystalline solar cells 

(Si and GaAs family) and amorphous solar cells (a-Si), perovskite solar cells, tandem solar 
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cells, multijunction solar cells, and many other solar cells [58, 70–73]. This progress shows 

that SCAPS software can have a remarkable promise for designing and optimizing solar 

cells. An overview of its main features is explained below [70, 74]. 

 

1. Can introduce up to 7 semiconductor layers 

2. The main semiconductor’s parameters such as thickness, bandgap (Eg), electron 

affinity (χ), dielectric permittivity (ε), conduction band and valence band 

effective density of states (CB, VB), electron and hole thermal velocity (Vthn, 

Vthp), electron and hole mobility (μn, μp), shallow uniform donor and acceptor 

density (NA, ND), all traps (defect density (Nt), electron and hole capture cross 

section (sn, sp), etc. can be varied. 

3. Recombination profiles in the solar cells: band-to-band (direct), Auger, 

Shockley-Read-Hall type. 

4. Defect density in bulk semiconductors and at interface. 

5. Defect levels with charge type: no charge, monovalent (single donor, acceptor), 

divalent (double donor, double acceptor, amphoteric), multivalent (user-defined). 

6. Defect with different energy distribution: uniform distribution, single level 

distribution, Gaussian distribution, and band tails.  

7. Defect levels with optical property and metastable transitions between defects  

8. Metal contacts: work function or flat band; optical property. 

9. Tunneling mechanism: intra-band tunneling (within a conduction band or within 

a valence band); tunneling to and from interface states.  

10. Illumination of a working structure with a variety of standard and other spectra 

included (AM0, AM1.5D, AM1.5G, monochromatic, etc.). 

11. Illumination from either the p-side or the n-side; spectrum cut-off and attenuation  

12. Working point for calculations: Energy band diagram, concentrations and 

currents at a given working point, J-V characteristics, ac characteristics (C and 

G, as a function of V and/or f), quantum efficiency, recombination profile, etc. 

13. Batch calculations: presentation of results and settings as a function of batch 

parameters. 
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14. Loading and saving of all settings; start-up of SCAPS in a personalized 

configuration; a script language including a free user function and very intuitive 

user interface.  

15. Friendly user interface and a built-in curve fitting facility a panel for the 

interpretation of admittance measurements. 

 

1.4 Objectives of this research work 

 

This study is focused on the CI(G)Se TFSCs, which is the most promising candidate in the 

PV market due to its long-term thermal stability, high radiation tolerance on electrons and 

holes, high yield per weight, low energy payback time, and flexibility in the device design. 

The efficiency, lifetime, and production cost of solar cells determine their commercial 

applications. For this, various strategies such as improving the solar cell performance by 

understanding the physio-chemical process of CI(G)Se and recombination process, 

developing low-cost deposition methods without compromising the conversion efficiency, 

using less semiconductor material and simplifying the processing steps, reducing the waste 

of materials during the deposition, utilization of optical concentrators, use of less pure 

precursor material and improve the material-utilization efficiency, etc., could apply in the 

CI(G)Se TFSCs to improve efficiency and reduce cost.  

 

Here, the novel hybrid deposition method is introduced for the synthesis of CI(G)Se thin 

films. Understanding the mechanism of the photovoltaic phenomenon in a hybrid deposited 

CIGSe absorber layer is the primary goal of this study. This hybrid deposition method 

combines the non-vacuum pneumatic spray pyrolysis technique and the vacuum co-

evaporation method. The idea of combining these two methods is to improve the efficiency-

to-cost ratio value by increasing material utilization efficiency and reducing the waste of 

highly pure materials in solar cells. The material properties of semiconductors used in the 

CI(G)Se TFSCs are also studied through SCAPS software. This simulation study can help 

to optimize the material properties as well as design the solar cells without doing 

experimental work, which is helpful to reduce the cost and research time. The general 

objectives of this research work are: 

  

1. Develop the novel hybrid deposition method for CI(G)Se absorber films synthesis.  
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2. Optimize the growth parameters of the hybrid deposition method for CI(G)Se thin 

films to use as an absorber layer in a solar cell. 

3. Deposition and optimization of CdS buffer film by chemical bath deposition method. 

4. Investigate the influence of the material properties such as thicknesses and carrier 

concentration of each material used in CI(G)Se TFSCs using SCAPS software. 

5. Simulate the experimentally obtained results of CISe, CIGSe, and CdS thin films and 

analyze the results of CI(G)Se TFSCs. 

6. Study the effect of defects, ambient temperature, and parasitic resistances on the solar 

cell performance by SCAPS software. 

 

1.5 Organization of thesis 

 

This thesis is partitioned into seven sections or chapters.  

 

Chapter one deals with introducing energy sources, semiconductor and solar cell physics, 

the introduction of numerical simulation, the objective of this thesis, and the organization of 

the complete thesis.  

 

Chapter two describes the development of the CIGSe thin film solar cells, the structure of 

the CI(G)Se TFSCs, the role of alkali elements doping in CI(G)Se, recombination 

mechanism present in CI(G)Se TFSCs, deposition methods for CI(G)Se thin films synthesis, 

and finally describes the novel hybrid deposition method for the synthesis of CI(G)Se thin 

films.  

 

Chapter three illustrates the details of experimental work for deposition of the CI(G)Se thin 

films and CdS thin films, details of SCAPS software, and characterization, including 

material and device characterizations. 

 

Chapter four deals with the results of In2Se3 thin films by pneumatic spray pyrolysis 

technique and results of CI(G)Se thin films by the hybrid deposition method.  
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Chapter five describes the introduction of the buffer window layer for the CIGSe device, 

CdS thin film deposition techniques, and results of the CdS thin films by chemical bath 

deposition methods.  

 

Chapter six deals with the optimization of the CI(G)Se TFSCs by analyzing the material 

properties of semiconductor materials, theoretical study of the experimental results of CISe, 

CIGSe, and CdS thin films, the effect of defects, ambient temperatures, and parasitic 

resistances on the performance of CI(G)Se TFSCs.  

 

Finally, chapter 7 describes the general conclusion of this thesis work, future perspectives 

to improve the device performance, and details of publications and conference presentations. 
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Chapter 2 CI(G)Se thin film solar cells technology 
 

This chapter describes an overview of the CI(G)Se TFSCs. The first part discusses the trend 

in the development of the CI(G)Se TFSCs and a brief review of a CI(G)Se thin film solar 

cell's structure. The material properties such as structural, optical, and electrical properties 

of CIGSe semiconductors are reviewed in detail. Moreover, the role of alkali elements 

doping in the CI(G)Se TFSCs, the different recombination mechanisms involved in the 

CI(G)Se TFSCs and a brief review of deposition methods for the synthesis of the CI(G)Se 

thin films are explained. Finally, the novel hybrid deposition method for CI(G)Se thin films 

is introduced in this study. Understanding all this information helps to improve the 

performance of CI(G)Se TFSCs. 

 

2.1 Development of the CI(G)Se thin film solar cells 

 

The CIGSe has been considered promising for solar cell technologies due to its favorable 

electronic and optical properties, including its direct bandgap with high absorption 

coefficient and inherent p-type semiconductor. Moreover, it contains the advantages for 

cost-effective, potential to obtain high device performance, high deposition rate over a large 

area, long-term stability, high radiation resistance, and fabrication of monolithically 

interconnected modules [1]. The CIGSe TFSC can be used in various applications such as 

terrestrial applications, the building integrates portable applications and space applications. 

In solar cell application, CI(G)Se semiconductor material received significant attention for 

the first time in 1974, in which Wagner et al. reported 5% conversion efficiency for 

CdS/CISe heterojunction [2]. Afterward, Shay et al. optimized the CISe solar cell and 

achieved 12% conversion efficiency in 1975 [3]. Kazmerski et al. has grown the CISe thin 

films by evaporation with excess of Se and fabricated CdS/CISe solar cells with an efficiency 

of 5.7% in 1976 [4]. In 1981, Boeing produced the CISe TFSC with an efficiency of 9.4%, 

in which the CISe absorber layer was deposited over Mo back contact by the evaporation 

method [1]. ARCO Solar used a precursor layer of Cu and In deposition at a low temperature 

followed by annealing at a high temperature in the Se atmosphere [1]. In 2000, the 

conversion efficiency for CI(G)Se TFSC was then increased to 18.2% by NREL [5]. NREL 

improved the CI(G)Se TFSC efficiency from 18.2 to 19.4% in 2010 [6]. Solar Frontier 

fabricated the CI(G)Se TFSC with a maximum conversion efficiency of 21.7% in 2017 [7]. 
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In the present scenario, the CI(G)Se TFSC with the conversion efficiency of 23.35% for 1 

cm2 total area by Solar Frontier and 23.30% for 0.1 cm2 total area by NREL are observed [8, 

9]. Many solar cell research groups have fabricated the CI(G)Se TFSC with an efficiency of 

20% or greater. All of these groups employed various processing technologies to improve 

solar cell device performance. Almost all the solar cell groups used the same basic solar cell 

structure (i.e., stack layer of a substrate, Mo layer as a back contact, CI(G)Se thin films as 

an absorber layer, n-type window layer, and transparent conducting oxide) [1].  

 

2.2 CIGSe thin film solar cell structure 

 

The basic concept of designing the solar cells is based on combining a p-type absorber layer 

and a wide bandgap n-type window layer. Since CI(G)Se TFSC contain several materials as 

stack films, the solar cell structure is quite complex. Those stacked materials may react with 

each other, depending on the ambient temperature. The materials such as back contact, 

absorber layer, buffer layer, window layer, transparent conducting oxide (TCO) layer and 

front contact are generally used in a typical CIGSe TFSC, as shown in Fig. 2.1. Most of the 

CI(G)Se TFSCs have the similar solar cell structure mentioned above [1]. The Mo is 

employed in a CIGSe TFSC as a back contact. The CdS is mainly used as a buffer layer in 

the CI(G)Se TFSCs, However, some groups have studied CdS free buffer layers in the 

CI(G)Se TFSC due to toxic nature of cadmium. The ZnO and ZnO:Al are generally used as 

window layer and TCO layer. 
 

 
Fig. 2.1 Schematic of the structure of CI(G)Se thin film solar cell  
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2.2.1 Substrate  

 

Generally, two configurations are used for designing the thin film solar cells, namely 

substrate and superstrate structure. In superstrate configuration, the transparent substrate 

with the contact made by conducting metal oxide coating is employed. While in the substrate 

configurations, metal or conducting metal oxide is applied for contact. Since the substrate is 

used as the base of the solar cells, it can affect the properties of deposited materials based 

on its thermal coefficient value, mechanical and chemical state, and nature of the surface. 

The substrate should have a perfectly smooth and clean surface to improve the nucleation of 

films. The thermal coefficient of the substrate and the deposited materials must match to 

prevent unnecessary defects (i.e., voids, cracks, adhesion failure, etc.) in the deposited film. 

Moreover, the substrate should be mechanically and chemically stable at the operating 

conditions of the deposited films and relatively low in price for reducing the device cost. 

The suitable substrate is chosen in the solar cells based on these criteria. The soda-lime glass 

(SLG) substrate fulfills the abovementioned requirements and is mostly used in CIGSe 

TFSCs. The CIGSe TFSC has achieved a high record efficiency of 23.35% using SLG 

substrate [10]. The thermal expansion coefficient for SLG substrate is closely matched with 

the thermal expansion coefficient of the CIGSe (i.e., 9×10-6 K-1) [11]. This feature leads to 

the formation of fewer defects in the CIGSe thin films. The SLG substrate contains various 

metal oxides, such as SiO2, Na2O, K2O, MgO, CaO, ZnO, etc. Sodium from substrates can 

be diffused through the molybdenum back contact and reach the CIGSe thin film [12]. 

Sodium incorporation into CIGSe material varies the material properties (mainly structural 

and electrical properties) of the CIGSe [13, 14]. The effect of sodium on the properties of 

the CIGSe will discuss briefly later in this chapter. Various diffusion barriers, such as SiOx, 

Al2O3, SiN, etc., can control the supply of sodium from the substrate to the CIGSe [15]. The 

SLG substrate is limited to work at high temperatures because of its low softening 

temperature of around 700℃ [16]. But the CIGSe thin film deposition requires the operating 

temperature in the range of 500-550℃ for high device performance. Therefore, SLG 

substrate is primarily preferred for CIGSe TFSC fabrication. 

  

2.2.2 Back contact 
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The back contact is the first layer made of metallic materials deposited on the substrate, 

which is used to collect charge carriers from the CIGSe absorber layer. The suitable metallic 

materials for back contact of the CIGSe TFSCs should require various characteristics. The 

metallic materials should have good adhesion, matching thermal expansion coefficient to 

both the substrate and CIGSe absorber layer, high conductivity to minimize the 

recombination of the generated charge carriers, an excellent reflectivity to improve the 

absorption of long-wavelength photons, high chemical and mechanical stability with 

elements of CIGSe (i.e., Cu, In, Ga, and Se), lower work function than that of CIGSe 

semiconductor to form an ohmic contact, and relatively low-cost [11, 17]. The material 

should also possess a suitable transportation medium for alkali metals (especially sodium) 

from the SLG substrate into the CIGSe absorber layer that can help to improve the material 

properties of CIGSe. Various metallic materials such as tungsten (W), gold (Au), tantalum 

(Ta), chromium (Cr), niobium (Nb), titanium (Ti), manganese (Mn), vanadium (V), nickel 

(Ni), molybdenum (Mo), etc. have been studied as a possible back contact for CIGSe TFSCs 

[17, 18]. Among these metallic materials, Mo can fulfill all the requirements mentioned 

above and is considered a suitable back contact for CIGSe TFSCs. The formation of an 

intermediate MoSe2 layer could be produced during the synthesis of the CIGSe thin films at 

high operating temperatures. This MoSe2 layer promotes the formation of an ohmic contact 

instead of Schottky contact that improves the collection of charge carriers [19]. But a very 

thick MoSe2 layer can deteriorate the device performance by providing mechanical problems 

in the solar cells [19]. Although Mo contains some issues, namely its corrosion and slightly 

poor optical reflection, the maximum efficiency of 23.35% is observed for the CIGSe TFSC 

by using Mo back contact [10]. Hence, Mo is favorable back contact in CIGSe TFSC 

technology, which is primarily deposited by magnetron direct current sputtering. 

 

2.2.3 CIGSe absorber layer 

 

One of the most promising semiconducting materials for the absorber layer of thin film solar 

cells is CIGSe. The CIGSe semiconductor belongs to the I-III-IV2 material family, normally 

used as an absorber layer in solar cells. The CIGSe material has various properties, such as 

direct bandgap, high absorption coefficient (greater than 105 cm-1), tunable bandgap (i.e., 

1.0-1.7 eV), long-term thermal stability, high radiation hardness on electrons and holes, high 

yield per weight, low energy pay-back time, flexibility in the device design [20], etc. 
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Because of these features, the CI(G)Se semiconductors have attracted thin film solar cells as 

an absorber layer for cost-effective power generation. Understanding material properties of 

CIGSe semiconductors can enhance the performance of CI(G)Se TFSCs, which are 

described following. 

 

2.2.3.1 Structural properties 

 

The Cu(In,Ga)Se2 quaternary system is usually formed by combining CuInSe2 and CuGaSe2 

ternary systems. Fig. 2.2 displays the chalcopyrite crystal structure of the CIGSe material. 

The chalcopyrite crystal structure of CIGSe resembles the cubic zinc blende structure of 

group II-IV materials (ZnS), which is obtained through ordered substitution of group II 

elements (Zn) by group I elements (Cu) and group III elements (In or/and Ga). The 

chalcopyrite structure is visualized in two interpenetrating face-centered cubic lattices: first 

anion lattice composed of group VI atoms (Se2-) and second cation lattice consisting of group 

I atoms (Cu+) and group III atoms (In3+ or/and Ga3+) [1]. Each Se atom is coordinated to two 

Cu atoms and two In or/and Ga atoms in a tetrahedral way, while Cu atoms and In or/and 

Ga atoms are bonded to four Se atoms also in a tetrahedral manner. This tetrahedral 

coordination in CIGSe implies a covalent bonding between the elements of I, III, and IV 

groups with SP3 hybridization [21]. However, the ionic bonding character is also present 

along with covalent bonding. A tetragonal unit cell's lattice constant ratio (c/a) is close to 2 

for an undistorted crystal structure [1]. Any deviation in the lattice structure is known as 

tetragonal distortion (=2-c/a), which is mainly due to the different strengths of Cu-Se, In-Se, 

and Ga-Se bonds. The tetragonal distortion linearly depends on the Ga-content 

(x=Ga/(In+Ga)) [11, 22, 23]. The atomic radii of Ga atoms are smaller than the atomic radii 

of In atoms. Therefore, the lattice parameters of CIGSe decrease with an increase in gallium 

content in the CIGSe. The tetragonal distortion is negative for x<0.23 and positive for x>0.23 

[11]. Various material properties of CIGSe such as structural, morphological, compositional, 

optical, electrical properties, etc., can also influence tetragonal distortion conditions. 
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Fig. 2.2 Chalcopyrite crystal structure of CIGSe unit cell 

 

2.2.3.2 Phase diagram 

 

The phase diagram can provide information about alloy composition and process 

temperature for producing a different phase of semiconducting material. The chalcopyrite 

CIGSe phase normally lays on the Cu2Se-(In,Ga)2Se3 tie line, as shown in Fig. 2.3a [1]. The 

ordered vacancy compound (OVC) or ordered defect compound (ODC) phases, namely 

Cu3(In,Ga)5Se9, Cu(In,Ga)3Se5, and Cu2(In,Ga)4Se7 are also laid on the same tie line and 

have the same chalcopyrite structure. These OVC phases are formed from the point defects 

in the regular arrangement of chalcopyrite crystal structure [24]. Fig. 2.3b shows the pseudo-

binary phase diagram of CIGSe along with the tie-line between Cu2Se and (In,Ga)2Se3 

represented in terms of Cu composition, where the formation of different phases at various 

temperatures are demonstrated. Various phases (namely α, β, γ, δ phases) exist in the CIGSe 

material, depending on the process temperature and Cu compositions in the CIGSe thin film 

[25–27]. The α-phase, the desired phase in the CIGSe TFSC, is the most stable compound 

that exists in the range from 22 to 24.5 at% of Cu. The Cu2-xSe phase is formed when the 

CIGSe thin film is grown in Cu-rich composition. The slight Cu-poor composition (from 16 

to 22 at%) comprises the β-phase, also called Cu(In,Ga)3Se5 OVC phase, which is attributed 

to the regular arrangement of the vacancies sites. These OVC phases typically have a higher 

bandgap than the bulk CIGSe material. Moreover, the β-phase is weakly n-type that forms a 
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buried p-n junction with p-type bulk material and helps to reduce the recombination at the 

interface [28]. The γ-CIGSe phase is observed at a copper concentration of less than 16 at%. 

The δ-phase has a sphalerite crystal structure, which exists at high process temperature and 

is unstable at room temperature [27]. The chalcopyrite phase differs from the sphalerite 

phase in the random distribution of Cu, In, Ga, and Se.  

 

A transition from the precursor (In,Ga)2Se3 to complete absorber Cu(In,Ga)Se2 is by the 

addition of Cu2-xSe phase on it, which is due to the in-diffusion of Cu-atoms and out-

diffusion of In-atoms. The stoichiometric composition of CIGSe semiconductor consists of 

25 at% for Cu, 25 at% for In+Ga, and 50 at% for Se [11]. The slight deviations from the 

stoichiometric composition of CIGSe can cause drastic changes in the electronic properties 

of CIGSe (i.e., 1% non-stoichiometric composition can provide a defect concentration of 

around 1021 cm-3, which is higher than the effective carrier concentration of CIGSe and acts 

as recombination centers for the generated charge carriers.  

 

 
Fig. 2.3 Schematic diagram of a) phase diagram of quaternary elemental (Cu-In-Ga-Se) system, and b) 

pseudo-binary phase diagram along with the tie line between Cu2Se and (In,Ga)2Se3 represented in terms of 

Cu composition [1] 

 

2.2.3.3 Optical properties 

 

Different semiconducting materials have different absorption coefficients, which determines 

how far sunlight of a particular wavelength can penetrate into a material before it is absorbed. 

The material thickness is adjusted in a solar cell to complete the absorption of sunlight 
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depending on its absorption coefficient. The semiconductor material with high absorption 

coefficient can absorb around 95% of incident photons in 1 µm of its thickness. In a variety 

of semiconductor materials, the absorption coefficient is related to the function of extinction 

coefficient (k) and wavelength of light (λ) by the following formula [29], 

 

α = ;WX
7

        (eq. 2.1) 

 

 The absorption coefficient is also defined in the function of the incident photon energy (h𝜗) 

and bandgap of the semiconductor (Eg) [1, 29, 30], which is described by, 

 

α = A(h𝜗)-1(h𝜗 -Eg)1/n      (eq. 2.2) 

 

where A is the constant that depends on the density of states, n defines the types of bandgap 

(i.e., n=2 for direct bandgap semiconductor and n=1/2 for indirect bandgap semiconductor). 

Since CIGSe semiconducting material has variable bandgaps, its absorption coefficient 

varies with its bandgap value. The CIGSe has the potential to obtain high efficiency due to 

its characteristic of a direct and tunable bandgap. The bandgap of CIGSe can be tuned from 

1.04 to 1.7 eV with increased gallium content, which is governed by the following equation 

[31, 32]:  

 

E[ = (1 − x)E[`ab) + xE[`db) − bx(1 − x)   (eq. 2.3) 

 

where x is the gallium (Ga/(In+Ga)) ratio, E[`ab)	is the bandgap for CISe (1.04 eV), E[`db) is 

the bandgap for CGSe (1.7 eV), and b is the bowing coefficient that lays in the range of 0.15-

0.24 for CIGSe material [33].  

 

Gallium incorporation in CIGSe creates a graded bandgap in the absorber layer, which 

improves the collection of charge carriers. Gallium tends to diffuse towards the back contact 

and helps make better adhesion between the CIGSe absorber layer and back contact. Gallium 

forms an electric field, also called back surface field, near to back contact that helps electrons 

move towards the space charge region and enhances the probability of charge carrier 

collection [19]. The absorber material's bandgap range of 1.1-1.5 eV normally provides the 

maximum theoretical efficiencies for single-junction solar cells. At a higher gallium ratio 
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(greater than 0.3), the number of defects in the CIGSe film, such as mid-gap defects, band 

discontinuities at the interface, etc., increases and finally reduces the solar cell performance 

[19, 33, 34]. Furthermore, the bandgap of CIGSe can also be influenced by the copper 

content in the CIGSe film. The 𝛃-Cu(In,Ga)3Se5 phase has a greater (around 0.2-0.3 eV) 

bandgap than the 𝛂-Cu(In,Ga)Se2 phase [11, 35]. Therefore, CIGSe is a suitable absorber 

layer in photovoltaic applications due to its flexible characteristics and favorable optical 

properties. 

 

2.2.3.4 Electrical properties 

 

The electrical properties such as conductivity type and carrier density of the CIGSe are 

mainly affected by the doping types (intrinsic or extrinsic dopants) and doping density. 

Intrinsic defects control the doping of the CIGSe. There are twelve intrinsic defects (i.e., 

three vacancies, three interstitials, and six antisites) in the CIGSe semiconductor, depending 

on the elemental compositions in the CIGSe thin films [1]. The defects, which contain the 

lowest formation energy, will exist in the semiconductor material. In CIGSe, the defects 

such as copper vacancy (VCu), selenium vacancy (VSe), indium on copper or gallium on 

copper antisites (InCu or GaCu), copper on indium or copper on gallium antisites (CuIn or 

CuGa), etc., contain lower formation energy than other defects [33]. The defects VCu, VIII, 

and VSe are created due to the sub-stoichiometry in copper, group III, and selenium 

compositions, respectively. The defects CuIn or CuGa antisites and In-vacancy (VIn) are 

observed in the case of Cu-rich CIGSe, where both of the defects are shallow acceptors and 

contribute p-type CIGSe material [11]. The observed VCu acts as the dominant acceptor in 

Cu-poor composition and InCu represents a compensating donor. Therefore, Cu-poor CIGSe 

can be p-type or n-type semiconductor nature [36]. The types of CIGSe material can also 

define by the selenium content (i.e., Se/(Cu+In+Ga)) in the film. A p-type and n-type CIGSe 

are obtained at high (greater than or equal to 1) and low (less than 1) selenium content in 

CIGSe thin film, respectively. The selenium vacancy (VSe) is formed at lower Se content in 

CIGSe thin film that acts as a compensating donor [11, 36–38]. The di-vacancy complex 

defects (i.e., VSe-VCu or VSe-VIn) are also observed in the sub-stoichiometry of Se atoms, 

considering the origin of metastable defects in CIGSe TFSC. These di-vacancy complex 

defects can shift from a donor into an acceptor configuration in p-type CIGSe, which 

increases the hole concentration and acts as a recombination center for minority charge 
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carriers [38], [39]. Since vacancy and antisite have opposite charges, the 2VCu+InCu defect 

pair shows a neutral electrical property [40]. The defect cluster 2VCu+InCu has lower 

formation energy than 2VCu+GaCu defect pair, reducing the formation of OVC phases and 

increasing the growth of the 𝛂-CIGSe phase [35]. The copper ratio (Cu/(In+Ga)) from 0.85 

to 0.95 and gallium ratio from 0.2 to 0.3 is the best compositions to achieve highly efficient 

CIGSe TFSC.  

 

2.2.4 Window layer 

 

The window layer could be an n-type or intrinsic semiconductor used in the CI(G)Se TFSCs. 

The primary function of the window layer is to form a p-n junction with the absorber layer 

in a heterojunction thin film solar cell. Moreover, it helps to reach the photons into the 

absorber layer. The window layer must have a higher bandgap than the absorber layer and 

be as thin as possible to allow more photons into the junction and absorber layer. A thin 

window layer with no defects can minimize the resistive loss by maintaining the low series 

resistance and improving device performance [17]. The higher carrier concentration of the 

window layer than the absorber layer helps extend the space charge region wider into the 

absorber layer, improving the collection of the generated charge carriers. The window layer 

materials should have fewer defects and good coverage in the absorber layer to prevent the 

undesirable shunt path [19].  

 

The CdS is the II-VI n-type semiconductor, mainly used as a buffer window layer in CI(G)Se 

TFSCs because of its many advantageous features. The CdS has a direct bandgap ranging 

from 2.38 eV (for cubic crystal structure) to 2.58 eV (for wurtzite crystal structure) [41, 42]. 

The bandgap of CdS is higher than the bandgap of the CIGSe absorber layer (i.e., 1.04-1.68 

eV), which allows more photons reaching into the junction and absorber layer. The CdS can 

involve the passivation of the absorber surface by removing the surface impurities (i.e., 

oxides, selenides, etc.) and protecting the CIGSe absorber layer’s surface during the 

deposition of upper layers of the CIGSe TFSCs [11, 19, 41]. The diffusion of metallic atoms 

from the upper layers can impact the space charge region of solar cells by shunting at the 

junction. The CdS can prevent the diffusion of metallic atoms from the upper layers to the 

junction during its deposition or/and heat treatment. The CdS intermixes both the CIGSe 

absorber layer and ZnO window layer with better lattice mismatch that minimizes the 
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interfacial defects [42]. The CdS also provides a good band alignment in the solar cell 

structure, reducing the recombination center for charge carriers in the space charge region 

[43]. The Cd can diffuse from the CdS buffer layer to the surface of the absorber layer at 

higher temperatures than 200℃. This diffusion of Cd promotes the formation of pseudo-

buried-homojunction (i.e., p-CIGSe/n-CIGSe), which helps to reduce the recombination at 

the CdS/CIGSe interface. All these above characteristics prove that the CdS is the best choice 

as a buffer window layer for CIGSe TFSCs. The thickness and deposition methods of the 

CdS buffer window layer are the main parameters that can strongly impact solar cell 

performance. The chemical bath deposition for CdS thin films deposition is the best method 

for achieving high CIGSe TFSC performance [42]. Various alternative window materials 

include ZnS, In(OH)3, In2S3, ZnSe, ZnInSex, InxSey, ZnMgO, ZnO, SnO2, etc. have been 

investigated by different research groups because of the toxic nature of Cd [19, 41]. 

 

Another window layer employed in the CIGSe TFSC is undoped zinc oxide (ZnO), an n-

type semiconductor with a bandgap of 3.3 eV [11]. Generally, a thin ZnO layer is suitable 

in solar cells due to its relatively high conductivity, excellent electron mobility, high stability 

against photo-corrosion, and availability at a low cost. The ZnO effectively blocks the short-

circuit pathways through the voids in the CdS and consecutively improves the FF and Voc 

by increasing the shunt resistance of a solar cell. Therefore, the ZnO along with the CdS can 

prevent the electric losses by limiting the defective parts (i.e., shunt paths) in the CIGSe 

TFSCs. Moreover, ZnO can also avoid the diffusion of Al from the aluminum-doped zinc 

oxide that protects the CdS buffer window layer against chemical reactions and mechanical 

damage [43, 44]. The material properties of ZnO are strongly dependent on the oxygen 

composition of the material. The good optical properties of ZnO can observed at high oxygen 

content. Radio-frequency (RF) sputtering has mostly deposited the ZnO thin films for high-

efficiency CI(G)Se TFSCs [45]. 

 

2.2.5 Front contacts 

 

The front contact transports the generated charge carriers (i.e., electrons) from the absorber 

layer or p-n junction to the external circuit. The front contact of the solar cell has to be highly 

transparent to allow reaching the incident photons into the absorber layer for improving the 

generation of charge carriers. The front contact should also be highly conductive to improve 
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the device performance by preventing resistance losses while transporting the charge carriers 

into the external circuit [45, 46].  In CIGSe TFSC, the aluminum-doped zinc oxide (ZnO:Al) 

is used as a TCO layer due to its highly transparent, excellent conductive nature, and high 

bandgap of 3.6 eV [47, 48]. The ZnO:Al thickness ranging from 50 to 300 nm is usually 

employed in CIGSe TFSC. Its conductivity primarily depends on carrier concentration and 

mobility, which increases with an increase in doping rate [49]. The carrier concentration and 

mobility can be improved by enhancing the crystallinity of the material. The RF sputtering 

is also utilized to deposit the ZnO:Al thin films [49, 50]. Finally, the front contact is 

deposited over the ZnO:Al TCO to reduce the series resistance of the solar cells. The grid 

formed by trimetallic contacts consists of stacked nickel, aluminum, and nickel (Ni/Al/Ni) 

layers. These trimetallic contacts are normally deposited by the thermal evaporation method. 

Therefore, the quality of trimetallic grid depends on the spacing between these metals [46, 

51]. The minimum shadow of the front contact is applied to allow the maximum penetration 

of sunlight into the absorber layer. The aluminum metal represents the ohmic contact of the 

solar cells, and nickel metal protects against the oxidation of the aluminum metal and 

connects solar cells into electronic devices.   

 

2.3 Role of alkali element doping in CI(G)Se 

 

The doping of small amounts of alkali elements in the CIGSe absorber film tends to have a 

favorable effect on the properties of CIGSe film and CIGSe TFSC performance. Many 

studies based on the CIGSe material doped with alkali metals have been published. The 

beneficial effect of the alkali elements on the CIGSe material was first observed in 1993, 

where CIGSe TFSCs were grown on the soda-lime glass substrate containing sodium (Na) 

atoms [52]. The properties of the CIGSe absorber layer and solar cell device efficiency are 

mainly dependent on the methods of incorporation and types of alkali elements. The alkali 

elements consist of two types: light alkali elements (i.e., Li, Na, K) and heavy alkali elements 

(i.e., Rb, Cs), depending on the atomic mass of elements. The doping of alkali elements into 

the CIGSe material is mainly divided into three methods: pre-deposition, co-evaporation, 

and post-deposition incorporations [52–54]. The pre-deposition and co-evaporation 

incorporations mostly dope light alkali elements to the CIGSe absorber film, while post-

deposition methods were used to incorporate both light and heavy alkali elements to the 

CIGSe. The pre-deposition incorporation is commonly recognized for diffusing alkali atoms 
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from the alkali elements containing substrate during the growth of CIGSe thin films [54]. 

The soda-lime glass substrate is usually used in pre-deposition incorporation, which contains 

sodium and some potassium atoms. In pre-deposition incorporation, alkali elements are also 

distributed into CIGSe thin films by sputtering alkali-containing Mo back contact and 

deposition of an alkali-halide layer on Mo. The alkali elements are evaporated during the 

absorber layer deposition in co-evaporation incorporation [52]. The post-deposition 

incorporation commonly involves the depositing alkali halide thin layers on the CIGSe 

absorber layer and then annealed with Se atmosphere at high temperature [55]. The 

migration mechanisms of alkali atoms in the CIGSe thin film are different, depending on the 

types of alkali atoms. The light alkali atoms tend to diffuse into the bulk CIGSe layer and 

create little surface effects, while heavy alkali atoms mostly exhibit surface effects. The post-

deposition incorporation serves for desired deposition thicknesses and combines two or more 

alkali atoms. 

 

It has been reported that the incorporation of alkali atoms into the CIGSe absorber film 

promotes an increase in the acceptor concentration by reducing the number of electrically 

active donors. This increment enhances the p-type carrier concentration and built-in voltage, 

promoting higher Voc and FF values of solar cells [52, 53, 55–57]. It is also beneficial for 

the passivation of the defects at the CIGSe surface or/and at grain boundaries through 

activation of oxygen atoms that can improve the current density and FF by reducing the 

recombination centers of charge carriers [18]. Alkali elements react with Se to form an alkali 

polyselenide compound, which acts as a Se source during the growth of CIGSe absorber film 

[11, 52, 53]. This alkali polyselenide helps to reduce the formation of undesirable donor 

selenium vacancies. Moreover, alkali elements replace the copper vacancies, thereby 

reducing the formation of OVC phases of CIGSe and increasing the formation of desired 𝛂-

CIGSe phase. Alkali elements in the CIGSe TFSC promote the formation of alkali on copper 

antisites that supports the formation of (112) preferred orientation of CIGSe, growth of 

beneficial MoSe2 layer between Mo and CIGSe, improvement of the grain size, and 

crystallinity of CIGSe absorber film, formation of smoother surface and increasing the 

charge carrier mobility [46, 52, 53, 58, 59], etc. These favorable properties improve the 

collection of charge carriers. Although various hypotheses have been formulated regarding 

the effect of alkali metals by different groups, the actual mechanisms for improving the solar 

cell device performance in the presence of alkali elements are still controversial. 
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2.4 Recombination mechanism in CI(G)Se thin film solar cells 

 

The recombination phenomenon brings the solar cell back to equilibrium by recombining 

excited electrons and holes before collecting these charge carriers. An excited electron 

relaxes back to the lower state (valence band) and recombines to the hole by losing its energy 

in the form of photon or/and phonon. A semiconductor's recombination mechanism is mainly 

divided into radiative recombination, Auger recombination, and Shockley-Read-Hall (SRH) 

recombination [11, 60, 61]. Radiative recombination refers to a direct band-to-band 

recombination. An electron falls from conduction band minima to the valence band maxima 

by emitting a photon with an energy equivalent to the semiconductor's bandgap. In Auger 

recombination, the energy of an electron is transferred to another electron, exciting it into 

higher energy states within the same band instead of giving off photons. The new excited 

electron then thermalizes and recombines to the hole of the valence band. The Auger 

recombination process involves a carrier-phonon interaction. The probability of Auger 

recombination increases at a higher concentration of charge carriers [61]. The SRH 

recombination, also known as trap-assisted recombination, includes the transition of 

electrons between bands with the emission of one or several phonons. The SRH 

recombination involves typically the presence of defects (i.e., point defects, grain 

boundaries, impurities, etc.) at the surface or bulk of the semiconductor material [62, 63]. 

The SRH recombination is considered a dominant recombination mechanism due to the 

existence of defects in the CIGSe absorber film. The following equation describes the 

general expression of recombination rate for SRH recombination [61, 64]: 

 

RSRH = (np-ni2)/(𝛕p(n+n1)+	𝛕n(p+p1))    (eq. 2.4) 

 

where the n and p are electron and hole densities, respectively, the ni denotes the intrinsic 

carrier concentration. The 𝛕n is the minimum lifetime of the electron and 𝛕p is the minimum 

lifetime of the hole. The n1 and p1 are respective electron and hole densities when the Fermi 

level lies at the energetic position of the defect. Depending on the region in CIGSe TFSC, 

the recombination mechanism is categorized into four types: recombination at the back 

contact, recombination in the quasi-neutral region of the absorber, recombination in the 

space charge region of the absorber, and recombination at the absorber/buffer interface [63–
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65], as shown in Fig. 2.4. The recombination of charge carriers is commonly observed 

maximum in the region other than the space charge region [64]. The back-contact 

recombination is found in the solar cell having a thin absorber layer where the electrons 

diffuse to the back contact and recombine to the holes of the back-contact material. The 

quasi-neutral region of the absorber comprises the area outside the space charge region and 

extends up to the back contact. Therefore, the generated charge carriers in the quasi-neutral 

region of the absorber will either recombine or diffuse to the space charge region. The 

recombination in the quasi-neutral and space charge regions can be enhanced by shallow and 

deep defect levels, a linear defect distribution, and exponential defect distribution in the 

absorber layer [64]. At the buffer/absorber interface, many interface states containing the 

defects (i.e., an exponential defect distribution and Fermi level position) can lead to an 

interface recombination path. The recombination at the buffer/absorber interface depends on 

the symmetry of material properties such as bandgap, electron affinity, etc., between the 

absorber and buffer materials.   

 

 
Fig. 2.4 Schematic of the band diagram and recombination mechanisms of CIGSe heterostructure TFSC, 

showing recombination at 1) back contact, 2) quasi-neutral region, 3) Space charge region, 4) CdS/CIGSe 

interface [66] 

 

2.5 Deposition methods for CI(G)Se thin films  

 

Since the CI(G)Se thin films are an essential layer in the CI(G)Se TFSC, their deposition 

methods are crucial factors for commercial manufacturing. The high conversion efficiency 

and affordable solar cells are preferred for commercialization. Many deposition methods are 

utilized for CIGSe thin films synthesis. These deposition methods can impact the material 
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properties and production costs. The deposition methods (see Fig. 2.5) are mainly divided 

into two types, namely vacuum-based methods and non-vacuum-based methods, depending 

primarily on the material quality and production cost [11, 19, 67–69]. Vacuum-based 

methods such as co-evaporation, sputter deposition, selenization or sulfurization of precursor 

layers, etc., are more reliable and reproducible, yielding high-quality thin films with fewer 

impurities [70, 71]. Although vacuum-based methods provide high device performance, the 

device cost is very high using expensive equipment and high purity precursor materials. The 

non-vacuum techniques are generally divided into three parts: electrodeposition, particulate 

and solution-based methods [19, 72–74]. These non-vacuum methods possess cost-effective 

devices due to their simplicity of the deposition process, require less energy usage, have 

better material utilization, and use of potentially low energetic incentives (i.e., low substrate 

temperatures, atmospheric environment, etc.). However, the non-vacuum methods have the 

disadvantage of low-quality film deposition, making it less efficient. The choice of the 

particular deposition method for CIGSe thin films depends on various features such as 

source materials, nature of substrate, required film thickness, specific application of film, 

film purity, film stability, repeatability, uniformity, and flexibility of the deposition method, 

etc. Various steps such as generation of the atoms/molecules from the source, transport of 

the source atoms/molecules to the substrate, deposition of atoms/molecules on the substrate, 

and post-growth treatment and analysis are involved in any deposition methods for the 

growth of the thin films. A few deposition methods that are in practice for CIGSe thin films 

are described here in detail. 

 

 
Fig. 2.5 The classification of the CI(G)Se thin film deposition methods 

 

2.5.1 Co-evaporation method 

 



 

 

42 

One of the most used vacuum techniques for the deposition of CIGSe thin films is the co-

evaporation method. This method involves the simultaneous deposition of various materials 

on the substrate from the evaporation sources. In this technique, the vapors of the materials 

are produced by boiling or sublimation and then transported from the elemental source 

region to the substrate region, and finally, condensed the materials on the substrate [19, 33, 

70, 71]. The parameters such as elemental source temperatures, the pressure of deposition 

chamber, substrate temperature, sticking nature of materials, and distance between elemental 

sources and substrates, are important factors in the co-evaporation method that can control 

the growth rate of deposited thin films. Generally, a very low base pressure deposition 

chamber removes all potential residual and contaminated gases. Therefore, the vapors of 

materials can reach the substrate very easily and enhance the growth rate of the required 

materials. The source elements, namely Cu, In, Ga, and Se, are utilized in the co-evaporation 

method to deposit the CIGSe thin films. Typical ranges of source temperatures of elements 

used in the co-evaporation method are 1000-1400℃ for Cu, 800-1100℃ for In, 900-1200℃ 

for Ga, and 250-350℃ for Se evaporation. The co-evaporation method for CIGSe thin films 

consists of multiple steps or stages: one-stage process, two-stage process, and three-stage 

process [11, 19, 46]. These stages of the co-evaporation process are investigated to improve 

the quality of the CIGSe absorber layer for CIGSe TFSC application. The schematic diagram 

of the co-evaporation method is shown in Fig. 2.6. 

 

 
Fig. 2.6 The schematic of co-evaporation method for CI(G)Se thin film synthesis 
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The one-stage process is the simple deposition process. All the required materials are 

simultaneously evaporated and condensed on the substrate in a one-stage process [11, 75]. 

The substrate temperature is kept at a constant value throughout the deposition process. The 

slightly copper-poor film composition is preferred due to the favorable electronic properties 

in the CI(G)Se thin film, obtained by varying evaporation rates of each material. Record 

efficiency of 16.4% has been observed so far for CIGSe TFSCs by using a one-stage process 

[76]. 

 

The two-stages processes are introduced to improve the quality of the CIGSe thin films and 

CIGSe TFSC performance. The two-stage techniques provide larger grain sizes of the CIGSe 

thin films than the one-stage process, attributed to the formation of a CuxSe phase during the 

Cu-rich first stage. This CuxSe phase improves the grain size through the diffusion of group 

III atoms during film growth [77]. The two-stages processes are classified into three types: 

bilayer or Boeing process, CURO (Cu-rich/off) process, and inverted process [19]. In the 

Boeing process [78], the Cu-rich CIGSe thin films are formed in the first stage at low 

substrate temperature (i.e., 350-450℃), and then In-rich CIGSe thin films are obtained in the 

final stage at a high substrate temperature (i.e., 550-600℃). To date, the maximum 

conversion efficiency of 13-14% has been found for CIGSe TFSC using the bilayer process 

in CIGSe thin film synthesis [79]. The CURO process is related to the bilayer process, where 

all the elements (i.e., Cu, In, Ga, Se) are evaporated at constant substrate temperature [80]. 

After a certain deposition time, the copper flux is stopped to obtain slightly Cu-poor CIGSe 

thin films. The presence of the Cu-rich phase in the CIGSe thin films at the first stage can 

help to enhance the grain size of CIGSe thin films. The CURO process has achieved a 

maximum conversion efficiency of 14-16% for CIGSe TFSC [80]. The inverted process is 

an inverse Boeing process for the growth of the CIGSe thin films. This inverted process 

consists of the deposition of Cu-free precursor layer at low substrate temperature followed 

by the deposition of CuxSe at the same substrate temperature. And finally, the complete 

CIGSe absorber layer is formed by evaporating Se over the incomplete CIGSe thin films at 

high substrate temperature (i.e., 550-600℃) [81]. The deposition time of each element is 

chosen so that the final composition of CIGSe thin films becomes slightly Cu-poor. The 

maximum conversion efficiency of 13-17% has been observed for CI(G)Se thin films 

prepared by an inverted process [80, 81].  
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The three-stage process is the most used technique for fabricating the CIGSe absorber layer. 

This method consists of three steps: deposition of precursor layer (co-evaporation In and Se 

for CISe or In, Ga, and Se for CIGSe), co-evaporation of Cu and Se over the precursor layer 

deposited in the first stage, and finally co-evaporation of In and Se (for CISe) or In, Ga, and 

Se (for CIGSe) [19, 82]. The first stage is carried out at low substrate temperature (i.e., 300-

400℃), whereas the second and third stages are performed at high substrate temperature (i.e., 

500-600℃). The deposited CI(G)Se thin films from the three-stage process are initially In-

rich composition, which is changed to Cu-rich composition in the second stage and finally 

made In-rich or slightly Cu-poor composition. In the second stage, a transition from the Cu-

poor to the Cu-rich CIGSe phase occurs in the atomic composition. This phenomenon is 

called the recrystallization phenomenon, forming CuSe (liquid) and Cu2Se (Solid) phases. 

These phases encourage the film's growth through the mechanism of diffusion, transport, 

and reaction kinetics [11]. The material properties of CIGSe, namely structural, 

morphological, electrical, etc., are improved in the recrystallization phenomenon by 

minimizing crystalline defects in the grains. A solid-state interdiffusion of Cu, In, Ga, and 

Se atoms is necessary to have a uniform distribution of atoms in the CIGSe thin films. The 

interdiffusion of atoms is classified into three steps: atom-atom replacement, interstitial 

migration, and vacant lattice sites [11, 82]. The diffusion rate of Cu, In, Ga, and Se are 

respectively around 10-13 m2/s (at 400℃), 10-17 to 10-16 m2/s (at 400℃), 10-17 to 10-16 m2/s (at 

400℃), and 10-16 m2/s (at 300℃) [19]. A slightly Cu-poor phase and excess selenium in the 

third stage allow the formation of a p-type CIGSe absorber layer as well as that is required 

to achieve higher CIGSe TFSC performance. Various groups have used different selenium 

content (Se/(Cu+In+Se)) in the CIGSe thin films to improve CIGSe TFSC performance. Till 

date, it has obtained a maximum CIGSe TFSC efficiency of around 23% by using a three-

stage co-evaporation process [19]. 

 

2.5.2 Sputter deposition 

 

Another commercially available vacuum deposition technique for the growth of the CIGSe 

absorber layer is sputter deposition or sputtering [68, 83]. In the sputtering, the atoms of 

required materials are ejected from the target material by bombarding with an energetic 

particle on it. These ejected atoms are condensed and deposited on the substrate, forming a 

thin material film. The sputtering technique can deposit uniform CIGSe thin films with high 
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deposition rates over large areas. The sequential deposition of copper, indium, and gallium 

as a precursor layer is carried out on the substrate in the sputtering [19, 69]. This precursor 

material is then annealed in the presence of selenium or sulfur. The annealing temperatures 

between 400 to 500℃ is the condition to achieve high-quality material. At the industrial 

scale, this method is used mainly by Solar frontier, Avancis, Sulfurcell, etc. The highest 

CIGSe TFSC efficiency of 23.35% is achieved by the Solar frontier [10]. In practice, several 

types of sputtering systems are used: DC sputtering, RF sputtering, magnetron sputtering, 

and ion beam sputtering [21]. Fig. 2.7 shows the schematic diagram of sputtering systems. 

Argon gas is typically bombarded into the target material for ejecting the required material 

from the target material towards the substrate. 

 

 
Fig. 2.7 Schematic of the sputtering systems 

 

2.5.3 Selenization or sulfurization  

 

The selenization or sulfurization of precursor materials is another vacuum process to get 

high-quality thin films [84]. This process also helps to get uniform thin films over a large 

area. The precursor materials for CIGSe thin films can be deposited by various methods, 

including vacuum methods (i.e., co-evaporation, sputtering) and non-vacuum methods (i.e., 

electrodeposition, spray pyrolysis, etc.). The precursor materials consist of layers of single 

elements, layers of binary materials, layers of ternary materials, and layers of mixed 

materials for the deposition of the CIGSe absorber layer [19, 70]. The growth of the CIGSe 

thin films by selenization process is mostly a two-steps process, consisting of an initial 

lower-temperature selenization (i.e., 300-400℃) followed by a higher temperature 
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selenization (i.e., 500-600℃) in an inert gas atmosphere [84, 85]. Apart from grain growth 

and the uniform composition of CIGSe thin films, high reaction temperatures can facilitate 

the formation of MoSe2 at the CIGSe/Mo interface [86]. The MoSe2 forms an ohmic contact 

between the CIGSe absorber layer and molybdenum back contact, reducing the 

recombination rate of generated charge carriers. Generally, the elemental Se or/and H2Se are 

used as selenium sources in the selenization process, and H2S is used as a sulfur source in 

the sulfurization process. The main parameters of this process, such as selenization or 

sulfurization time, temperature, chamber pressure, the quantity of selenium or sulfur source, 

can affect the properties of CIGSe. These parameters vary depending on the precursor 

materials' thickness and the required elemental composition of the final material. The 

maximum conversion efficiency of 22.3% has been achieved for the CIGSe TFSC using the 

selenization process [87].   

 

2.5.4 Electrodeposition based methods 

 

The electrodeposition method is intensely studied for depositing chalcopyrite-based 

semiconducting materials [19, 37, 83]. This method has the characteristics of simple, large-

area deposition, cost-effective, time-saving, adequate for safety concerns, low-temperature 

deposition and use of soft processing materials, etc. Generally, a three-electrode system, 

namely working electrode (substrate material for film deposition), counter electrode (inert 

electrode often Pt wire or plate), reference electrode (SCE or Ag/AgCl), is applied in the 

electrodeposition process [19, 33]. Electrodeposition for CIGSe thin films is mainly divided 

into one-step and two-step processes. Bhattacharya et al. published the paper for the first 

time on one-step electrodeposition to deposit CISe thin films [88]. The CIGSe based thin 

films are deposited on the substrate from the aqueous solution containing a single electrolyte 

(often compounds containing sulfates or chlorides). The electrode potentials over normal 

hydrogen electrode (NHE) for Cu, In, Ga, and Se are +0.337 V, -0.342 V, -0.529 V, and 

+0.741 V, respectively [89]. The elements Cu and Se can be easily electrodeposited by 

reduction. But it is challenging for electrodeposition of In and Ga due to their negative 

potential values and reduction reaction of the proton. Therefore, special efforts in the 

electrodeposition process such as adjusting the concentration of elements (Cu, In, Ga, and 

Se), varying the pH of the solution, adding complexing agents, etc., can make the electrode 

potential of all the elements closer to each other. The two-step electrodeposition process 
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involves depositing the stacked layers of metals or alloys or binary selenides, followed by 

selenization or sulfurization treatment [89]. In the electrodeposition process, the reaction 

rate increases when the potential of the working electrode is made more negative. Several 

deposition parameters, namely deposition potential, the conductivity of a solution, the 

surface area of a working electrode, electrolyte temperature, complexing agent, 

concentration of elements, electrode materials, pH of electrolyte, deposition time, can affect 

the properties of deposited films. Many strategies have been developed to the deposition of 

CI(G)Se thin films by electrodeposition process for improving the quality of deposited thin 

films and overcoming the thermodynamic and chemical difficulties [33, 37, 88]. The 

electrodeposition using an aqueous electrolyte, non-aqueous electrolyte, electrochemical 

mechanism, electroless, and chemical bath deposition is developed strategies so far for the 

CI(G)Se thin films. The electrodeposited CI(G)Se TFSC results are reported in many 

publications. The maximum efficiency of 17.3% has been observed for CIGSe TFSC using 

the electrodeposition process [90].  

 

2.5.5 Particulate based methods 

 

Particulate-based methods offer an efficient method for depositing chalcopyrite thin film 

precursor materials [19, 73, 90]. The inks of the particulate precursor materials are deposited 

onto the substrates, followed by the necessary thermal treatment under a chalcogen 

atmosphere to achieve the desired phase. The particulate-based methods have the advantages 

of uniform film deposition, large-area film preparation, fewer pinhole defects, low 

deposition temperature (<400℃), easy to control the composition of elements, etc. 

Particulate precursor materials are sub-micron powders or nanoparticles of metals, metal 

alloys, metal oxides, or chalcogenides [33, 90]. The process of obtaining CI(G)Se thin films 

by particulate-based methods is presented in Fig. 2.8. First, various techniques are 

synthesized CIGSe nanoparticles, typically ball milling, hot injection, and solvothermal 

methods. The ball milling is used to grind a fine powder through an internal cascading effect 

[91]. Nanoparticles with an extremely large surface area can also be obtained from the ball 

milling process, which might be more reactive than ordinary materials.  

 

A multi-necked flask is mounted on a heating mantle in the hot injection method. This flask 

is filled with solvents that can be degassed by inert gas. The reagents are injected into the 
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flask after heating the solvents at a certain temperature, and then the reaction between 

solvents and reagent starts. The CIGSe nanoparticles are separated by centrifuging the 

mixture and redispersed in non-polar solvents for more purification [88, 92]. A solvothermal 

process is a solution-based approach where autoclaves are used to provide relatively high 

pressure over the reactants [93]. The precursor materials (i.e., metals or metal salts) are 

added to autoclaves with solvents and surfactants. The sealed autoclaves are sintered at a 

temperature less than 200℃ and then cooled to room temperature. Similarly, CIGSe 

nanoparticles are collected by centrifuging process and then redispersed in non-polar 

solvents. Next, the CIGSe nanoparticles are dispersed in a compatible solvent (or additives) 

and then mixed adequately through ultrasonication. The mixture of nanoparticles and 

solvents are deposited on the substrate as inks, suspensions, or pastes by numerous synthesis 

methods such as spin-coating, dip-coating, doctor-blading, Ink-printing, etc. The solvent 

materials in particulate-based methods should be volatile with low temperatures to prevent 

the formation of complex phases with nanoparticles. Finally, the CIGSe thin films are 

obtained by annealing the deposited inks annealed at high temperature in the presence of Se 

or S. Nano solar has been working to develop particulate-based methods and has reported 

the maximum conversion efficiency of 17.1% for CIGSe [19]. 

 

 
Fig. 2.8 Schematic of the Particulate-based methods for the deposition of CI(G)Se thin films 

 

2.5.6 Solution based methods 

 

The solution-based methods have been attracted in the deposition of CI(G)Se thin films due 

to their several advantageous properties, such as simplicity, easy scale-up, uniform film 

deposition, high material utilization, operation at moderate temperature (i.e., 100-500℃), 

use of low-cost equipment [72, 73], etc. The precursor materials are generally dissolved in 

the solvent in the solution-based methods, forming a true solution with the required 
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materials. The solvents are chosen in the solution-based methods due to their polarity, 

reactivity, and toxicity [19]. Many precursor materials are used in solution-based processes 

to deposit materials needed on the substrate. These precursor materials can broadly be 

classified into three sections: metal salts-based precursors, organometallic-based precursors, 

and hydrazine-based precursors [19, 46]. The metal salts (i.e., chlorides and nitrates) offer 

good solubility in water and alcohol, considered the most intuitive and the easiest ways to 

make precursor solutions. These precursor solutions possess low viscosity without adding 

any binding agent. The spray pyrolysis deposition system is typically utilized for the solution 

containing low viscosity. The spray pyrolysis is based on the pyrolytic decomposition of tiny 

droplets of precursor solution onto a heated substrate under atmospheric pressure [21, 93]. 

Using this technique, the deposition of thin films involves three main steps: the atomization 

of precursor solutions, transportation of the resultant aerosol, and decomposition of the 

precursor on the substrate. Understanding these three steps of the spray pyrolysis technique 

can improve the quality of the deposited films. The spray pyrolysis technique is mainly 

classified into pneumatic, ultrasonic, electrostatic depending on the atomizer used in the 

atomization process [21]. Fig. 2.9a displays the pneumatic spray pyrolysis technique, 

consisting of an atomizer, a solution container, temperature controller, a substrate heater, 

gas, and liquid flow meter. Precursor materials such as metal chlorides or nitrides (for 

copper, indium, gallium sources), thiourea (for sulfur source), and N, N-dimethyl selenourea 

(for selenium source), and water/alcohol mixed solvents are used in the deposition of 

CI(G)Se thin films. The maximum 10.5% conversion efficiency is obtained for CI(G)Se 

TFSC by spray pyrolysis technique [94]. 

 

The deposition techniques other than spray pyrolysis, such as doctor blading, spin coating, 

etc., can be applied for viscous solutions [19, 90]. The precursor solutions become highly 

viscous by adding binders or chelating agents. The spin coating technique (see Fig. 2.9b) 

involves the application of inks to the rotating substrate at a certain angular velocity. The 

deposited thin films are annealed at high temperatures in the presence of selenium or sulfur 

atmosphere. The spin coating technique normally utilizes nitrate salts and PVA as a binder. 

The thickness of deposited films over the substrate depends on the rotation speed and 

viscosity of solutions. Multiple depositions in the spin coating are required to build up the 

necessary film thickness (typically, 4/5 times deposition is needed to obtain 1.2 µm of film 

thickness) [22, 73]. To date, the maximum CIGSe TFSC efficiency of 15.2% has been 
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observed by using the spin coating technique [95]. The doctor blading technique is also 

employed to deposit thin films by moving the blade over the substrate containing highly 

viscous precursor solutions, as shown in Fig. 2.9c. Afterward, the deposited films over the 

substrate are annealed in a selenium or sulfur environment. In the doctor blading technique, 

various binders (i.e., methanol, ethyl cellulose, polymethyl methacrylate, etc.) are combined 

with metal nitrates to make precursor inks. The record efficiency of 15% has been observed 

for CIGSe TFSC using the doctor blading technique [96]. 

 

Organometallic-based precursors are different than metal salts precursors, where the 

components of CIGSe material are mixed with the solution at a molecular level [19, 72, 73]. 

These precursors are classified into two types: single-source (e.g., (Ph3P)2Cu(µ-

SEt)2In(SEt)2) and multi-source (metal naphthenate). The single-source precursors prevent 

the binary phase formation during the deposition of CIGSe based thin films that could 

negatively affect the device performance. Various techniques such as spin coating, spray 

pyrolysis, spray chemical vapor deposition, etc., are used to deposit CI(G)Se thin films from 

the organometallic precursors. The maximum efficiency obtained for CIGSe based TFSC 

using a single-source organometallic precursor is of 6.7% [97].  

 

Hydrazine-based precursors are introduced to address the issues of film purity and quality 

[98]. Hydrazine is an extremely polar liquid with similar physical properties to water. 

Hydrazine possesses the unique reducing nature to dissolve metal chalcogenides at high 

concentrations. First, the metal chalcogenides (Cu2S/Cu2Se, Ga2S/Ga2Se, In2S3/In2Se3, S/Se) 

are dissolved separately into the hydrazine through stirring at room temperature. Afterward, 

all precursor solutions are mixed to form precursor inks of CIGSe. These obtained precursor 

inks can be deposited onto the substrates by different deposition techniques (such as spin 

coating, drop-casting, etc.) followed by annealing treatment [72, 73]. Upon heating, the 

hydrazine decomposes into various compounds that show volatile nature and leaves from 

the system and finally forms CI(G)Se thin films directly on the substrate. To date, the 

maximum conversion efficiency of 15.2% has been observed for CI(G)Se TFSC using 

hydrazine precursor solutions [95]. Since hydrazine is a highly toxic and reactive material, 

safety precautions must be required to prepare precursor inks and the deposition of films on 

the substrate. Because of that, many alternative solvents have been developed to replace 
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hydrazine solvents. But the emerging solvents have not found good results on CI(G)Se TFSC 

so far.  

 

 
Fig. 2.9 Schematic of a) pneumatic spray pyrolysis, b) spin coating, and c) doctor blade techniques 

 

2.6 Hybrid deposition method 

 

The solar cell performance can be improved by increasing the solar cell efficiency and 

reducing the manufacturing cost. The efficiency of solar cell depends on the quality of the 

semiconducting material used in the solar cells, while the cost can be reduced by using low-

cost materials and growth methods. The growth methods of semiconductors can also alter 

the material properties and qualities. Vacuum-based methods yield high-quality thin films 

with fewer impurities. On the other hand, non-vacuum methods possess cost-effective 

devices by utilizing low-cost growth processes and cheaper precursor materials. But the high 

fabrication cost in vacuum-based methods and low PCE in non-vacuum-based techniques 

are the main concerns in thin film solar cells. A new approach for synthesis of CI(G)Se thin 

films is required to get high efficiency-to-cost ratio of the device. The novel hybrid 

deposition method is employed in this study for CI(G)Se thin films synthesis to address the 

challenges associated with either of those methods.  

  

This hybrid deposition method resembles the three-stage co-evaporation method that 

combines the non-vacuum spray pyrolysis technique and vacuum co-evaporation method 

[34], as shown in Fig. 2.10. The purpose of combining vacuum and non-vacuum methods in 

the hybrid method is to utilize their advantages for improving the efficiency-to-cost ratio of 

a photovoltaic cell. The first stage of the hybrid deposition method involves the indium 
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selenide (In2Se3) precursor layer deposition using the pneumatic spray pyrolysis technique 

[99]. The 2nd and 3rd stages of the hybrid deposition method are performed in the co-

evaporation method. In the 2nd stage, the co-evaporation of copper and selenium over the 

In2Se3 precursor layer deposited in the first stage is carried out. This idea aims to obtain a 

transition from Cu-poor to the Cu-rich CIGSe phase in the atomic composition, a 

phenomenon called the recrystallization phenomenon and associated with an increase in the 

grain sizes and subsequent improvement in absorber layer quality. The 3rd stage consists of 

the co-evaporation of indium and selenium (for CISe) or indium, gallium, and selenium (for 

CIGSe) until the nominal composition returns to the slightly Cu-poor composition to achieve 

the requirement of Cu-poor composition for the CI(G)Se absorber layer. The slightly Cu-

poor composition can form buried homojunction, which helps to reduce the recombination 

of charge carriers at the interface. Finally, the CI(G)Se thin films deposited by hybrid 

methods are annealed in a selenium environment at high temperatures. The post-annealing 

treatment aims to get uniform distribution of elements inside the films and improve the grain 

size of the CI(G)Se thin films. The larger grains in the CI(G)Se thin films decrease the 

number of grain boundaries, which eventually reduces the recombination centers and then 

improves device performance. 
 

 
Fig. 2.10 Schematic image of hybrid deposition method developed for the growth of CI(G)Se thin films 
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Chapter 3 Experimental, simulation and characterization details 
 

This chapter mainly describes experimental details, SCAPS simulation details, and 

characterization techniques used for the experimental and simulation study. In the 

experimental work section, a brief information of substrate preparation, hybrid deposition 

method for CI(G)Se absorber layer synthesis and chemical bath deposition method for CdS 

buffer layer are explained. This chapter also introduces the SCAPS simulation details, 

containing solar cell structures for CIGSe based TFSCs as well as details of material 

parameters used in the solar cells. The characterization techniques namely X-ray diffraction 

(XRD), Raman spectroscopy, scanning electron microscopy (SEM), energy dispersive X-

ray spectroscopy (EDS), atomic force microscopy (AFM), ultraviolet-visible (UV-Vis), 

four-probe method, and Hall van der Pauw method, are briefly described here for studying 

the structural, morphological, compositional, topographical, optical, electrical properties of 

the thin films. Finally, the external-quantum efficiency measurement is also introduced to 

estimate the individual losses responsible for reducing the current in the CI(G)Se TFSCs. 

 

3.1 Experimental details 

 

3.1.1 Substrate preparation 

 

The selection of the best substrate in the deposition process is typically based on various 

characteristics, such as temperature stability, thermal expansion coefficient, and chemical 

stability. Soda-lime glass (SLG) substrate has all the qualities mentioned above for 

fabricating CIGSe based TFSCs. Here, thin film materials are grown over SLG substrate 

(corning No 2947, 75 × 25 × 1 mm2). The deposited films should adhere effectively to the 

substrate for better growth of the thin films. Therefore, the substrates must be cleaned 

properly before using in the solar cell fabrication. For this, the substrates are cleaned by 

using various steps that are explained as follows.   

 

i. First, substrates are ultrasonically cleaned with de-ionized water for 10 minutes. 

Shock waves created in the solvent rendered the possible removal of residues. 

ii. Then, substrates are subjected to ultrasonic agitation in Extran solution for 10 

minutes, followed by ultrasonic agitation in de-ionized water for 10 minutes. 
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iii. Subsequently, substrates are washed in NaOH aqueous solution (2.5M) for 60 

minutes, followed by ultrasonic agitation in de-ionized water for 10 minutes. 

iv. After that, substrates are rinsed with HCl (0.1M) solution in an ultrasonic bath for 5 

minutes, followed by ultrasonic agitation in de-ionized water for 10 minutes. 

v. Then, substrates are cleaned with methanol (98 %, pure) for 10 minutes, followed by 

ultrasonic agitation in de-ionized water for 10 minutes. 

vi. Finally, substrates are dried by nitrogen gas and directly put in the deposition of thin 

films or preserved in a vacuum for future use. 

 

3.1.2 CI(G)Se thin films by hybrid deposition method 

 

The CI(G)Se absorber materials are deposited using the novel hybrid deposition method. 

This proposed hybrid deposition method resembles with 3-stages co-evaporation process, 

that combines the pneumatic spray pyrolysis (PSP) technique and the co-evaporation 

method. The hybrid deposition method helps to obtain the material with high quality, better 

growth rate and low-cost by utilizing less pure precursor materials as well as reducing the 

waste of pure materials (especially in the co-evaporation method). These advantages can 

improve the efficiency and reduce the cost for CIGSe TFSC. The first stage of the hybrid 

deposition method involves depositing indium selenide thin films through the PSP technique 

[1]. The second and third stages were carried out in the vacuum co-evaporation method [2, 

3]. The copper and selenium are co-evaporated in the second stage. Finally, the third stage 

consists of the co-evaporation of indium and selenium for CISe thin films or indium, gallium, 

and selenium for CIGSe thin films, respectively.  

 

PSP technique, also called solution process, is based on a pyrolytic decomposition of tiny 

droplets of precursor solution on a heated substrate. Fig. 3.1 displays the PSP technique for 

the deposition of indium selenide (In2Se3) thin films. The In2Se3 films are deposited on the 

SLG substrates, heated by a heater containing a molten tin bath because of its better heat 

transfer property to a solid surface. All the precursor materials for thin film deposition are 

chosen in such a way that the product compounds other than the In2Se3 compound will be 

volatile with substrate temperature. The precursor materials, namely indium chloride (InCl3, 

the concentration of 0.0015 M) and N, N-dimethyl-selenourea (NH2(CH3)2NCSe, the 

concentration of 0.005 M) are dissolved in a solution containing ethanol (20 vol%), and 
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water (80 vol%). These precursor materials should be completely soluble with ethanol 

solution for getting uniform growth of the thin films on the heated substrate. Ethanol is 

suitable solvent material in the PSP technique because it can dissolve the precursor materials 

completely in 20 vol% and contains nonflammable nature with temperature. As selenium 

showed volatile nature with temperature, a higher amount of N, N-dimethyl-selenourea is 

applied than indium chloride in the solution to maintain high selenium content within the 

film. The excess selenium content in the film allows the formation of the gamma-In2Se3 (𝛄-

In2Se3) phase, which is more stable phase than others. Various parameters such as substrate 

temperature, deposition time, nozzle-to-substrate distances, gas flow rate, solution flow rate, 

etc., are adjusted and optimized to deposit indium selenide thin films. The optimized 

deposition parameters for In2Se3 thin films by PSP technique such as the solution flow rate, 

gas flow rate, the substrate temperature, deposition time, and the distance between the nozzle 

to substrate are 5mL/min, 4000 mL/min, 300-340℃, 90 minutes and 26 cm, respectively. A 

thickness of around 1 µm for In2Se3 thin film is found. The chemical reaction mechanisms 

occurred in the PSP technique for indium selenide deposition are explained below [4].  

 

3NH2(CH3)2NC=Se (aq) + CH3CH2OH (aq) + 2InCl3 (s) + 6H2O (aq) ⟶ In2Se3 (s) + 

3CO2 (g) + 3(CH3)2NH (g) + 3NH3 (g) + CH3CH2OH (g) + 3Cl2 (g) (eq. 3.1) 
 

 
Fig. 3.1 Pneumatic spray pyrolysis system used for the deposition of In2Se3 thin films 

 

The co-evaporation method is a vacuum process where elements are evaporated and 

condensed on the substrate at a certain distance from the evaporation source. In the second 

stage, copper and selenium are co-evaporated over the In2Se3 precursor layer deposited in 
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the first stage. The base pressure of the chamber is maintained at 5×10-6 Torr for depositing 

the precursor materials without any disturbance. The substrate temperature is kept at 500℃ 

to diffuse copper inside the films and to have chemical reactions of the compounds to form 

a single compound. Source temperature for copper of 1300℃ was used in the evaporation 

process. Excess selenium is employed due to its low sticking coefficient than other elements 

(i.e., copper, gallium, indium). Moreover, selenium acts as a volatile nature at higher 

substrate temperature, so that deposited selenium on the substrate can be ejected out and 

contain a low proportion of selenium in the film. Therefore, excess selenium must be used 

to prevent selenium deficiency in the film. This idea aims to obtain a transition from Cu-

poor to Cu-rich CIGSe phase of its atomic composition. This phenomenon is called the 

recrystallization phenomenon, where the grain size of the layer increases and subsequently 

improves material quality. During this stage, deposition is aiming to reach a stoichiometry 

(y=[Cu]/([In]+[Ga]) or ([Cu]/[In]) =1) or off-stoichiometry Cu-rich (y >1). Then, copper 

evaporation is promptly suspended with the completion of the deposition time of 60 minutes. 

The chemical reaction mechanisms during the second stage are mentioned below [5]. 

 

At the beginning of second stage,  

8In2Se3 or (In, Ga)2Se3 + 5Cu + Se ⟶ 5CuIn3Se5 or Cu(In, Ga)3Se5 + In or (In, Ga) (eq. 3.2) 

At the mid of second stage,  

CuIn3Se5 or Cu(In, Ga)3Se5 + 2Cu + Se ⟶ 3CuInSe2 or Cu(In, Ga)Se2         (eq. 3.3) 

At the end of the second stage,  

2Cu + Se ⟶ Cu2Se                             (eq. 3.4) 

 

Finally, the third stage involves completing the absorber layer (CIGSe) by the co-

evaporation of In+Se (for CISe) or In+Ga+Se (for CIGSe) until the nominal composition 

returns to the slightly Cu-poor composition. Slightly sub-stoichiometric (y<1) values (i.e., 

0.85 to 0.95) and excess selenium allow the formation of p-type CIGSe material, which is 

the requirements of the thin film solar cells. The indium is evaporated at a source temperature 

of 850℃ for 15 minutes, and gallium is evaporated at a source temperature of 950℃ for 5 

minutes. A brief description of the co-evaporation process is shown in Figure 3.2. The 

chemical reaction mechanisms during the third stage are shown below [5]. 

 

At the beginning of the third stage, 
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Cu2Se + In or (In, Ga) + 3Se ⟶ 2CuInSe2 or Cu(In, Ga)Se2   (eq. 3.5) 

At the end of the third stage,  

Cu + In or (In, Ga) + 2Se ⟶ CuInSe2 or Cu(In,Ga)Se2   (eq. 3.6) 

Cu + 3In or (In, Ga) + 5Se⟶ CuIn3Se5 or Cu(In, Ga)3Se5    (eq. 3.7) 

In or (In, Ga) + 5Cu(In, Ga)Se2 ⟶ 2CuIn3Se5  or Cu(In, Ga)3Se5 + 3Cu  (eq. 3.8) 

3Cu + CuIn3Se5 or Cu(In, Ga)3Se5 + Se ⟶ 3CuInSe2  or Cu(In, Ga)Se2   (eq. 3.9) 

 

 
Fig. 3.2 schematic of a) co-evaporation process, b) deposition process of second and third stages 

 

The absorber materials obtained by the hybrid deposition method are selenized to complete 

CI(G)Se absorber layer’s synthesis. The main purpose of doing the selenization process is 

to make uniform distribution of elements inside the film and improve the grain size of films. 

Larger the grain size of films, lower the number of grain boundaries where the generated 

charge carriers recombine and reduce the solar cell efficiency. Here, the two-steps 

selenization process was performed in the MTI vacuum oven at atmospheric pressure with 

argon gas [6]. The first step consists of selenization at a lower temperature of 300℃ for 30 

minutes and the last step involves selenization at the higher temperature (i.e., reaction 

temperature) of 500-550℃ for 60 minutes. Subsequently, the selenized samples were cooled 

in the chamber for several hours to stabilize the selenized film. The complete selenization 

process is shown graphically in Figure 3.3. 
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Fig. 3.3 Schematic of a) MTI vacuum oven and b) selenization process used for CI(G)Se thin films 

 

3.1.3 CdS thin films by chemical bath deposition method 

 

The CdS thin films used as a buffer layer in the CIGSe TFSCs is deposited by the chemical 

bath deposition (CBD) method [7]. In this research work, various deposition parameters of 

CBD method such as type of precursor material and their concentration, time, temperature, 

etc. are applied to analyze growth process mechanism as well as optimize the CdS material 

as buffer layer in the CI(G)Se TFSCs. A systematic investigation on the effect of ammonia 

content, deposition temperature and deposition time on the physical properties of CdS thin 

films are carried out. Various precursor materials such as cadmium acetate (cadmium 

source), thiourea (sulfur source), ammonium hydroxide (complexing agent), and ammonium 

acetate (catalytic reagent) are used for the deposition of the CdS film. The schematic diagram 

of the CBD method for CdS thin films deposition is shown in Fig. 3.4. First of all, CdS thin 

films are deposited at several proportions of ammonium hydroxide from 1:1 to 5:1 compared 

with the quantity of cadmium acetate and thiourea. After that, CdS thin films are fabricated 

on different bath temperatures (70, 75, 80, and 85°C) at a constant time of 30 min and 

different timings (20, 30, 40, 50, and 60 min) at constant bath temperature of 80°C. The 

substrates are mounted vertically with the help of Teflon holders inside the solution. 

Precursor solution is prepared by dissolving 0.033 M of cadmium acetate (as cation (Cd2+) 

source), 0.07 M of thiourea (as anion (S2-) source), 3 M of ammonium hydroxide, and 1 M 

of ammonium acetate on 200 mL of de-ionized water. The stirring action inside the bath 

helps to interact between substrate and reactants that is also significant for uniform 

deposition. When all the precursor solutions are mixed, the chemical reactions between 
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cadmium ions and sulfur ions begin and the color of the solution changes into a yellow color 

that signifies the formation of CdS material. After the deposition, the substrates are taken 

out from the solution and then ultrasonically rinsed with de-ionized water for 2–3 min to 

remove loosely bonded CdS particles. Finally, the films are washed with running de-ionized 

water and dried with nitrogen gas to get rid of moisture. The rear side film of the substrate 

is removed with the help of the HCl solution in order to characterize the film.  

 

The ammonia is used as a complexing agent which controls the free cadmium metal ion 

concentration and produces free cadmium ions (Cd2+) through dissociation reaction. 

Ammonium acetate is applied as a buffer solution to control the cadmium concentration as 

well as reaction rate. Ammonia and ammonium acetate combined with water liberate the 

hydroxyl ions (OH-) that reacts with cadmium acetate giving cadmium hydroxide and with 

thiourea providing free sulfur ions. The cadmium hydroxide in the presence of ammonium 

hydroxide produces cadmium tetraamine complex ions and hydroxyl ions. The produced 

hydroxyl ions serve to maintain a constant pH value (pH = 10) of the bath. Furthermore, an 

increase in OH- tends to accelerate the growth process, favoring the hydrolysis reaction and 

consequently decreasing the formation time of the desired layer. Finally, the complex ions 

mixed with sulfur ions form cadmium sulfide compound. The chemical reaction mechanisms 

that occur in this growth process are shown in following equations [7–9].  

 

Cd(CH3CO2)2.2H2O       ⇌      Cd2+ + 2OH- +2CH3COOH   (eq. 3.10) 

NH3 + H2O                     ⇌      NH4+ + OH-     (eq. 3.11) 

NH4CH3CO2 + H2O       ⇌      NH4+ + OH- + CH3COOH   (eq. 3.12) 

Cd2+ + 2OH-                ⇌      Cd(OH)2     (eq. 3.13) 

(NH2)2CS + OH-    ⇌      SH- + CN2H2 + H2O    (eq. 3.14) 

SH- + OH-                 ⇌      S2- + H2O     (eq. 3.15) 

Cd(OH)2 + 4NH4OH     ⇌      [Cd(NH3)4]2+ + 2OH- + 4H2O   (eq. 3.16) 

[Cd(NH3)4]2+                 ⇌      Cd2+ + 4NH3     (eq. 3.17) 

Cd2+ + S2-                 ⇌      CdS (S)     (eq. 3.18) 
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Fig. 3.4 Experimental details of CBD method for CdS thin films 

 

3.2 SCAPS simulation details  

 

SCAPS can study the effect of the different parameters, namely thickness, bandgap, electron 

affinity, dielectric permittivity, electron and hole mobilities, shallow uniform donor, and 

acceptor densities on the solar cell’s performance, etc. Fig. 3.5 displays the schematic of the 

CISe, CIGSe and CIGSe bilayer TFSC structures generated in the SCAPS software process. 

This simulation employed the solar spectrum of AM 1.5G and ambient temperature of 300 

K. The parameters of different layers used in CISe, CIGSe, and CIGSe bilayer TFSC are 

summarized in Table 3.1, Table 3.2, and Table 3.3, respectively. In this simulation study, 

the thickness and carrier concentration of each material used in CISe, CIGSe and CIGSe 

bilayer TFSC are primarily focused and graded. These two parameters are linked to 

understand the device cost and efficiency. The output parameters, such as Jsc, Voc, FF, and 

PCE, for every graded condition are calculated from the SCAPS simulator. The CISe, 

CIGSe, and CIGSe bilayer TFSCs are optimized for getting device performance as high as 

possible. The simulation study is also focused on the effect of the defects, ambient 

temperatures, and parasitic resistances on the solar cell performance. Analyzing these 

parameters will be helpful to understand their influence on the solar cell parameters. This 

simulation study is designed to solve the basic semiconductor equations (i.e., Poisson’s 

equation and Continuity equations) for charge carriers and produce non-linear equations for 

modeling solar cells, which play a key role in analyzing photovoltaic cell performance 

and its possible output [11]. There are mainly two effects responsible for the change in 

charge carrier collection efficiency. The first one is narrowing the space charge region upon 
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light soaking, and the second is reducing minority carrier diffusion length. The diffusion 

length (LDiff) of the minority charge carriers is related to the carrier lifetime (τn, p) and 

diffusion coefficient (Dn, p) of the minority charge carriers. These parameters are calculated 

from the following equations [29, 43, 45]: 

 

LDiff = mD(n, p)	τ(n, p)    (eq. 3.19) 

Dn, p = µn, p XC@       (eq. 3.20) 

τn, p = (σ(n, p) V(thn, thp) Nt)-1    (eq. 3.21) 

 

 
Fig. 3.5 Schematic diagram of the a) CISe TFSC structure, b) CIGSe TFSC structure, and c) CIGSe bilayer 

TFSC structure generated by SCAPS software 

 

Table 3.1 Parameters used in SCAPS software for analyzing the CISe TFSC  

                                     Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 1000-10000 20-100 20-100 50-350 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Electron affinity (eV) 4.5 4.2 4.55 4.5 

Dielectric permittivity 13.6 10 9 9 

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

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

Electron thermal velocity (cm/s) 1×107 1×107 1×107 1×107 

Hole thermal velocity (cm/s) 1×107 1×107 1×107 1×107 

Electron mobility (cm2/Vs) 100 100 100 100 

Hole mobility (cm2/Vs) 25 25 25 25 

Donor density (cm-3) 0 1×1014-1×1019 1×1014-1×1020 1×1014-1×1021 

Acceptor density (cm-3) 1×1014-1×1018 0 0 0 

Defect density (cm-3) 1×1012-1×1019 1×1012-1×1018 - - 

Capture cross section (cm2) 1×10-18-1×10-12 1×10-18-1×10-12 - - 
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Table 3.2 Parameters used in SCAPS software for analyzing the CIGSe TFSC  

                                     Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000-10000 20-100 20-80 50-400 

Bandgap (eV) 1.0-1.7 2.45 3.25 3.5 

Electron affinity (eV) 4.5 4.2 4.55 4.5 

Dielectric permittivity 13.6 10 9 9 

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

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

Electron thermal velocity (cm/s) 1×107 1×107 1×107 1×107 

Hole thermal velocity (cm/s) 1×107 1×107 1×107 1×107 

Electron mobility (cm2/Vs) 100 100 100 100 

Hole mobility (cm2/Vs) 25 25 25 25 

Donor density(cm-3) 0 1×1013-1×1020 1×1013-1×1020 1×1013-1×1021 

Acceptor density (cm-3) 1×1014-5×1017 0 0 0 

Defect density (cm-3) 1×1012-1×1020 1×1012-1×1019 - - 

Capture cross section (cm2) 1×10-20-1×10-12 1×10-19-1×10-12 - - 

 
Table 3.3 Parameters used in SCAPS software for analyzing the CIGSe bilayer TFSC 

                            Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000-9000 1000-9000 20-90 20-80 50-400 

Bandgap (eV) 1.04 1.1-1.7 2.45 3.25 3.5 

Electron affinity (eV) 4.5 4.5 4.2 4.55 4.5 

Dielectric permittivity 13.6 13.6 10 9 9 

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

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

Electron thermal velocity  1×107 1×107 1×107 1×107 1×107 

Hole thermal velocity  1×107 1×107 1×107 1×107 1×107 

Electron mobility (cm2/Vs) 100 100 100 100 100 

Hole mobility (cm2/Vs) 25 25 25 25 25 

Donor density (cm-3) 0 0 1×1013-1×1020 1×1013-

1×1020 

1×1013-

1×1020 

Acceptor density (cm-3) 1×1013-1×1020 1×1013-1×1020 0 0 0 

Defect density (cm-3) - 1×1012-5×1019 1×1012-5×1019 - - 

Capture cross section(cm2) - 1×10-17-1×10-10 1×10-17-1×10-10 - - 
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3.3 Device characterization 

 

3.3.1 Material characterization 

 

Characterization is a vital step in the development of materials for technological 

applications. The basic properties of material like structural, morphological, compositional, 

optical, electrical, etc., are essential material information because the material can use in 

different areas based on these properties. Material characterization allows optimizing the 

growth parameters of the deposition method for semiconducting material. This section 

introduces a brief description of the techniques such as film thickness measurement, X-ray 

diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), energy-

dispersive X-ray spectroscopy (EDS), atomic force microscopy (AFM), optical properties, 

electrical properties measurement. 

 

3.3.1.1 Film thickness measurement 

 

The thickness of thin film material is one of the most crucial factors in the photovoltaic 

application, which can mainly affect the cost of the solar cell device. Moreover, the basic 

properties of thin film material, namely microstructure, morphological, optical, and 

electrical properties, are dependent on its thickness. Film thickness can be measured either 

by in-situ monitoring of deposition or after the film deposition. Measuring the thickness of 

the film is also vital in coating over any substance. Various techniques such as the 

Gravimetric method, Ellipsometry, profilometry, optical interference method, etc., are 

available for estimating the film thickness. In this study, the thickness of deposited films is 

measured by Bruker’s DektakXT stylus profiler. A piece of aluminum foil was placed at the 

one edge of a substrate before the film deposition, leaving a step after removing it. The 

thickness of the film is measured (i.e., the height of the step) using that step. A diamond tip 

of the profilometer travels across the specimen along its length, and its vertical downward 

movement provides a step height or film thickness (see in Fig. 3.6). 
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Fig. 3.6 Schematic representation of thickness monitor 

 

3.3.1.2 XRD measurement 

 

The crystallographic structures, phases, lattice constants, particle size, and crystalline quality 

of the films are assessed from XRD data collected using a Bruker XRD-D2 phaser with Cu-

Kα radiation (λ=1.5406 Å) at a step size of 0.02°. The atomic and molecular structure of a 

crystal can be determined by X-ray crystallography, where the crystalline atoms cause a 

beam of X-rays to diffract into many directions. A crystallographer can make a three-

dimensional picture of the density of electrons within the crystal by determining the angles 

and intensities of diffracted X-ray beams. It can estimate the mean positions of the atoms in 

the crystal, their chemical bonds, and disorder. Interaction of X-rays with a crystalline phase 

results in a diffraction pattern that is a material fingerprint. The regular arrangement of atoms 

in crystals can be calculated by the constructive interference of X-rays scattered at different 

parallel planes of electron densities [15]. The condition of constructive interference is 

described by Bragg’s law [16]: 

 

2dsinθ = nλ    (eq. 3.22) 

 

where, θ is the Bragg angle, d is the distance between the parallel planes (i.e., lattice 

spacing), λ is the wavelength of X-rays and n is an integer called the order of diffraction. 

Crystals containing different lattice planes consist of a large number of crystallites with 

different orientations. The lattice spacing of the crystals is related to the miller indices (hkl) 

of the planes and dimensions of unit cells that can determine by the angle of diffraction 

accordingly. The diffraction pattern is measured by an X-ray diffractometer that is composed 

of an X-ray source, goniometer, detector, and automatic recorder. Fig. 3.7 displays the 
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schematic diagram of Bruker XRD-D2 phaser and the XRD measurement setup. The peak 

width, infinitely narrow in an ideal XRD spectrum, is limited by several effects such as line 

width of the used X-ray source, detector area, accuracy in focus, and nature of crystal 

structure. The crystallite size, strain (ε), dislocation density (δ), and crystallite number per 

unit surface (N) are calculated from the following equations [17]: 

 

D = w.x	×	7
y6DHz

 (Scherrer formula)   (eq. 3.23) 

ε = y6DPz
;

     (eq. 3.24) 

δ = 1/D2     (eq. 3.25) 

N = t/D3     (eq. 3.26) 

 

where, β is the full width at half maximum (FWHM) value (in radians) of the peak, λ is the 

wavelength of X-rays, θ is the diffraction angle, and t is the thickness of the films. 

 

 
Fig. 3.7 Schematic of a) Bruker XRD-D2 phaser and b) an XRD measurement setup 

 

3.3.1.3 SEM analysis and EDS measurement 

 

SEM is another widely used characterization technique in research areas due to higher 

magnification, high depth of focus, excellent resolution, and ease of sample observation. The 

scanning electron microscope uses electrons rather than light to get information about the 

sample's surface morphology. A source of an electron beam, series of lenses, series of 

apertures, position and orientation of specimen, an area of beam/specimen interaction, and 

a high vacuum system are primary components of SEM that collect a variety of information 

from a sample of interest. The electron beams are produced by a field emission gun and are 



 

 

74 

accelerated towards the specimen through a potential difference. A series of lenses (i.e., 

condenser and objective) are used to control the diameter of the beam and focus the electron 

beam on the specimen. A series of apertures, micro-scale holes in metal plates, modify the 

characteristics of the electron beam. Position and orientation (tilt, rotation) of specimen and 

area of beam/specimen interaction generate several types of signal that can be detected and 

processed to produce an image or spectra. A high vacuum system is employed to avoid 

contamination from any other elements in the chamber while imaging the specimen. When 

electron beam strikes on the specimen, various signals, namely secondary electrons, 

backscattered electrons, Auger electrons, X-rays, and photons of different energies, are 

produced. The secondary electrons are collected by a secondary detector which is converted 

to a voltage and amplified. This amplified voltage causes the formation of many spots of 

varying intensity that correspond to the specimen's morphology. The resolution of the 

specimen image is based on beam accelerating voltage (kV), probe (beam electron) 

convergence angle, probe current, and probe diameter (spot size) [18]. 

 

EDS analysis comprises the generation of an X-ray spectrum from the entire scan area of the 

SEM. The characteristic X-rays, when the beam electrons eject inner shell electrons of 

specimen atoms, are used for elemental identification rather than continuum X-rays (when 

the beam electrons interact with the nucleus of the specimen atoms). These characteristic X-

rays are named according to the shell where the initial vacancy occurs and the shell from 

which an electron drops to fill that vacancy (see Fig. 3.8b). The energy of a particular X-ray 

is equal to the energy difference between the two inner-core electron states corresponding 

to the transition. For example, the Kα, Kβ, and Kγ X-rays are produced when the vacancy 

occurs in the K shell, and the vacancy filling electron drops from the L-shell (adjacent shell), 

M shell (two shells away), N shell (three shells away), respectively. The energy of Kα X-

ray will be lower than the energy of Kβ and Kγ X-rays and higher than the energy of Lα and 

Mα X-rays. Moseley’s law is the basis for elemental analysis with EDS. If the energy of a 

given K, L, or M line is measured, then the atomic number of the element can be determined 

using Moseley’s law [18]: 

 

E = C1(Z-C2)2    (eq. 3.27) 
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where, E is the energy of the emission line for a given X-ray series, Z is the atomic number, 

C1 and C2 are constants. The surface and cross-sectional morphology and chemical 

compositions of films were carried out using Tescan Vega-3 SEM equipped with an energy 

dispersive X-ray spectrometer at an operating voltage of 15 kV, as shown in Fig. 3.8a.  

 

 
Fig. 3.8 Schematic of a) Tescan Vega-3 SEM and b) atomic structure with energy lines 

 

3.3.1.4 Raman spectroscopy 

 

Raman spectroscopy is a powerful characterization technique for chemical identification, 

characterization of molecular structure, effects of bonding, lattice defect, the concentration 

of dopant, etc. Raman spectroscopy is based on inelastic scattering of monochromatic light 

interaction with a specimen, which means the energy of the emitted photons changes upon 

interaction with the specimen [19]. Photons of the laser light are absorbed by the specimen 

and then re-emitted. The magnitude of the Raman effect correlates with the polarizability of 

the electron in a molecule. The shift in the frequency of the emitted photons helps to get the 

information about vibrational, rotational, and other low-frequency modes in a system and 

determines single or poly-type structures and secondary phases of the sample. The 

component with a smaller frequency than the incident light is called Stokes Raman 

scattering, and with a larger frequency than the incident light is called anti-Stokes Raman 

scattering (see Fig. 3.9a). The light that keeps the same frequency as the incident light is 

known as Rayleigh scattering or elastically scattered light and provides no information on 

the sample's composition. The light source of a Raman spectrometer is generally a laser with 

a specific wavelength that can range from Ultraviolet to the near-Infrared depending on the 

area of application. The light beam is focused on a Notch filter. This filter reflects the 

radiation to the specimen at the right angle and removes Rayleigh scattering. The Raman 
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scattered light can only pass the filter unaltered. Then the light is redirected by mirrors into 

a monochromator where diffraction grating diffracts the beam into a narrow band of 

wavelengths. After that, a charge-coupled device detector is used to generate the spectrum. 

Finally, the measured data are saved and evaluated on a computer, as shown in Fig. 3.9b. 

The spectrum gives information about molecular bonding. The Raman spectra of the films 

are studied by the NT-MDT Ntegra spectra (see Fig. 3.10) with green laser with a probe area 

of around 1 µm2 for an acquisition time of 10 min. 

 

 
Fig. 3.9 Schematic of a) energy levels and b) experimental setup for Raman processes 

 

 
Fig. 3.10 Schematic of the NTMDT Ntegra spectra 

 

3.3.1.5 AFM measurement 

 

AFM is a technique that helps to characterize topography (surface) of the specimen at a high 

resolution [20]. A tiny probe, also called a cantilever, is employed to measure the force or 

potential energy between a small tip and a specimen. The topographic height of the 

specimen, as well as the interacting force between the tip and the specimen can be measured 
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by pushing and pulling the cantilever to the specimen, respectively. The interacting forces 

can be classified into attractive (long-range) and repulsive (short-range) forces. The 

attractive force decreases the resonant frequency, while the repulsive force causes an 

increase in resonant frequency. If a tip is brought into close proximity of the surface, then 

the existing interacting forces are superposed. A tip and the specimen are then moved relative 

to each other in a raster fashion and surface parameters are measured in a serial pattern at a 

distinct location. There are two modes of operation of AFM: contact mode and non-contact 

mode based on experimental needs. The contact mode, also called static mode, is the easiest 

and simplest AFM mode to understand the collection of measurements. The static mode is 

carried out in contact with the scanned surface, where very high lateral resolution can be 

observed. But the deformation of both tips of the cantilever and surface of the specimen 

occurs during a collision. Therefore, soft cantilevers for contact mode are preferred for 

drawing the image.  

 

In non-contact mode, the cantilever is levitated above the specimen surface during the scan 

process. An oscillating cantilever at constant amplitude will tap on the specimen surface. 

The amplitude signal was fed into the feedback signal and the shift was recorded to create 

an image. The non-contact mode is capable of doing materials discrimination by the 

variations in the phase of the oscillation. The large amplitude values compared to atomic 

distances influence the imaging process that leads to qualitative results, while low 

amplitudes influence the sensing process. The non-contact mode helps to get the surface 

information of the specimen by protecting the specimen surface. NT-MDT Ntegra AFM with 

the non-contact mode is used to characterize 2D and 3D topographies as well as to get 

quantitative information of surface (i.e., Roughness, Skewness, Kurtosis, etc.). Fig. 3.11 

shows the schematic of the atomic force microscope and AFM imaging mode. In non-contact 

mode, the cantilever oscillates with the resonance frequency (fo), which is determined by the 

spring constant (k) of the cantilever and its effective mass (m*) [20].  

 

fo = '
:W
{ X
>∗

    (eq. 3.28) 

 

The cantilever's spring constant and resonance frequency are changed due to external force 

(Fex) between tip and specimen and expressed as a first-order approximation for small 

oscillation amplitudes. 
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k’ = k – force gradient = k - }Q)*
}~

   (eq. 3.29) 

fo’ = fo{1 −	'X
}Q)*
}~

     (eq. 3.30) 

 

since 𝛛𝐅𝐞𝐱
𝛛𝐳

 is small compare to spring constant (k), using Taylor expansion: 

 

fo’ ≈ fo (1 - '
:X

}Q)*
}~

)     (eq. 3.31) 

 

Therefore, the shift (∆𝐟) of the resonance frequency of the cantilever is determined by  

 

∆f = fo’ – fo ≈ -fo
'
:X

}Q)*
}~

    (eq. 3.32) 

 

 
Fig. 3.11 Schematic of atomic force microscope and AFM imaging mode 

 

3.3.1.6 UV-Vis spectroscopy  

 

Ultraviolet-visible (UV-Vis) spectrophotometry refers to transmittance or reflectance 

spectroscopy in the UV-Vis spectral region. UV-Vis spectrophotometer measures the 

response of a specimen to the ultraviolet and visible range of electromagnetic (EM) 

radiation. It compares the intensity of light passing through a specimen with the intensity of 

the incident beams. Atoms and molecules undergo electronic transitions, while most solids 

have an interband transition in the region of the EM spectrum. The block diagram of a UV-

Vis spectrophotometer is presented in Fig. 3.12. The UV-Vis spectrophotometer uses two 
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light sources, a deuterium lamp for UV light and a tungsten lamp for visible light. The light 

beam passes through a slit and hits a dispersive medium like prism or diffraction grating to 

separate the different wavelengths of light. The diffraction grating is rotated to allow 

monochromatic light can pass through a slit on an individual basis. A filter is employed to 

remove unwanted higher order of diffraction. The light beam splits into two halves after 

hitting a mirror (i.e., one half of the light beam is reflected, and the other half passes 

through). Between these two halves of the light, one half of the light beam is allowed to pass 

a reference substrate and the other half passes through the substrate containing the specimen. 

Finally, the intensities of the light beam are measured to study the optical properties.   
 

 
Fig. 3.12 Block diagram of UV-Vis spectrophotometer 

 

According to the Beer-Lambert equation, the intensity of light is attenuated when the light 

enters a medium (absorbed) and the absorption coefficient (α) of semiconducting material 

can be derived from the absorption (or transmission) spectrum [16, 20]: 

 

I = Io exp{-αt}     (eq. 3.33) 

α = '
P
	ln ('

C
)     (eq. 3.34) 

where, Io is the intensity of incident light beams, I is the intensity of light after passing 

through the film, t is the film thickness, and T is the transmittance. The bandgap energy of 

material can be determined by using the following equation [21, 22]: 

 

(αhυ)= A(hυ-Eg)n    (eq. 3.35) 

 

where, hυ is the photon energy, A is a constant, Eg is the optical bandgap of semiconductor 

and the magnitude of n determines whether the semiconductor is direct or indirect bandgap 
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where n = 2 for indirect bandgap semiconductor and n = ½ for direct bandgap semiconductor 

[23]. 

 

The bandgap of semiconducting material is calculated by extrapolating the straight-line part 

of the plot (αhυ)1/n versus photon energy (hυ) to the energy axis (i.e. (αhυ)1/n = 0). This 

calculation is based on the density of states in the valence and conduction bands of the 

semiconductor. In our study, the optical properties of the films were carried out by a Jasco 

V-670 spectrophotometer. 

 

3.3.1.7 Electrical characterization techniques 

 

3.3.1.7.1 Four-probe technique 

 

The four-probe (FP) technique is the most extensively used technique for electrical 

resistivity measurement of the material. The probes are arranged linearly in a straight line 

and connected to the ohmic contacts on the specimen. These probes are labeled with 1, 2, 3, 

and 4, as shown in Fig. 3.13. The ohmic contacts are made up of metallic substances like 

silver paste, gold, etc. The FP technique injects a current (I) into the external probes and 

measures the potential difference (V) through the internal probes. The effect of any contact 

resistance between the specimen and probes is canceled out in the FP technique. The injected 

electric current will flow over the surface of the specimen so that measured surface resistance 

is defined as sheet resistance and is calculated using the following formula [24]: 

 

Rsheet = F (∆<
a

)     (eq. 3.36) 

 

where, F is the geometric correction factor that depends on the separation between the tips 

and thickness of the specimen, ∆V is the difference in electrical potential measured when an 

electric current I is injected. The resistivity (ρ) of the film with thickness is estimated by 

using the following equation: 

 

ρ = Rsheet×t     (eq. 3.37) 
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Fig. 3.13 Schematic of four-probe technique 

 

3.3.1.7.2 Hall van der Pauw method  

 

The Hall effect measurement is fundamental to solid-state physics and important to 

semiconductor material characterization. Several material parameters such as Hall 

coefficient (RH), Hall mobility (µH), type of semiconductor (n or p), carrier concentration of 

carriers, the Hall voltage (VH), and resistivity (ρ) of material can all be determined from the 

Hall effect measurement (see Fig. 3.14). The specimens with irregular shapes and non-

uniform thickness can also be analyzed using the van der Pauw method. The Hall voltage is 

measured as a result of applying voltage (or current) in the presence of a magnetic field. The 

magnetic Lorentz force builds a charge imbalance that produces a vertical electrical field, 

reaching a steady-state situation. The vertical electrical field can be measured as a transverse 

potential difference on the voltmeter. The positive or negative voltage in the voltmeter 

depends on the accumulation of electrons or holes. Material parameters are measured and 

analyzed using the van der Pauw method (see Fig. 3.15). The parameters such as QA, QB, a 

correction factor (f), ρ (unit of W cm), RH (unit of cm3C-1), VH (unit of V), µH (unit of cm2V-

1s-1), and concentration of carriers (unit of cm-3) are determined from the following equations 

[22, 23]: 

 

QA = (<'R<:)
(<�R<;)

      (eq. 3.38) 

QB = (<�R<�)
(<�R<�)

      (eq. 3.39) 

(�R')
(�(')

 = ( �
w.�x�

). arccosh (
)*+��.���0 �

:
)   (eq. 3.40) 

ρA = (W��Pb
NA:

). (	<'R<:(<�R<;
;a

)    (eq. 3.41) 
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ρB = (W��Pb
NA:

). (	<�R<�(<�R<�
;a

)    (eq. 3.42) 

ρ = (��(	��)
:

       (eq. 3.43) 

RHC = ( P
;�a

) (Va1 - Va2 + Va3 - Va4)   (eq. 3.44) 

RHD = ( P
;�a

) (Vb1 – Vb2 + Vb3 – Vb4)   (eq. 3.45) 

RH = (S�`	(	S��)
:

      (eq. 3.46) 

VH = (S�×�×a)
P

       (eq. 3.47) 

µH = |S�|
�

      (eq. 3.48) 

n (or p) = '
@.|S�|

     (eq. 3.49) 

 

where, B is the magnetic field (unit of T or gauss), t is the thickness of specimen (unit of 

cm), S is the surface area of the specimen (unit of cm2), q is the electron (or hole) charge 

(unit of C), V1-8 are the voltages without magnetic field, and Va1-a4 and Vb1-b4 are voltages in 

the presence of magnetic field. 

 

 
Fig. 3.14 Schematic of Hall effect measurement system 
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Fig. 3.15 Representative test circuit for measuring van der Pauw specimens 

 

The type of semiconductor (n or p) is based on the sign of the Hall coefficient (i.e., for n-

type semiconductors, the Hall coefficient is negative and for p-type semiconductors, it is 

positive). It is necessary to have good ohmic contacts, sensitive current measurement, good 

symmetry, and specimen homogeneity to get a good accuracy of obtained parameters. 
 

3.3.2 External-quantum efficiency (EQE) measurements  
 

Quantum efficiency (QE) measurements are helpful to determine the output current of the 

solar cell under illumination as well as estimate the individual losses responsible for 

reducing the current. QE is defined as the ratio of the number of electron-hole pairs generated 

by the solar cell to the number of incident photons at a specific wavelength range, which is 

expressed mathematically by the following equations [25, 26]: 

  

QE (λ) = C5)	AJ>�)L	D�	6DNN)6P)M	)N)6PLDAR5DN)H	+FILH
C5)	AJ>�)L	D�	IA6IM)AP	+5DPDAH

 = ∆G/@
�(7)

  (eq. 3.50) 

 

where, ∆J is the photocurrent density, q is the elementary charge, and Φ(λ) is the incident 

photon flux (number of photons per unit area per unit time) at a specific wavelength range. 

Therefore, the current density of the device (J) is calculated by integrating quantum 

efficiency and the photon flux over the wavelength. 

 

J = q∫QE(λ)Φ(λ)dλ       (eq. 3.51) 

 

An example of the QE curve and types of loss mechanisms are shown in Fig. 3.17. Generally, 

the experimental QE curve is different from the ideal QE curve due to the various losses 

found in experimental work. The losses in solar cells are primarily due to the reflection losses 

(losses introduced by partial coverage of non-transparent front contacts), window layer 

absorption (is negligible due to high bandgap energy of this material), buffer layer absorption 

(due to thickness of this material), recombination losses (due to the quality of materials), 

deep penetration of carriers (photon energy less than the bandgap of the semiconductor is 

not absorbed), etc. Spectral response (SR), or EQE, is the quotient of the number of electron-

hole pairs generated from the solar cell when conditions of short-circuiting are applied and 
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the number of photons incident on solar cell for each wavelength. The EQE measurements 

are carried out using a light monochromator having two sources of light with a Xenon lamp. 

The other equipment such as amplifier lock-in, Keithley power source, Chopper, Optical 

reference elements, Connection box, and Computer are also used to get results to form QE 

curves. 

 

 
Fig. 3.16 Example of quantum-efficiency curve and types of loss mechanisms 
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Chapter 4 Results and discussions for absorber layers 
 

As mentioned earlier, the novel hybrid deposition method is employed for CI(G)Se absorber 

layer preparation, which combines the non-vacuum spray pyrolysis and vacuum co-

evaporation methods. This chapter first describes the growth of indium selenide thin films 

by the PSP technique. The effect of substrate temperature on the material properties of 

indium selenide thin films is also studied. Afterward, the growth of CI(G)Se absorber layers 

using the hybrid deposition method is described. The best selenization condition and the first 

stage temperature for CI(G)Se absorber layers are optimized by analyzing their structural, 

morphological, compositional, topographical, and electrical properties. 

 

4.1 Growth of the In2Se3 thin films 

 

This work aims to deposit In2Se3 thin films using the PSP technique, which is used as a 

precursor layer for the CI(G)Se synthesis process and optimize the best deposition condition 

for indium selenide thin films. The In2Se3 belongs to the III2-VI3 family group, which is one 

of the most vital compounds of the indium-selenium system. It can use in various 

applications [1], namely optoelectronic devices, diodes, solid solution electrodes, transistors, 

photodetectors, electro and photo memory devices, photovoltaics, etc. There exist five 

different phases (i.e., α, β, γ, δ, κ) of In2Se3 depending on the synthesis temperature and 

elemental composition [2]. These different phases of In2Se3 have different bandgap energy 

values, which can be used for various roles in photovoltaics. The γ-phase of the In2Se3 has a 

wide bandgap of 1.8 eV, which is exploited as a window layer in the CI(G)Se TFSCs. 

Besides, α- and β- phases of In2Se3 are used as an absorber layer due to their absorbing nature 

and lower bandgap values (i.e., 1.45 eV for α-phase and 1.55 eV for β-phase). Furthermore, 

β- and γ- phases of In2Se3 can also be utilized as a precursor layer for the synthesis of 

CI(G)Se absorber material, which exhibits rhombohedral and defect wurtzite (hexagonal) 

crystal structure, respectively [1]. 

 

The nucleation and growth rate of In2Se3 films by PSP technique vary with the deposition 

parameters such as substrate temperature, the concentration of precursor materials, nozzle 

to substrate distance, solution, and gas flow rate [1, 3], etc. The temperature is an essential 

parameter for the nucleation of thin films where the diffusion of impinging adatoms 
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increases with an increase in temperature that promotes the crystals to grow. When droplets 

approach the substrate, the solvent starts to vaporize, and then diffused vapors undergo a 

heterogeneous reaction for the growth of film by the PSP method. The temperature of the 

front surface is lower (around 15-20℃) than the temperature of the back surface of the 

substrate, which is due to the presence of droplets of precursor solution at the front surface 

[4]. From the deposited films, it is observed that the growth rate of the films falls gradually 

with a rise in deposition temperature. This result is mainly due to the volatile nature of 

selenium at a higher temperature. While studying the growth of In2Se3 thin films, the 

substrate temperature is varied from 280 to 400℃. It was seen from the deposited samples 

that the poor quality (i.e., dry precipitate or powdery deposit) at the substrate temperatures 

lower than 300℃ and higher than 340℃. The solvent vaporizes long before reaching the 

substrate (i.e., the chemical reaction takes place in the vapor phase) at the substrate 

temperature greater than 340℃, resulting in the deposition of a lower quantity and quality 

film on the substrate. The energy required to vaporize the droplets of precursor solutions is 

insufficient at the substrate temperature lower than 300℃, depositing the poor quality film 

on the substrate. Therefore, the deposition temperature for indium selenide is narrowed in 

this study from 300 to 340℃ with a step of 20℃. A brief description of experimental 

procedures of the indium selenide thin films by PSP technique is seen in section 3.1.2. The 

growth rates for In2Se3 thin films at different temperatures such as 300, 320, and 340℃ were 

found around 13, 11, and 10 nanometers per minute (nm/min), respectively. The effect of 

the substrate temperatures on the material properties is studied and explained below. 

 

4.1.1 Structural properties of In2Se3 thin films 

 

In Fig. 4.1, XRD patterns are shown for In2Se3 thin films grown by the PSP method at 

various substrate temperatures ranging from 300 to 340°C. From XRD results, the dominant 

peak (006) and minor peaks (110), (300), and (314) exhibit that the films crystallize 

completely in the γ-In2Se3 structure [5, 6]. After matching the position of the X-ray 

reflections with the reported phases of In2Se3, the film shows a defect wurtzite structure (γ-

In2Se3) described by the international center for diffraction data (ICDD) number 01-089-

0658. The crystallite size, strain, and dislocation density are estimated using the Williamson-

Hall equation [7]. X-ray diffraction data, such as two thetas (2θ), full width half maximum 

(FWHM), crystallite size, strain, and dislocation density, are presented in Table 4.1. It is 
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clear from the data that the films grown at higher substrate temperature shows better 

crystalline quality than at lower substrate temperature. 

 

 
Fig. 4.1 XRD patterns of In2Se3 thin films deposited at three different substrate temperatures 

 

Table 4.1 Structural parameters for In2Se3 thin films deposited by PSP technique 

                              Samples 

Parameters 

In2Se3 

300 

In2Se3 

320 

In2Se3 

340 

2θ (degrees) 27.530 27.527 27.525 

FWHM (β) (×10-3 Rad) 9.050 8.100 7.450 

Crystallite Size (D) (nm) 16 ± 1 18 ± 1 19 ± 1 

Strain (ε) (×10-3 Rad) 9.276 8.302 7.636 

Dislocation density (δ)  

(×10-3 lines/nm2) 

4.016 3.217 2.722 

 

Next, the Raman spectroscopy of In2Se3 thin films is also studied. Fig. 4.2 displays the 

Raman spectroscopy of In2Se3 samples deposited at various substrate temperatures, which 

helps to identify the phase of In2Se3 through the presence of distinct vibrational modes. 

These results show that the characteristics peak at Raman shift of 150 cm-1 of samples are 

related to the γ-In2Se3 phase and polycrystalline films [1]. The less intense peaks located at 

Raman shift of 203 and 227 cm-1 are also compatible with the γ-In2Se3 phase, which is due 

to the transverse and longitudinal optical (TO-LO) phonon modes [8]. The peak at 203 cm-1 

is related to the β-In2Se3 phase, too [9]. The full width at half maximum (FWHM) value 

reflects the structural distribution of the material. The FWHM values for the predominant 
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peak at 150 cm-1 of In2Se3 thin films grown at 300, 320, and 340°C are 12.92, 12.60, and 

13.11 cm-1, respectively. These results showed that the sharper Raman line is observed for 

In2Se3 thin films grown at 340°C, indicating the high crystalline quality of In2Se3 thin films. 
 

 
Fig. 4.2 Raman spectroscopy of In2Se3 thin films prepared at three different substrate temperatures 

 

4.1.2 Morphological properties of In2Se3 thin films 

 

The SEM images for In2Se3 thin films grown at different substrate temperatures (300, 320, 

340°C) are shown in Fig. 4.3. It is seen from the SEM images that the grains are composed 

of rectangular-like structures lying in different directions. The grain size of films is 

composed of both smaller (~100 nm) and larger (~500 nm) grains, is calculated by EVA 

software (is the software attached with Tescan Vega-3 SEM, which helps to calculate grain 

size directly from the SEM image of the film). The rise in mobility and migration (i.e., 

coalescence of neighboring grains) of grains cause to increase in the grain size of films. The 

number of grain boundaries, which impact the performance of the solar cell devices by 

recombining generated charge carriers, decreases when the size of the grains is increased. 

Since these In2Se3 thin films are used as a precursor layer for the synthesis of CI(G)Se 

absorber layers, the morphology of In2Se3 thin films can impact the structural, 

morphological, and electrical properties of CI(G)Se. 
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Fig. 4.3 SEM images of In2Se3 thin films deposited (inserted with FESEM images) at three different substrate 

temperatures, a) 300, b) 320, and c) 340 ℃ 

 

4.1.3 Compositional analysis of In2Se3 thin films 

 

Fig. 4.4(a) is the EDS spectrum of the In2Se3 thin films confirming the presence of the 

indium and selenium elements through the spectrum, and Fig. 4.4(b) is the EDS mapping 

demonstrating the distribution of those elements in the films. The average elemental 

compositions (i.e., In and Se) of In2Se3 films are acquired from 10 different random points 

of the samples. In2Se3 phases depend mainly on the selenium content within the film (i.e., 

the γ-phase contains ≥ 60 at% of selenium and β-phase comprises selenium deficient (< 60 

at%)) [1, 10]. In an excess selenium condition, an atomic arrangement of constituents in the 

films is similar to γ-phase rather than other phases. From Fig. 4.5, the average selenium 

contents for In2Se3 thin films deposited at three different substrate temperatures are observed 

more than 60 %, indicating the formation of γ-In2Se3. 
 

 
Fig. 4.4 Schematic diagram of a) EDS spectrum and b) EDS mapping for In2Se3 thin films 
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Fig. 4.5 Schematic of compositional details of In2Se3 thin films 

 

4.1.4 Topographical analysis of In2Se3 thin films 

 

Fig. 4.6 shows the 2D AFM images for In2Se3 thin films deposited at three different substrate 

temperatures, with a surface area of 2×2 µm2. From AFM images, it is seen that the grains 

are composed of closely packed and uniformly distributed in the film. The formation of the 

regular shape of grains infers that the kinetic energy is adequate to coalesce the grains [11]. 

Table 2 presents the values of parameters such as average grain size, average roughness, root 

mean square (RMS) roughness, skewness, and kurtosis. The average roughness is measured 

by the vertical spacing of the real surface from its ideal form, which is less than 10 nm for 

deposited samples indicating the smooth surface of the film. The positive values (near to 

zero) of skewness generalize that the height distribution is near to symmetrical [1]. And 

kurtosis values (greater than 3) suggest that the difference between the number of the peaks 

and valleys is a positive value (i.e., +1 because the peak must follow by a valley) [1].  
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Fig. 4.6 2D AFM images of In2Se3 thin films deposited (inserted with 3D images) at three different substrate 

temperatures, a) 300, b) 320, and c) 340℃ 

 

Table 4.2 Topographical parameters for In2Se3 thin films measured from AFM 

                                Samples 

Parameters 

In2Se3 

300 

In2Se3 

320 

In2Se3 

340 

Average grain size (nm) 122 112 114 

Average roughness (nm) 8.38 5.94 7.95 

RMS roughness (nm) 10.72 7.40 10.23 

Skewness (Ssk) 0.711 0.603 0.819 

Kurtosis (Ska) 3.856 3.248 4.132 

 

4.1.5 Optical properties of In2Se3 thin films 

 

In photovoltaic technology, the important parameter is the material’s bandgap, which 

provides information about the fundamental absorption properties. Since the In2Se3 is a 

direct bandgap semiconductor, the bandgap of this material is calculated using the Tauc 

relation. The optical bandgap of the material was computed by extrapolating the straight line 

of plot (αhυ)2 versus energy (hυ) to the energy axis [12]. The estimated bandgap for In2Se3 

thin films grown at 300, 320, and 340 °C substrate temperatures are 2.22, 2.34, and 2.55 eV, 

respectively. It is found that computed bandgap values were closer to the bandgap value for 

γ-phase by comparing these calculated bandgap values with the reported values for various 

In2Se3 phases. This result indicates the formation of a stable compound [7]. The optical 

transmission for two In2Se3 films grown at 320 and 340°C) were identical at around 50% at 

the visible region (see Fig. 4.7). The slightly lower transmission value for In2Se3 at 300 °C 

is due to its high thickness value than others.  
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Fig. 4.7 Transmittance of In2Se3 thin films (inserted with bandgap energy diagram) deposited at various 

substrate temperatures 

 

4.2 Growth of the CISe absorber layer  

 

The CISe thin films are used as absorber layers in CISe TFSCs. The material properties of 

the absorber layer, namely structural, morphological, compositional, electrical properties, 

etc., affect the solar cell performance. These material properties are dependent on their 

growth conditions. Therefore, optimizing the material properties can provide high-efficient 

solar cells. At the first stage of the hybrid deposition method, the In2Se3 precursor layers are 

deposited by the PSP technique. The second and third stages consist of the respective co-

evaporation of Cu+Se and In+Se at a constant substrate temperature of 500°C. Finally, the 

selenization of the complete CISe thin films by the hybrid deposition method is carried out. 

 

4.2.1 Influence of selenization temperatures and times 

 

In this study, the CISe thin films are prepared by hybrid deposition method followed by 

selenization process, giving particular attention to the selenization temperatures (i.e., 500, 

525, and 550°C) and times (i.e., 30 and 60 minutes). More than 500°C of selenization 

temperature was used to improve the homogeneity of the CISe thin films. The first, second, 

and third stage substrate temperatures were kept constant to optimize the selenization 

condition that helps to get the high-quality CISe absorber layer. The influence of the 

selenization temperatures and times on the structural, morphological, compositional 

properties are investigated below. 
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4.2.1.1 Structural properties of CISe thin films  

 

Fig. 4.8 displays the XRD pattern of the CISe thin films selenized at different temperatures, 

namely 500, 525, and 550°C, for 30 and 60 minutes. The different peaks with varying 

crystallite sizes and orientations in the XRD patterns indicate the polycrystalline nature of 

deposited films [12, 13]. The intense reflections (112), (204)/(220), and (312)/(116) from 

the XRD results confirm the chalcopyrite crystal structure of CISe [14–16]. The 

polycrystalline and chalcopyrite nature of CISe is matched with the international center for 

diffraction data (ICDD, PDF file number = 01-070-3358). The diffractogram also illustrates 

the presence of binary materials. The presence of the CuSe phase helps to enhance the films' 

grain size through the recrystallization phenomenon. The CISe samples other than sample 

selenized at 550 °C for 60 minutes have a low degree of crystallinity because temperature 

and time might not be sufficient for binary compounds (indium selenide, copper selenide, 

etc.) to get involved in the chemical reaction for the formation of ternary CISe compound. 

The structural parameters of CISe thin films (for (112) plane) deposited at different 

selenization conditions were calculated by the Scherrer equation and presented in Table 4.3. 

The results showed that the crystallite size of the film increases with an increasing 

selenization temperature and time.  

 

 
Fig. 4.8 XRD patterns of CISe thin films selenized at different temperatures (i.e., 500, 525, and 550°C) and 

times (i.e., 30 and 60 minutes) 
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Table 4.3 Structural parameters for CISe thin films selenized at different temperatures, and times 

                        Samples 

 

Parameters 

CISe 

500°C 

30 min 

CISe 

525°C 

30 min 

CISe 

550°C 

30 min 

CISe 

500°C 

60 min 

CISe 

525°C 

60 min 

CISe 

550°C 

60 min 

Two thetas (°) 27.32 27.29 27.49 27.09 26.83 26.80 

FWHM (Rad) 0.014 0.0091 0.0086 0.0066 0.0067 0.0052 

Crystallite size (nm) 13 ± 1 16 ± 2 17 ± 2 22 ± 2 21 ± 1 27 ± 1 

Strain (ε) (Rad) 0.01425 0.00932 0.00881 0.00676 0.00695 0.00539 

Dislocation density (δ)  

(lines/nm2) 

0.00637 0.00406 0.00363 0.00214 0.00220 0.00133 

 

Afterward, Raman spectroscopy of CISe thin films selenized at different temperatures (i.e., 

500, 525, and 550°C) and times (i.e., 30 and 60 minutes) is shown in Fig. 4.9. Here, the most 

intense peak at Raman shift of 170 cm-1 is related to the A1 mode of CISe thin films, which 

is due to the motion of Se atoms with Cu and In atoms [14, 16–18]. Besides the A1 mode 

peak, other peaks located at Raman shift of 205 and 227 cm-1 are related B2/E mode of CISe 

thin films, showing good agreement with lattice modes of the chalcopyrite crystal structure 

of the CISe [16, 18]. The peak at around Raman shift of 130 cm-1 corresponds to the B1 phase 

of CISe thin films that conveys the vibration of Cu-In bonds [16]. There is a presence of 

another peak at Raman shift of 150 cm-1 for CISe thin films selenized at low temperatures 

and times that resembles the vibrational mode of the Cu-poor ordered vacancy compound, 

indicating a low crystalline quality of the CISe thin films [17]. This result demonstrates that 

there is not sufficient temperature and time for the transformation of binary compounds into 

ternary CISe compound material. Hence, the selenization temperature of 550°C for 60 

minutes is preferred for getting high crystalline quality CISe films. 
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Fig. 4.9 Raman spectroscopy of CISe thin films selenized at different temperatures (i.e., 500, 525, and 

550°C) and times (i.e., 30 and 60 minutes) 

 

4.2.1.2 Morphological properties of CISe thin films 

 

Fig. 4.10 displays the SEM images of the CISe thin films at different temperatures (500, 

525, and 550°C) and times (i.e., 30 and 60 minutes). The morphology of CISe thin films 

consists of small and large particles spread around the film surface. Here, the grain size of 

the CISe thin films is composed of smaller (~100 nm) and larger particles (~1 µm). This 

result showed that the grain size of the CISe thin films is comparatively larger than the grain 

size of the precursor layer. The grain size enhancement is due to the recrystallization 

phenomenon through the transition of films from the Cu-poor phase to the Cu-rich phase. 

This recrystallization phenomenon minimizes the number of grain boundaries and the 

recombination centers. The compact and larger particles of the CISe thin films are seen when 

the selenization temperatures and times increase to a higher value. The grain size 

enhancement is due to the diffusion of atoms across the grain boundaries. From the images, 

the grains are surrounded by the small shrub-like structure that might be selenium atoms 

present on the surface after selenization of the CISe films. The voids between the grains are 

formed due to the consumption of the Cu-Se phase through interaction with the In-Se phase, 

forming ternary CISe phase [19, 20]. The large and compact grains observed for the CISe 

sample selenized at 550°C for 60 minutes can provide high solar cell performance.  



 

 

98 

 

 
Fig. 4.10 SEM images of CISe thin films selenized at different temperatures and times a) 500°C 30 minutes, 

b) 525°C 30 minutes, c) 550°C 30 minutes, d) 500°C 60 minutes, e) 525°C 60 minutes, f) 550 °C 60 minutes 

 

4.2.1.3 Compositional analysis of CISe thin films 

 

The phase of CISe (α-, β-,γ- phase, etc.), types of defects (vacancies, antisite, interstitial), 

types of semiconductor (p-type or n-type), etc., are dependent on the elemental composition 

of CISe [21–23]. The slightly poor copper content (i.e., Cu/In) ~ 0.85 to 0.95) and excess 

selenium content (i.e., Se/(Cu+In) > 1) in the CISe thin film can provide the better CISe 

solar cell performance [12, 21]. The EDS data are taken from 10 different random points of 

CISe thin films deposited at different temperatures and times. The details of the atomic 

compositions of CISe selenized at different temperatures and times are presented in Table 

4.4. The EDS spectrum of the CISe thin films selenized at the temperature of 550°C for 60 

minutes is displayed in Fig. 4.11. The compositional analysis demonstrates that the copper 

content of the CISe thin films increases as the selenization temperature and time rise. The 

result showed the formation of slightly Cu-poor and In-rich with a stoichiometrically content 

of selenium, which is the required properties of the CISe absorber layer for high solar cell 

performance. Although selenium content in the film is reduced with an increase in 



 

 

99 

selenization temperature and time, the CISe thin films still contain higher selenium 

composition than other elements. 

 

 
Fig. 4.11 EDS spectrum of selenized CISe thin films (at 550°C for 60 minutes) 

 

Table 4.4 Compositional analysis for CISe thin films selenized at different temperatures, and times 

                  Samples 

 

Parameters 

CISe 

500°C 

30 min 

CISe 

525°C 

30 min 

CISe 

550°C 

30 min 

CISe 

500°C 

60 min 

CISe 

525°C 

60 min 

CISe 

550°C 

60 min 

Copper (at. %) 19 20.5 19.5 20.5 22 23.5 

Indium (at. %) 26 25.5 27 25 25.5 24.5 

Selenium (at. %) 55 54 53.5 54.5 52.5 52 

Cu/In 0.731 0.803 0.722 0.820 0.863 0.959 

Se/(Cu+In) 1.222 1.174 1.151 1.197 1.105 1.083 

 

4.2.2 Effect of first stage temperatures 

 

This study aims to optimize the first stage temperature for CISe thin film deposition by 

keeping the second and third stage temperature at 500°C. The first stage substrate 

temperatures for CISe thin films are varied from 300 to 340°C with the step of 20°C. The 

CISe thin films were selenized at the temperature of 550°C for 60 minutes. The basic 

characterizations such as XRD, Raman spectroscopy, SEM, EDS, AFM, and electrical 

properties were carried out for CISe thin films deposited at three different first-stage 

temperatures. 
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4.2.2.1 Structural properties of CISe thin films 

 

The XRD patterns of CISe thin films deposited at different first-stage substrate temperatures 

of 300, 320, and 340°C are shown in Fig. 4.12. It is observed that all the CISe thin films 

exhibited a preferential orientation of the (112) plane. The presence of the crystallographic 

planes such as (112), (204)/(220), (312)/(116), (008)/(400), and (316)/(332) prove the 

chalcopyrite crystal structure of CISe [12–18]. Those peaks' different intensities and 

orientations also confirm the polycrystalline nature of deposited CISe thin films [24, 25]. 

The international center for diffraction data (ICDD) PDF number 01-070-3358 verifies the 

polycrystalline and chalcopyrite natures of CISe thin films. The other planes, namely (121), 

(104) and (107), are related to InSe and CuSe binary phases, respectively. The CuSe phase 

in the CISe thin films can enhance the grain size of the film through the recrystallization 

phenomenon [26]. The structural parameters, such as crystallite size, strain, and dislocation 

density, of the CISe thin films deposited at different first-stage temperatures are presented 

in Table 4.5. A better crystallinity is observed for the CISe samples deposited at the first-

stage temperature of 320°C than other samples. The low quality of the precursor layer at low 

first stage temperature (i.e., 300°C) and lower Se content in the precursor layer at high first 

stage temperature (i.e., 340°C) may impact the crystallinity of the final CISe.  

 

 
Fig. 4.12 XRD patterns of CISe thin films deposited at different first stage substrate temperatures of 300, 

320, and 340°C 
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Table 4.5 Structural parameters for CISe thin films deposited at different first stage substrate temperatures 

                        Samples 

Parameters 

CISe 300 CISe 320 CISe 340 

Two thetas (°) 26.99 27.12 27.00 

FWHM (Rad) 0.0087 0.0058 0.0081 

Crystallite size (nm) 16 ± 1 25 ± 1 18 ± 1 

Strain (ε) (Rad) 0.0091 0.0061 0.0084 

Dislocation density (δ)  

 (lines/nm2) 

0.0037 0.0016 0.0032 

 

The Raman spectra of CISe thin films deposited at different first-stage temperature is 

displayed in Fig. 4.13. The strongest peak at Raman shift of 170 cm-1 from the results 

corresponds to the A1 vibrational mode of CISe thin films, which is related to the 

characteristics of the chalcopyrite CISe phase [27–29]. The formation of A1 vibrational 

mode of CISe is due to the motion of Se atoms with Cu and In atoms [14, 16–18]. The other 

peaks corresponding to the B2/E mode of CISe thin films (i.e., Raman shift at around 205 

and 227 cm-1), ordered defect compound phase (i.e., Raman shift at around 150 cm-1), and 

CuxSe phase (i.e., Raman shift at around 260 cm-1) are negligible, forming the pure phase of 

the ternary CISe phase [17, 27]. The intensity, Raman shift, and FWHM value of the peak 

related to the A1 mode increase with a rise in the first stage temperature of the hybrid 

deposition method. The FWHM values for CISe thin films deposited at first stage substrate 

temperatures, namely 300, 320, and 340°C, are 7.93, 10.32, and 11.22 cm-1, respectively. 

Hence, the selenization temperature of 550°C for 60 minutes is preferred for getting high 

crystalline quality CISe films. The observed results suggest that the CISe thin film deposited 

at 320°C is considered an optimal first-stage substrate temperature. 
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Fig. 4.13 Raman spectroscopy of CISe thin films deposited at three different first stage substrate temperatures 

of 300, 320, and 340°C 

 

4.2.2.2 Morphological properties of CISe thin films 

 

The SEM images of the CISe thin films deposited at different first-stage substrate 

temperatures (i.e., 300, 320, and 340°C) are shown in Fig. 4.14. The morphology of CISe 

thin films is composed of smaller and larger particles spread around the film surface. The 

grain size of the CISe thin films from the micrographs ranges from 0.1 to 1 µm, showing a 

comparatively larger grain size of the final CISe absorber layer than the In2Se3 precursor 

layer. The recrystallization phenomenon obtained from the Cu-poor phase to the Cu-rich 

phase after the 2nd stage deposition diffuses the atoms across the grain boundaries and finally 

improves the size of the grains. There are some voids seen in the films. The Cu-Se binary 

compound are involved in a chemical reaction with In-Se binary compound forming ternary 

CISe compound, resulting in the formation of voids between the grains [19, 20]. A higher 

number of larger grains are seen for the CISe sample deposited at the first-stage temperature 

of 320°C, indicating a suitable condition for CISe absorber layer deposition.  
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Fig. 4.14 SEM images of CISe thin films deposited at different first stage substrate temperatures a) 300 °C, b) 

320 °C, and c) 340 °C 

 

4.2.2.3 Compositional analysis of CISe thin films 

 

As stated before, elemental compositions of the CISe can vary its phase (α-, β-, γ- phase, 

etc.), types of defects (vacancies, antisite, interstitial), semiconductor types [21–23]. The 

better solar cell performance is normally found at slightly copper poor composition (i.e., 

Cu/In~0.85 to 0.95) and higher selenium composition (i.e., Se/(Cu+In)>1) for CISe absorber 

layer [12, 21]. The average atomic compositions of ternary CISe, acquired from 10 different 

random points of CISe thin films deposited at different first stage temperatures, are 

determined by EDS measurement (presented in Table 4.6). Fig. 4.15 shows the schematic of 

the EDS spectrum and EDS mapping of CISe thin films deposited at the first-stage substrate 

temperature of 320°C. It is seen from the result that all the CISe thin films contain Cu-poor 

and In-rich with a high content of selenium, confirming the formation of α-CISe phase 

(stable phase than other phases). Although selenium content in the film is reduced with an 

increase in selenization temperature and time, the CISe thin films still contain higher 

selenium composition than other elements. The atomic composition of Cu, In, and Se are 

varied by a little margin. All the CISe samples are suitable for using CISe thin-film solar 

cell as an absorber layer from the EDS result. 
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Fig. 4.15 Schematic of the a) EDS spectrum and b) EDS mapping of CISe thin films deposited at first stage 

substrate temperature of 320 °C 

 

Table 4.6 Compositional analysis for CISe thin films deposited at different first stage substrate temperatures 

                        Samples 

Parameters 

CISe 300 CISe 320 CISe 340 

Copper (at. %) 20.35 20.66 20.88 

Indium (at. %) 23.28 23.15 22.98 

Selenium (at. %) 56.37 56.19 56.14 

Cu/In 0.874 0.892 0.908 

Se/(Cu+In) 1.292 1.282 1.279 

 

4.2.2.4 Topographical analysis of CISe thin films 

 

Fig. 4.16 displays the 2D AFM micrographs (inserted with 3D AFM micrographs) of CISe 

thin films deposited at different first stage temperatures of 300, 320, and 340°C. Uniformly 

distributed grains with irregular shapes (especially round and tetragonal shapes) and size 

(ranging from 100 to 1200 nm) are seen from the topography of CISe thin films. The average 

grain size, average roughness, skewness, and kurtosis of CISe thin films deposited at three 

different substrate temperatures are presented in Table 4.7. It is observed from the result that 

the average grain size and average roughness of the CISe thin films increase with a rise in 

first stage temperature, indicating that the kinetic energy is not sufficient for coalescence of 

the grains at a low first stage substrate temperature [12]. The grain sizes for CISe thin films 

obtained from the AFM measurement are consistent with grain sizes observed from SEM 

analysis. However, the higher value of roughness for CISe thin films deposited at high first 

stage substrate temperature may negatively affect the absorption process of incident photons 

and then the CISe solar cell performance. The small negative skewness value for CISe thin 
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films (except CISe at 340°C) confirmed the symmetrical height distribution of the grains. 

The kurtosis values (less than 3) for all CISe thin films confirmed more valleys than peaks 

in the film’s surface [3]. 

 

 
Fig. 4.16 AFM images of CISe thin films deposited at different first stage substrate temperatures a) 300 °C, 

b) 320 °C, and c) 340 °C 

 

Table 4.7 Topographical parameters for CISe thin films deposited at different first stage substrate 

temperatures 

                                Samples 

Parameters 

CISe 300 

 

CISe 320 

 

CISe 340 

 

Average grain size (nm) 744 885 1057 

Average roughness (nm) 152 258 450 

Skewness (Ssk) -0.0309 -0.00923 -0.116 

Kurtosis (Ska) 2.388 2.595 2.972 

 

4.2.2.5 Electrical properties of CISe thin films 

 

The electrical properties of CISe thin films were carried out by the Hall-van der Pauw 

method with a magnetic field of 0.55 T, determining the resistivity, mobility, carrier 

concentration, and type of semiconductor. These electrical properties play a vital role in 

CISe TFSC performance. These electrical properties are mainly dependent on the deposition 

methods, crystallinity, morphology, grain size, elemental compositions and their chemistry 

of thin films [12, 15, 30, 31]. The CISe material could be either p-type or n-type depending 

mainly on the copper ratio (Cu/In) and selenium ratio (Se/(Cu+In)) [30, 31]. The p-type 

semiconducting nature is formed when CISe thin films contain a copper ratio less than unity 

and excess selenium content. The CISe thin film with a copper ratio greater than unity and 



 

 

106 

selenium deficiency can provide an n-type semiconductor. The data of resistivity, mobility, 

carrier concentration, and hall Coefficient for CISe thin films grown at three different first-

stage temperatures are inserted in Table 4.8. All the CISe samples have the average thickness 

of around 3.5 µm. The resistivity, mobility, and carrier concentration of the CISe thin films, 

deposited at three different substrate temperatures 300, 320, and 340°C, varied from 20 to 

11 Ωcm, 4.4 to 6.5 cm2/Vs, and 7.1×1016 to 7.7×1016 cm-3, respectively. The resistivity of 

CISe thin films decreases with an increase in the first stage temperatures is due to the reduced 

defects or enhancement in particle size. This result indicates better semiconducting behavior 

at higher first-stage temperatures. The positive values of Hall coefficient also confirmed the 

formation of p-type semiconductors, which is also in good agreement with elemental 

compositions of CISe thin films.  
 

Table 4.8 Electrical parameters for CISe thin films deposited at different first stage substrate temperatures 

                                   Samples 

Parameters 

CISe  

300 

CISe  

320 

CISe  

340 

Resistivity (Ωcm) 20 16 11 

Mobility (cm2/Vs)  4.4 5.3 6.5 

Carrier concentration (cm-3) 7.1E16 7.3E16 7.7E16 

Hall coefficient (cm3C-1) 140.84 136.98 129.87 

 

4.3 Growth of the CIGSe absorber layer  

 

The main objective of this research work is to find the best deposition condition of the CIGSe 

absorber layer for the CIGSe TFSC. The CIGSe thin films are also deposited by the hybrid 

deposition method. After optimizing the best selenization conditions for CI(G)Se thin films, 

the various first stage temperatures ranging from 300 to 340°C are studied. The CIGSe thin 

films are characterized to compare the material properties of CIGSe thin films before 

selenization and after selenization. The basic characterizations, such as XRD, Raman 

spectroscopy, SEM, EDS, AFM, and electrical properties, for the CIGSe thin films before 

and after selenization, are described following. 

 

4.3.1 Structural properties of CIGSe thin films 
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Fig. 4.17 exhibits the XRD pattern for CIGSe thin films at different first-stage substrate 

temperatures of 320, 330, and 340 °C (having common 2nd and 3rd stage temperatures of 

500°C) before and after selenization. In both cases, the CIGSe thin films indicated a 

preferential orientation of the plane (112) plane, which is related to the chalcopyrite crystal 

structure. The different intensities and orientations of crystallographic planes (i.e., (112), 

(204)/(220), (312)/(116), (008)/(400), and (316)/(332)) for all samples confirms the 

formation of polycrystalline nature of CIGSe [32–38]. The secondary phases such as Cu2Se, 

Se, and (In,Ga)2Se3 are seen for CIGSe thin films before selenization. However, the CIGSe 

thin films showed very few secondary phases after selenization. These secondary phases are 

involved in the chemical reaction during the selenization process, obtaining only intense 

peaks of the CIGSe thin films. The ICDD PDF number of 083-3359 {with lattice constants, 

a = 5.6959 Å and c = 11.3362 Å and c/a = 1.99} verified the chalcopyrite crystal structure 

of CIGSe thin films. The CuSe phase is also present inside the CIGSe thin films that can 

improve the grain size of the film through the recrystallization phenomenon [26]. The 

structural parameters, such as crystallite size, strain, and dislocation density, of CIGSe thin 

films before and after selenization at different first stage temperatures are calculated and 

demonstrated in Table 4.9. It is found from the table that the crystalline quality of CIGSe 

thin films increases after the selenization process. The CIGSe thin film deposited at first 

stage temperature of 320°C showed high crystalline nature than other samples, suggesting 

the optimal substrate temperature value for first layer deposition. The low-quality precursor 

layer at lower first stage temperature (i.e., 300°C) and lower Se content inside the precursor 

layer at higher first stage temperature (i.e., 340°C) could degrade the crystalline properties 

and crystallite sizes of the final CIGSe thin film.  
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Fig. 4.17 XRD patterns of CIGSe thin films deposited at three different first stage substrate temperatures a) 

before selenization, and b) after selenization 

 

Table 4.9 Structural parameters for CIGSe thin films before and after selenization at different first stage 

substrate temperatures 

                Parameters            

Samples 

2θ 

(degrees) 

FWHM 

(Rad) 

Crystallite Size 

(nm) 

Strain 

(Rad) 

Dislocation density 

(lines/nm2) 

CIGSe 300 before Se 27.20 0.0218 12 ± 1 0.00324 0.00647 

CIGSe 320 before Se 27.18 0.0189 14 ± 1 0.00288 0.00502 

CIGSe 340 before Se 26.95 0.0172 13 ± 1 0.00335 0.00581 

CIGSe 300 after Se 27.16 0.0135 19 ± 1 0.00210 0.00265 

CIGSe 320 after Se 27.11 0.0127 20 ± 1 0.00209 0.00254 

CIGSe 340 after Se 27.17 0.0142 19 ± 1 0.00218 0.00288 

 

Next, Raman spectroscopy of the CIGSe thin films before and after selenization is shown in 

Fig. 4.18. The Raman spectra for CIGSe thin films reveal an intense A1 vibrational mode 

(around 170 cm-1 for CuInSe2 and 185 cm-1 for CuGaSe2) located in the range from 170 to 

176 cm-1, which is due to symmetric vibration of Se atoms with Cu, In, and Ga atoms [39–

42]. This result proves the formation of the chalcopyrite structure of CIGSe. Since there are 

no other peaks near to A1 mode of CIGSe, confirming the formation of poly-crystalline and 

stable CIGSe phase. The pure quaternary phase of CIGSe is found because the other peaks 

matching the B2/E mode of CIGSe thin films, ODC phase, and CuxSe phase are insignificant. 

The position of the A1 mode peak in Raman spectra is shifted from lower value (i.e., around 

170 cm-1) to higher value (i.e., approximately 175 cm-1) after selenization. This increment 

might be due to the change in the elemental composition (especially copper and gallium) of 

the CIGSe thin films after selenization. There is various literature that A1 mode phonon peak 

depends on the composition of elements of the CIGSe thin films [39, 40, 43]. This single-

mode behavior of the A1 mode of CIGSe is consistent with various literature [37, 39–43].  
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Fig. 4.18 Raman spectroscopy of CIGSe thin films deposited at three different first stage substrate 

temperatures a) before selenization, and b) after selenization 

 

4.3.2 Morphological properties of CIGSe thin films 

 

Fig. 4.19 displays the SEM image of the CIGSe absorber layer before and after selenization 

at different first stage temperatures of 320, 330, 340°C. The SEM micrograph reveals the 

smooth and small grain size of CIGSe thin films composed of both smaller (~100 nm) and 

larger particles (~500 nm). The morphology of CIGSe thin film also depends on the 

elemental composition (particularly with copper and gallium) of the film [26, 43, 44]. The 

grain size of the CIGSe films increases after selenization. This increment of grain size might 

be due to uniform distribution of elements inside the film that forms the solid-liquid copper 

selenide phases. As mentioned earlier, the grain size of CIGSe thin film improved after 2nd 

stage deposition through the recrystallization phenomenon obtained from the Cu-poor phase 

to the Cu-rich phase. The recrystallization phenomenon diffuses the atoms across the grain 

boundaries and enhances the grain size. The voids in CIGSe thin films are seen from the 

SEM micrograph. These voids are formed due to the interdiffusion of Cu-Se binary 

compounds, which are  involved in chemical reactions with Ga-Se and In-Se compounds, 

resulting in the formation of ternary and quaternary compounds [19, 20]. The uniform and 

larger grains are found for the CIGSe samples deposited at 320°C than other conditions, 

showing suitable deposition conditions for using in solar cells as an absorber layer.   
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Fig. 4.19 SEM images of the CIGSe thin films a), b), and c) before selenization, d), e), and f) after 

selenization at three different first stage substrate temperatures of 300, 320, and 340°C, respectively 

 

4.3.3 Compositional analysis of CIGSe thin films 

 

The phase, defects and semiconductor types of the CIGSe material depend on the elemental 

compositions of the quaternary CIGSe [21–23, 32, 45, 46]. For achieving high efficiency of 

the CIGSe TFSC, the copper content (i.e., Cu/(In+Ga)), gallium content (i.e., Ga/(In+Ga)), 

and selenium content (i.e., Se/(Cu+In+Ga)) in CIGSe thin film could be around 0.85 to 0.95, 

around 0.1 to 0.3 and greater than 1, respectively [12, 21, 47, 48]. The average atomic 

compositions of quaternary CIGSe are identified by EDS measurement, which is taken from 

10 different random points of CIGSe thin films before and after selenization presented in 

Table 4.10. The schematic diagram of the EDS spectrums (inserted with EDS mapping) of 

CIGSe thin films before and after selenization is shown in Fig. 4.20. From the results, the 

copper content in film increases, and gallium content decreases after selenization of CIGSe 

thin films. The higher selenium content in the film is observed after selenization than before 

selenization. The α-CIGSe phase can be seen for the samples that have performed 

selenization, showing that selenization is needed to get high-quality CIGSe thin films. 

Therefore, The CIGSe samples after selenization can utilize in CIGSe TFSC as an absorber 

layer due to their suitable elemental compositions.  
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Fig. 4.20 Schematic of the EDS spectrum (inserted with EDS mapping) of the CIGSe thin films a) before 

selenization, b) after selenization 

 

Table 4.10 Compositional analysis for CIGSe thin films before and after selenization at different first stage 

substrate temperatures 

                Elements             

Samples 

Copper 

(at. %) 

Indium 

(at. %) 

Gallium 

(at. %) 

Selenium 

(at. %) 

Ga / 

(In+Ga) 

(Cu) / 

(In+Ga) 

Se / 

(Cu+In+Ga) 

CIGSe 300 before Se 23 14 15 48 0.51 0.8 0.923 

CIGSe 320 before Se 22 13 13.5 51.5 0.50 0.83 1.062 

CIGSe 340 before Se 20.5 13.5 13 53 0.49 0.77 1.127 

CIGSe 300 after Se 21 14.7 9 55.3 0.37 0.88 1.237 

CIGSe 320 after Se 21.3 13 10.3 55.4 0.44 0.87 1.242 

CIGSe 340 after Se 22 15 8.4 54.6 0.36 0.94 1.202 

 

4.3.4 Topographical analysis of CIGSe thin films 

 

The qualitative (i.e., surface morphology as well as topography) and quantitative (i.e., grain 

size, roughness, skewness, and kurtosis) information for CIGSe thin films before and after 

selenization at three different first stage temperatures were analyzed from AFM 

measurement. Fig. 4.21 shows the 2D AFM images inserted with 3D AFM images of CIGSe 

thin films before and after selenization deposited at three different first-stage substrate 

temperatures of 300, 320, and 340°C, respectively.  The parameters, such as average grain 

size, average roughness, root mean square (RMS) roughness, skewness, and kurtosis, of 

CIGSe thin films calculated from the convolution of the cantilever tip and surface of the 

CIGSe thin films and demonstrated in Table 4.11. From the AFM images, the CIGSe thin 

films are composed of laminar structure grains with irregular shapes and sizes ranging from 
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0.1 to 1 µm. The grains are also uniformly distributed throughout the area. The parameters, 

namely average grain size, RMS roughness, and average roughness, are higher for CIGSe 

thin films after selenization than before selenization. The increment of those parameters for 

CIGSe thin films after selenization might be due to the greater segregation of elements in 

the CIGSe thin films compared to elemental segregation before selenization [14]. The grain 

sizes for CISe thin films obtained from the AFM measurement are consistent with grain sizes 

found from SEM analysis. The CIGSe thin films grown after selenization contain higher 

roughness than CIGSe samples before selenization, which can reduce the absorption of 

sunlight by increasing the reflection of sunlight from the film surface [14]. However, the 

rough surface of the CIGSe thin film can be eliminated through surface treatment with 

various chemicals. The symmetrical height distribution of grains is generalized from positive 

and small values (near to zero) of skewness for CIGSe thin films before and after 

selenization. The kurtosis values (greater than 3) for CIGSe thin films proved more peaks 

than valleys in the film’s surface [3]. 

 

 
Fig. 4.21 AFM images of the CIGSe thin films a), b), and c) before selenization, d), e), and f) after 

selenization at three different first stage substrate temperatures of 300, 320, and 340°C, respectively 
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Table 4.11 Topographical parameters for CIGSe thin films before and after selenization at different first 

stage substrate temperatures 

                  Properties 

Samples 

Average grain 

size (nm) 

RMS roughness 

(nm) 

Average 

roughness (nm) 

Skewness 

(Ssk) 

Kurtosis 

(Ska) 

CIGSe 300 before Se 400 50.28 39.01 0.160 3.668 

CIGSe 320 before Se 490 85.78 61.61 0.974 4.243 

CIGSe 340 before Se 461 91.45 61.89 0.441 5.140 

CIGSe 300 after Se 558 129.01 101.39 0.0238 3.188 

CIGSe 320 after Se 565 105.93 79.81 0.0980 3.794 

CIGSe 340 after Se 555 95.93 75.64 0.471 4.508 

 

4.3.5 Electrical properties of CIGSe thin films 

 

The electrical properties of CIGSe thin films were estimated by the Hall-van der Pauw 

method with a magnetic field of 0.55 T. The electrical properties are mainly dependent on 

the deposition methods, crystallinity, morphology, grain size, elemental composition, and 

the chemistry of thin films that can affect the CIGSe solar cell parameters [12, 15, 30, 31]. 

These electrical properties, especially resistivity and carrier concentration, vary with the 

elemental composition of the CIGSe thin films. The CIGSe can be either p-type or n-type 

semiconductor, which depends on the copper ratio (Cu/(In+Ga)), gallium ratio (Ga/(In+Ga)), 

and selenium ratio (Se/(Cu+In+Ga)) [30, 31]. The copper ratio less than unity and selenium 

ratio greater than unity can form a p-type semiconductor. In contrast, the n-type 

semiconductor can observe in the reverse case (i.e., Cu-rich and selenium deficiency). Here, 

the electrical properties of CIGSe thin films grown after selenization are only studied 

because it was difficult to analyze the electrical properties of CIGSe thin films deposited 

before selenization. The data of resistivity, mobility, carrier concentration and hall 

Coefficient for CIGSe thin films after selenization deposited at three different first-stage 

temperatures are presented in Table 4.12. It is seen from the results that the lowest resistivity 

of 8.95 Ωcm and the highest carrier concentration of 8.3×1016 cm-3 are observed for the 

CIGSe samples deposited at 320°C after selenization. This result can be due to the higher 

gallium content in CIGSe 320 than other samples, which enhances the material properties of 

the CIGSe thin films [31, 37, 49]. The positive Hall coefficient values proved the formation 

of the p-type semiconductor. This outcome is consistent with the elemental compositions of 

the CIGSe thin films.  
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Table 4.12 Electrical properties for CIGSe thin films before and after selenization at different first stage 

substrate temperatures 

              Parameters 

Samples 

Resistivity 

(Ω cm) 

Mobility 

(cm2V-1s-1) 

Hall coefficient 

(cm3C-1) 

Carrier Concentration 

(cm-3) 

CIGSe 300 after Se 21.70 6.90 148.62 4.2E16 

CIGSe 320 after Se 8.95 8.37 75.21 8.3E16 

CIGSe 340 after Se 18.00 13.87 249.68 2.5E16 

 

4.4 Summary 

 

The In2Se3, CISe and CIGSe thin films were successfully deposited and optimized the 

suitable deposition conditions. Preferential orientation of (006) from the XRD results, more 

than 60 at% of selenium content, Raman peaks at 150 cm-1, and bandgap of around 2 eV for 

In2Se3 thin films confirmed the formation of the γ-In2Se3 phase. The crystallinity of In2Se3 

thin films was enhanced when the substrate temperature increased from 300 to 340℃. The 

uniform, smooth, compact, and irregular grains for all In2Se3 thin films are also observed in 

SEM and AFM studies. All the In2Se3 samples can be used for the synthesis of the CI(G)Se 

thin films. For CI(G)Se thin films, the preferential orientation of (112) from XRD results 

and A1 vibrational phonon modes in the range of 170 to 176 cm-1 from Raman spectra 

verified the polycrystalline and chalcopyrite structure of CI(G)Se thin films. The crystalline 

quality of CI(G)Se thin films is improved with an increase in selenization temperature and 

selenization time. The slightly Cu-poor composition and excess selenium content in the 

CI(G)Se thin films are observed from EDS analysis, which is the required composition for 

the formation of the most stable phase (i.e., α-phase phase). The compact and larger grains 

(greater than 1 µm of grain size) with irregular shapes are seen from SEM and AFM analysis. 

These larger grains can reduce the grain boundaries where recombination of generated 

charge carriers occurs and improve the device performance. Hall effect analysis proved the 

p-type conductivity for deposited CI(G)Se thin films. The carrier concentrations of the 

CI(G)Se thin films are found in the range of 1016 to 1017 cm-3. After analyzing these 

properties, the selenization temperature of 550℃ for 60 minutes and the first-stage 

temperature of 320℃ are the best deposition conditions for CI(G)Se thin film by the hybrid 

deposition method.  
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Chapter 5 Study on CdS buffer layer for CI(G)Se thin film solar cells 
 

This chapter presents the introduction of the transition metal chalcogenides, possible growth 

methods for CdS thin films, and a detailed study of chemical bath deposition for the growth 

of CdS thin films including deposition mechanisms. The results and discussions of CdS thin 

films by a chemical bath deposition method deposited at different ammonia quantities, 

deposition temperatures and times are also illustrated. Finally, explains the summary of this 

study and optimizes the best CdS deposition conditions for solar cell application as a window 

layer. 

 

5.1 Introduction 

 

Transition metal chalcogenides, compounds consisting of chalcogens such as oxides, 

sulfides, selenides and tellurides, are important technological materials. Among those 

semiconductors, compound semiconductor of group II-VI such as ZnO, ZnS, ZnSe, ZnTe, 

CdO, CdS, CdSe, and CdTe have attracted much attention due to their potentials on various 

applications in optoelectronics, catalysis, gas sensors, optical filters, photodetectors, thin-

film field effect transistors, semiconductor lasers, photo-electro-chemical cells, and 

photovoltaics [1–10]. With the exception of mercury compounds (semiconductor 

compounds such as HgSe and HgTe are semimetals), group II-VI semiconductors are direct 

bandgap materials with bandgap that ranges from 1.4 eV to 3.7 eV [10]. Metals of group IIB 

have two s2 electrons in the outer shell, while chalcogens have six s2p4 electrons. Therefore, 

these compounds are typically characterized by the presence of four elongated electron 

clouds around each atom. These electron clouds are in the sp3 configuration, which is due to 

the hybridization of the s- and p-orbitals [11]. This leads that atoms are tetrahedrally 

coordinated where each atom is symmetrically surrounded by four nearest neighboring 

atoms of the other element. With this arrangement of atoms, group II-VI semiconductor 

compounds can satisfy two possible structures: zincblende (cubic) and wurtzite (hexagonal) 

crystal structures [10]. Group II metals have sufficiently high ionization potentials and do 

not give up their electrons but rather share them with neighboring electrons of chalcogens 

[11]. The stronger electronegativity of group VI chalcogens (i.e., electronegativity difference 

~ 0.4 to 0.9) causes the electron clouds to shift from group II metals to group VI chalcogens. 

As a result, the binding is partly ionic and partly covalent [11]. Ionic bonds are formed when 
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the valence electrons are detached from the metal and transferred to the chalcogens. While 

covalent bonds are formed upon equal distribution of valence electrons between the metal 

and the chalcogen. The cadmium sulfide (CdS) buffer layer is considered promising n-type 

material due to its function in band alignment, lattice matching, and surface cleaning, as well 

as forming a buried heterojunction via Cd doping of CIGSe absorber layer. 

 

5.2 Deposition methods 

 

The CdS thin film material can be synthesized by a variety of fabrication techniques, divided 

into physical vapor deposition (PVD) and solution growth deposition techniques [12–16], 

such as sputtering, evaporation, molecular beam epitaxy, sol-gel, electrodeposition, screen 

printing, spin-coating, spray pyrolysis, metal organic chemical vapor deposition, successive 

ionic layer adsorption and reaction, close spaced sublimation, chemical bath deposition 

(CBD), etc. The advantages and disadvantages of using various thin film deposition methods 

and the main parameters that can affect the properties of films are given in literature [12–

16]. Physical vapor deposition techniques typically operate at high temperatures and 

normally require higher capital costs. Solution growth deposition techniques offer 

opportunities to fabricate semiconductor compound material at lower temperatures and 

lower capital costs. 

 

5.3 Chemical bath deposition method  

 

CBD is a purely chemical process, which has been intensively applied for the research and 

industrial deposition of CdS thin films on different substrates because of its simplicity, low 

process temperature (<100℃), scalability and reproducibility, high stability, commercial 

production, and high device efficiency [17]. The first CBD method was reported in 1984 by 

synthesizing lead sulfide for photoconductive detectors. The deposition of thin films in CBD 

occurs from aqueous solutions at low temperatures by a chemical reaction between dissolved 

precursors, with the help of a complexing agent (or ligand) [18]. CBD method has been 

attracted considerable attention as it does not require sophisticated instrumentation like 

vacuum system and other expensive equipment. The precursor materials are commonly 

available and inexpensive. Moreover, a large number of substrates can be coated in a single 

run of CBD deposition. The low temperature deposition avoids oxidation and corrosion of 
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metallic substrates. Formation of pin hole free, uniform and highly stoichiometric films are 

observed in CBD films since the basic building blocks are ions instead of atoms.  

 

The metal precursors/salts used in CBD are expected to have moderate to high solubility in 

water, e.g., chlorides, iodides, acetates, nitrates, or sulfates. Chalcogenide sources such as 

thiourea, thiosulfate, or thioacetamide for sulfur, and selenourea, selenosulfate, or N,N-

dimethylselenourea for selenium, while the dissociation of water itself provides oxygen in 

the form of OH- ions. Compounds such as ammonia, ethanolamine, ethylenediamine, 

methylamine, dimethylamine, triethanolamine, hydrazine, tartrate, citrate, cyanide, etc. are 

used as complexing agent for the formation of metal chalcogenides in CBD process. Group 

II-VI semiconductors, such as CdS, CdSe, CdO, HgS, HgSe, ZnS, ZnSe, and ZnO are 

synthesized extensively by CBD method [26–33].  

 

In the CBD-CdS growth process, there is a slow release of cadmium ions and sulfur ions and 

then condensation of these ions on the substrate in an aqueous alkaline bath solution giving 

adherent and uniform CdS thin films. The nucleation and growth of thin films deposited 

using CBD method can be influenced by parameters such as types of precursor material, the 

concentration of precursor material, bath temperature, time of deposition, solubility 

equilibrium, pH of the solution, speed of stirrer, and nature of substrate [12]. In CBD-CdS 

growth process, ammonium hydroxide is the most used complexing agent, which reacts with 

cadmium ions from cadmium salts (i.e., cadmium chloride, cadmium iodide, cadmium 

sulfate, cadmium nitrate, cadmium acetate etc.) and forms cadmium tetraamine complex 

[Cd(NH3)4]2+. The formation of cadmium tetraamine complex in the solution ensures the 

slow release of Cd2+ ions and finally cadmium hydroxide (Cd(OH)2) will be formed. It is 

believed that Cd(OH)2 acts as a catalyst for decomposition of thiourea (the S2- source). As a 

result, the formation CdS films occur through the chemical reaction between Cd(OH)2 and 

sulfur ions. CBD-CdS give superior photovoltaic cells compared with the physical vapor 

deposition method, which is normally used on both CdTe and CIGSe photovoltaic cells [26]. 

Reynolds et al. first discovered the photovoltaic effect by using CdS thin films with copper 

contact while studying the properties of different rectifying contacts to CdS crystal in 1954 

[27]. 
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5.3.1 Deposition mechanisms  

 

Various reaction steps are found at the substrate surface for thin film formation by CBD, 

which have a vital role in determining the film properties. Thin film deposition mechanism 

can be divided into two major processes such as the formation of needed film by ionic 

reactions involving free anions and the decomposition of metal complexes. These two 

mechanisms are mainly named as complex-decomposition ion-by-ion mechanism and 

complex-decomposition cluster-by-cluster mechanism [28]. These mechanisms for growth 

of films are described following. 

 

5.3.1.1 Ion by ion deposition 

 

This mechanism is carried out by sequential reactions between the ions present in the 

solution. In this mechanism, Particles grow slowly to form a film through heterogeneous 

nucleation. In ion-by-ion nucleation, first cadmium ions and sulfur ions diffuse over the 

substrate which serve as a catalyst and facilitate the nucleation. These ions attach to the 

substrate and are then involved in chemical reactions. Finally, the nucleation grows as a 

result of the absorption of ions from the solution and CdS thin films are grown on the 

substrate as shown in Fig. 5.1. The growth of stable, dense, and well-adherent CdS films are 

normally found in ion-by-ion mechanism. When limiting reactant is used up then growth 

will start to slow down and eventually stop due to depletion of the reactant [29]. The possible 

chemical reaction for this mechanism is: 

 

Cd2+ + S2- ⇌ CdS    (eq. 5.2) 
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Fig. 5.1 Ion by ion mechanism for cadmium sulfide thin film formation on the substrate: i) diffusion of ions, 

ii) attach of ions on the substrate, iii) nucleation of the ions on the substrate forming CdS nuclei, iv) growth 

of the CdS film [30]. 
 

5.3.1.2 Cluster by cluster deposition 

 

This mechanism is also known as nucleation by formation of metal hydroxides where the 

growth of stable films obtained through homogeneous nucleation. In cluster-by-cluster 

mechanism (see Fig. 5.2), metal hydroxide (Cd(OH)2) colloidal particles first diffuse to the 

substrate and adhere to it. These metal hydroxide colloidal particles adsorbed onto the 

substrate react with free chalcogen ions (S2-) in the solution resulting in the displacement of 

hydroxide by the free ions. Such displacement reaction can occur both on the substrate and 

in the solution and continues until most of the hydroxide converts into metal-chalcogen 

(CdS) compounds [31]. Cluster-by-cluster mechanism is dependent on a large difference 

between the solubility products of the hydroxide and chalcogenide of the required metal. 

There is a possibility on the process that it will change in the course of the deposition. As 

the metal is depleted from solution, the complex to metal ratio will increase and may pass 

the point where no solid hydroxide phase is present in the solution that can favor the ion-by-

ion mechanism. The possible chemical reaction for this mechanism is:  

 

Cd2+ + 2OH-     ⇌  Cd(OH)2    (eq. 5.3) 

Cd(OH)2 + S2-  ⇌  CdS + 2OH-   (eq. 5.4) 

 

 
Fig. 5.2 Cluster by cluster mechanism for cadmium sulfide thin film formation on the substrate: i) diffusion 

of Cd(OH)2 molecule and sulfur ions, ii) exchange reaction, iii) nucleation of the ions forming CdS nuclei, 

iv) growth of the CdS film [30].  
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5.3.2 Results and discussions  

 

5.3.2.1 Effect of ammonia 

 

First of all, the ammonia concentration is fixed (i.e., 3M). Then, the CdS thin films are 

deposited at different proportions of ammonium hydroxide (i.e., from 1:1 to 5:1) compared 

to the quantity of cadmium acetate or thiourea, while bath temperature of 80℃ and 

deposition time of 20 minutes are fixed. It is seen from the deposited samples that there is 

no deposition of films on the substrate at very low and high quantity of ammonia in the 

solution (i.e., the quantity of the ammonia to cadmium acetate ratio of 1:1 and 5:1). This 

outcome is due to the insufficient ammonia quantity in 1:1 condition that couldn’t liberate 

the ions (mainly cadmium ions) into the solution and complete control of ions at very high 

quantity of ammonia (i.e., 5:1). Therefore, this research is only focused on the ammonia ratio 

from 2:1 to 4:1 to optimize the ammonia quantity for the deposition process.  

 

XRD results (display in Fig. 5.3) revealed that the planes such as (100), (002), (101), and 

(110) are related to the hexagonal crystal structure of the CdS [32]. It is seen from the 

diffraction pattern that the peak intensity of the (002) plane for the samples deposited at 

ammonia ratio 2:1 and 3:1 was higher than the sample deposited at 4:1 condition. Since the 

deposited CdS films are very thin, the broad hump in the XRD pattern at 20 to 30° is related 

to the reflections of soda lime glass substrate. The diffraction line broadening occurs when 

a crystal is broken into smaller incoherent diffraction domains by dislocation arrays, stacking 

faults, or any other extended imperfection. Various factors, for example, instrument, 

specimen, lattice imperfection, etc., can broaden the diffraction line. Fig. 5.4 illustrates the 

SEM micrographs of the surfaces of the CdS films deposited at different ammonia 

proportions (i.e., 2:1, 3:1, and 4:1). The SEM micrographs exhibit that the film with sphere-

like structure, compact, continuous, and smooth grains with well-defined grain boundaries 

with very few pinholes are found. Although thicker film deposition is found at ammonia 

proportion 3:1 than 2:1, both films showed analogous results from structure and morphology 

studies. Thus, constant ammonia proportion of 2:1 is chosen for further investigations such 

as deposition temperatures and time to get better quality of CdS thin films. 
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Fig. 5.3 XRD of CdS thin films deposited at various ammonia quantity (from 2:1 to 4:1) 

 

 
Fig. 5.4 SEM of CdS thin film deposited at different ammonia quantity (from 2:1 to 4:1) 

 

5.3.2.2 Influence of temperatures and times 

 

After optimizing the ammonia quantity, this research is focused on the deposition 

temperature and time for getting more quality of CdS thin film. First, the CdS films are 

deposited at various temperatures starting from 70 to 85℃ with the step of 5℃. The better 

crystallinity and homogenous morphology are observed at higher deposition conditions (i.e., 

80 and 85℃). This research focuses on the deposition temperature of 80℃ due to the 

presence of airdrops inside the solution at 85℃ which can affect the deposition of a film on 

the substrate. And Finally, the work is concentrated on the different deposition times (from 

20 to 60 minutes with a step of 10 minutes) at a constant temperature of 80℃	to get the best 

CdS samples for photovoltaic technology. The structural, morphological, compositional, 

topographical, optical, and electrical properties of CdS thin films deposited at various 

temperatures and times are studied together. 
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5.3.2.2.1 Growth rate 

 

The growth mechanism of film in the CBD method involves mass transport of reactants, 

adsorption, surface diffusion, chemical reactions, nucleation and growth. The nucleation and 

growth rate of films also depend on the nature of energy applied for the formation of the 

film. The physical properties of thin films, such as the quantum size effect and film’s color, 

rely on thickness. Fig. 5.5 displays the variation of the deposition rate of CdS thin films 

grown at different temperatures (constant time of 30 min) and at various times (constant bath 

temperature of 80℃). It is seen from the results that the growth rate of CdS thin films by the 

CBD method is enhanced with an increase in deposition temperatures and times. Increasing 

bath temperature improves the kinetics of particles in the solution and tends to have more 

thickness [33]. More new particles are deposited over the old deposited particles, forming 

the layer of particles with a rise in deposition time, leading to increase the film thickness 

[12]. The growth rate of the film can also be affected by the types of used substrates that 

provide nucleation sites on which the growing film can form. The higher amount of cadmium 

ions and sulfide ions concentrations inside the chemical bath are formed, as we increase to 

higher temperature and time of deposition. It is observed that the growth rate of the film 

enhances in higher deposition temperatures and times. As seen from the data, the minimum 

deposition rate was found around 1 nm/min for a lower value of deposition temperatures and 

times and more than 5 nm/min growth rate was observed at higher deposition temperatures 

and times. 
 

 
Fig. 5.5 Graphical representation of growth rate of CdS thin films deposited at different a) deposition 

temperatures (i.e., 70, 75, 80, 85℃) and b) deposition times (20, 30, 40, 50, 60 minutes) 
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5.3.2.2.2 Structural properties of CdS thin films 

 

The preferred orientation CdS thin films is influenced by the source compound, nucleation 

process, and growth parameters of various deposition methods. In most of the research 

papers, XRD studies of physical vapor deposition methods revealed that deposited CdS thin 

films have dominant hexagonal structure and solution growth deposition methods have 

dominant hexagonal or dominant cubic or mixed (cubic + hexagonal) crystal structure [12]. 

Different growth methods for CdS thin films consist of varying nucleation and growth rate, 

which can differ the crystallinity of deposited CdS thin films [34]. For thin film solar cell, a 

buffer layer with hexagonal structure is preferred over the cubic one due to its stable nature, 

higher optical bandgap as well as mismatching lattice parameters [35].  

 

XRD analysis is performed in the range of angle two-theta lying between 10 to 70° in order 

to find the crystallite size and also to study the structural properties of CdS thin films (see 

Fig. 5.6). In both cases, XRD results display the major reflection of (002) located at 2θ value 

of around 26.7° that correspond to the hexagonal crystal structure of CdS. The presence of 

minor reflections like (100), (101), (110), (103), and (112) are compatible with the 

hexagonal structure of CdS thin films [32][12]. The strong and sharp diffraction peaks of 

(002) plane increase with increasing deposition time and temperature; this is a consequence 

of thickness increasing due to the decomposition of reactants and the production of ions that 

shows the formation of well-crystallized films. The hexagonal system of lattice planes of 

CdS thin films were verified with the joint committee powder diffraction system (JCPDS 

PDF number: 01-074-9664 with lattice constants, a=4.1002Å, c= 6.6568Å, and c/a=1.62 and 

inter-planer spacing (d)= 3.3284Å) which is well matched with the calculated value. Table 

5.2 presents the X-ray diffraction data of 2θ, full width half maximum (FWHM), crystallite 

size, strain, dislocation density, crystallite number per unit surface, inter-planer spacing, and 

lattice constants for various deposition time and temperature of CdS thin films. It is found 

that the intensity of the peaks increases and the width of peak decreases due to improved 

crystallinity with an increase in substrate temperature and deposition time (except at 60 min). 

And also, it is seen that 2θ, FWHM, strain, dislocation density value decreases in higher 

deposition temperatures as well as times. The decrease in strain due to the growth of film 

thickness demonstrates the reduction in the cohesive force between films and a substrate 
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material that represents the decrease in lattice imperfection and increase in the crystallite 

size. 
 

 
Fig. 5.6 XRD patterns of CdS thin films deposited at different a) deposition temperatures (i.e., 70, 75, 80, 

85℃), and b) deposition times (i.e., 20, 30, 40, 50, 60 minutes) 

 

Table 5.1 Calculated structural parameters of CdS thin films deposited different times and temperatures 

  Parameters 

 

 

 

Samples 

2θ 

(degree) 

FWHM 

(×10-3 

Rad) 

Crystall

ite Size 

(D) 

(nm) 

Strain 

(ε) 

(×10-3 

Rad) 

Dislocatio

n 

density (δ) 

(×10-3 

lines/nm2) 

N=t/(D3

) 

(×10-3 

nm-2) 

Inter-

planer 

spacing 

(d)  (Å) 

Lattice 

constants 

 

c 

(Å) 

a 

(Å) 

CdS 70°C 

30 min 

26.70 6.8 29 ± 2 7.09 1.21 1.26 3.336 6.672 4.44 

CdS 75°C 

30 min 

26.69 6.6 30 ± 2 6.88 1.15 2.73 3.337 6.675 4.45 

CdS 80°C 

30 min 

26.76 5.3 39 ± 2 5.53 0.68 1.40 3.329 6.658 4.44 

CdS 85°C 

30 min 

26.64 4.8 40 ± 2 5.01 0.64 2.42 3.343 6.687 4.45 

CdS 80°C 

20 min 

26.92 5.7 39 ± 3 5.94 0.67 0.69 3.310 6.620 4.43 

CdS 80°C 

30 min 

26.76 5.3 39 ± 2 5.53 0.68 1.40 3.329 6.658 4.44 

CdS 80°C 

40 min 

26.70 4.9 40 ± 2 5.11 0.63 2.04 3.336 6.672 4.25 

CdS 80°C 

50 min 

26.64 4.7 40 ± 2 4.90 0.61 2.42 3.343 6.687 4.46 
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Next, the Raman spectroscopy of CdS thin films deposited at different temperatures and 

times are shown in Fig. 5.7. From the results, the first order scattering of the longitudinal 

optical (1LO) phonon is observed at 305 cm-1, and the second order scattering of longitudinal 

optical (2LO) phonon is found at 605 cm-1. 1LO and 2LO peaks shifted to lower values in 

vacuum-based methods might be due to size effect or surface phonon mode effect and 

mechanical stress in the interface. The hexagonal wurtzite structure of CdS thin films 

corresponds to these two longitudinal optical phonons [36]. The variations in Raman shift 

and peak intensity depend mainly on the composition of elements, variation in crystallite 

size, as well as impurity present (i.e., oxygen incorporation into the lattice) inside the film 

[37]. Here, the intensity of the 1LO peak of CdS thin films increases at a higher value of 

deposition temperatures and times that signify the enhancement of the crystal structure of 

films. Similar results of Raman spectra can also be found in various scientific researches 

[38], [39].  

 

 
Fig. 5.7 Raman spectra of CdS thin films deposited at different a) deposition temperatures (i.e., 70, 75, 80, 

85℃) and b) deposition times (i.e., 20, 30, 40, 50, 60 minutes) 

 

5.3.2.2.3 Morphological properties of CdS thin films 

 

The hexagonal crystal structure films can grow with columnar structure along the c-axis 

perpendicular to the substrate, introducing fewer grain boundaries parallel to the junction 

that can restrict the flow of the photogenerated excess carriers to the grid [40]. The SEM 

CdS 80°C 

60 min 

26.62 5.4 35 ± 2 5.63 0.82 4.00 3.346 6.692 4.46 
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micrographs of CdS thin films prepared with various deposition temperatures and times are 

shown in Fig. 5.8, conforming the microstructure of thin films changes with different 

conditions. It is seen from the images that the particles have distinct features composed of a 

sphere-like structure with grain size distribution in a range of 10-20 nm. The samples 

deposited at lower temperatures and times show the non-uniform distribution of 

agglomerated particles with a large number of pinholes in them (see in Fig 5.8(a), 5.8(b), 

and 5.8(i)). Therefore, the CdS thin films grown at low deposition temperatures and times 

showed a larger number of defects (i.e., voids, dislocation density, etc.), which can reduce 

the crystallinity of the film (see Table 5.1). The continuous, dense, homogeneous films 

without cracks, smooth surfaces, fine spherical structures with fewer voids are observed at 

higher deposition temperatures and times, which is mainly due to the higher thickness of 

CdS than lower temperatures and times. The kinetics of film formation are enhanced by 

increasing the chemical reactions at higher deposition temperatures and the deposition of 

layers of new particles with an increase in deposition time, leading to a rise in the film 

thickness. The formation of spherical granules on the scanned image might be due to the 

spheroid structure of sulfur ions. The CdS thin films grown at a slow deposition rate led to 

the formation of a uniform film, fewer pinholes, and good adhesion to the substrate than 

deposition at a high rate [12].  

 

 
Fig. 5.8 SEM images of CdS thin films deposited at different a-d) deposition temperatures (i.e., 70, 75, 80, 

85℃) and i-v) deposition times (i.e., 20, 30, 40, 50, 60 minutes) 
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5.3.2.2.4 Compositional analysis of CdS thin films 

 

EDS analysis is performed on CBD-CdS thin films where the average atomic compositions 

of the films are taken from different random points of the samples. From Table 5.2, the 

cadmium concentration decreases from 67–50%, and sulfur concentrations increase from 33 

to 50% with an increase in temperature and deposition time. The symmetric compositions 

of cadmium and sulfur atoms in the CdS thin films deposited at higher deposition 

temperatures and times are seen in the EDS results. It can infer from the XRD and SEM 

results that the symmetric compositions of elements can provide better crystallinity as well 

as morphology. The EDS spectrum verifies the presence of cadmium and sulfur atoms in the 

CdS thin films (see Fig. 5.9 (a)), and the distribution of cadmium and sulfur atoms in the 

film is displayed in EDS mapping shown in Fig. 5.9 (b). 
 

Table 5.2 Compositional analysis of CdS thin films 

                   Elements 

Sample 

Cadmium 

 (at. %) 

Sulfur  

(at. %) 

Cd/S 

CdS 70°C 30 min 67 33 2.03 

CdS 75°C 30 min 57 43 1.33 

CdS 80°C 30 min 55 45 1.20 

CdS 85°C 30 min 52 48 1.08 

CdS 80°C 20 min 55 45 1.20 

CdS 80°C 30 min 55 45 1.20 

CdS 80°C 40 min 53 47 1.13 

CdS 80°C 50 min 52 48 1.08 

CdS 80°C 60 min 52 48 1.08 

 

 
Fig. 5.9 Schematic of a) EDS spectrum and b) EDS Mapping of CdS thin films deposited at 80 ˚C for 30 min 
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5.3.2.2.5 Topographical analysis of CdS thin films 

 

Topographical analysis on the CdS thin films has been done by using atomic force 

microscopy (AFM) where the image can be studied through the convolution of the tip of the 

cantilever and the samples. The non-contact AFM operation mode is used to analyze the 

surface of the samples [41]. It is observed, from Fig. 5.10, that the particles are uniformly 

distributed on the surface of the film and also the surfaces are composed of nano-sized grains 

with an approximate size of 80 to 110 nm. In both conditions, CdS thin films are composed 

of spherical shaped particulate, very well-connected grains without crack that presents an 

inhomogeneous compact surface. The grains were grouped together to form large clusters 

like cauliflower with an average size of around 200 to 400 nm. The value of average grain 

size, average roughness, skewness, and kurtosis are shown in Table 5.3. The surface 

roughness of the films lay in the range of 6 to 15 nm, which signifies the formation of a 

uniform and smooth surface. Moreover, the grains are distributed homogenously in the film. 

The value of skewness was positive as well as a small value (i.e., near to zero), which 

represents the surface has more peaks than valleys and the height distribution is near to 

symmetrical [42]. This information can also be verified by the data of kurtosis, which was 

greater than the value of 3. 

 

 
Fig. 5.10 AFM images (2D images with area of 2x2 µm2) of CdS thin films deposited at different deposition 

a-d) temperatures (i.e., 70, 75, 80, 85℃) and i-v) times (i.e., 20, 30, 40, 50, 60 minutes) 
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Table 5.3 Parameters such as average grain size, average roughness, RMS roughness, skewness, kurtosis 

calculated from AFM 

              Parameters 

 

Sample 

Average 

grain size 

(nm) 

Average 

Roughness 

(nm) 

RMS 

Roughness 

(nm) 

Skewness 

(Ssk) 

Kurtosis 

(Ska) 

CdS 70°C 30 min 80 8 9.86 0.084 3.31 

CdS 75°C 30 min 111 14 10.39 0.031 3.49 

CdS 80°C 30 min 95 7.48 9.32 0.308 2.95 

CdS 85°C 30 min 95 7.41 9.48 0.407 3.95 

CdS 80°C 20 min 89 6.9 8.7 0.022 3.16 

CdS 80°C 30 min 95 7.48 9.32 0.308 2.95 

CdS 80°C 40 min 95 8.7 11.05 0.111 3.46 

CdS 80°C 50 min 90 7.17 9.14 0.147 3.30 

CdS 80°C 60 min 88 6.4 8.04 0.036 3.19 

 

5.3.2.2.6 Optical properties of CdS thin films 

 

The transmittance of the CdS thin films deposited at various temperatures and times are 

shown in Fig. 5.11, where the data are studied in the range of wavelength from 300 to 900 

nm. It is seen that the deposited thin films transmit the light more than 75% in the visible 

region. These results infer that large numbers of photons will pass to the absorber layer in 

thin film solar cells. These photons can be absorbed in an absorber layer of thin film solar 

cells, generating large numbers of charge carriers and, finally, improving solar cell 

performance. The transmittance of photons at higher deposition temperatures and times is 

comparatively lower than that of photons at lower deposition temperatures and times. This 

decrement of transmittance at higher conditions is due to the high thickness of CdS thin 

films. 

 

The bandgap of CdS thin films is the minimum energy required to excite an electron from a 

lower energy level (i.e., valence band) to a higher energy level (i.e., conduction band). The 

CdS bandgap can be calculated by extrapolating the straight-line part of plot (αhν)2 versus 

photon energy (hν) to the energy axis (i.e., (αhν)2 = 0) [12]. It is seen from Tauc plot 

(inserted in the Fig. 5.11) that the value of Eg for CdS films prepared at different temperatures 

and times varies from 2.65 to 2.52 eV and 2.49 to 2.62 eV with increasing order, 
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respectively. These observed bandgaps of CdS thin films resemble the bandgap of the 

hexagonal phase, which is more stable than the cubic phase of the CdS. 

 

 
Fig. 5.11 Transmittance of CdS thin films (inserted with bandgap energy diagram) deposited at different a) 

deposition temperatures (i.e., 70, 75, 80, 85℃) and b) deposition times (i.e., 20, 30, 40, 50, 60 minutes) 

 

The photoluminescence (PL) of the CdS thin films is also studied. The PL studies can 

analyze the effect of impurities, defect centers, and recombination of surface states on the 

quality of deposited thin films. Furthermore, information involving different energy states 

that lies between valence and conduction bands that are responsible for radiative 

recombination due to cadmium and/or sulfur defects are also achieved by PL studies. Fig. 

5.12a shows the PL spectra of CdS thin films deposited with various temperatures from 70 

to 85℃ at a constant time of 30 min, and Fig. 5.12b displays the PL spectra of CdS thin films 

at different times from 20 to 60 min, while deposition temperature is kept the constant value 

of 80℃. For both deposition temperatures and time, there was one major peak ranging from 

2.2 to 2.6 eV. The red emission (RE) band is located in the range of 1.7-1.86 eV energy 

level, which is due to cadmium interstitial (i.e., sulfur vacancies) [43]. The yellow emission 

(YE) band, situated in the range of 2.04-2.11 eV, arises from cadmium vacancies (Icd-Vcd) 

defects [44]. The energy level lies between 2.40 and 2.60 eV in PL spectra is known as a 

green emission (GE) band. This GE band is attributed to sulfur interstitial, which is related 

to deep trap/surface trap emission where electronic transitions occur from the conduction 

band to an acceptor level [44]. The peaks became narrower at higher deposition temperatures 

and times, which showed better crystallinity of the CdS thin films at higher deposition 

conditions than in lower deposition conditions. This increment of crystallinity with a rise in 



 

 

135 

deposition temperatures and times is due to the homogenous distribution of cadmium and 

sulfur atoms. In addition, there are several peaks located at 2.43, 2.47, and 2.58 eV ascribed 

to bound exciton for a mixture of cubic and hexagonal phases of CdS thin films [12]. The 

PL intensity of the peaks decreases with an increase in the deposition temperatures and times, 

which is due to a decrease in the defect density of elements (i.e., forming symmetrical 

compositions of cadmium and sulfur atoms) [45], [46]. The higher PL intensity of films may 

increase the recombination sites, impurities as well as the non-homogenous distribution of 

atoms. 
 

 
Fig. 5.12 The PL spectra of CdS thin films deposited at different a) deposition temperatures (i.e., 70, 75, 80, 

85℃) and b) deposition times (i.e., 20, 30, 40, 50, 60 minutes) 

 

5.3.2.2.7 Electrical properties of CdS thin films 

 

Conductivity, the degree of conduction of electricity, of the CdS thin films was estimated 

from the reciprocal of resistivity measurements. The electrical parameters like Hall 

coefficient, conductivity, mobility, and carrier concentration of CdS thin films are shown in 

Table 5.4. The deposited films at higher temperatures have higher conductivity, which may 

be due to the increased thickness of films (i.e., few numbers of pinholes) where distributions 

of ions are uniform. The increase in carrier concentrations of material may be due to bandgap 

narrowing, increase in grain sizes of film, and decrease in grain boundaries density and 

dislocations density [47]. The CdS thin films deposited at temperatures lower than 75℃ 

showed more resistive nature due to the presence of many pinholes in the films (seen in SEM 

and AFM images). Therefore, it was not possible to measure the electrical parameters of the 
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CdS thin films through the Hall-van der Pauw. The n-type conducting nature of CdS thin 

films is verified by the negative values of the Hall coefficient. The carrier concentration, 

which is the number of charge carriers per unit volume, of the CdS semiconductor can be 

enhanced by doping impurities (i.e., Na, K, etc.) or/ and homogenous distribution of 

cadmium and sulfur atoms in the film [48], [49]. The CdS material is normally used as a 

buffer layer in thin film solar cells. The high carrier concentration of the CdS buffer layer 

can increase the space charge region in the absorber layer, where the generated charge 

carriers are separated. As a result, it improves the collection of generated charge carriers and 

improves solar cell performance. The electron mobility, carrier concentration, and 

conductivity of CdS thin films lie in the range of 6 to 116 cm2V-1s-1, 4.5´1014 to 8.3´1016 

cm-3, and 6.63´10-3 to 8.00´10-2 Ω-1cm-1, respectively. 
 

Table 5.4 Electrical properties of CdS thin films prepared by CBD method 

             Parameters 

Samples 

Hall coefficient 

(cm3C-1) 

Conductivity 

(Ω-1cm-1) 

Mobility 

(cm2V-1s-1) 

Carrier concentration 

(cm-3) 

CdS 70°C 30 min - - - - 

CdS 75°C 30 min - - - - 

CdS 80°C 30 min -329 5.16E-2 -17 1.9E16 

CdS 85°C 30 min -75 8.00E-2 -6 8.3E16 

CdS 80°C 20 min -13888 8.35E-3 -116 4.5E14 

CdS 80°C 30 min -329 5.16E-2 -17 1.9E16 

CdS 80°C 40 min -868 3.57E-2 -31 7.2E15 

CdS 80 °C 50 min -11160 6.63E-3 -74 5.6E14 

CdS 80°C 60 min -625 2.56E-2 -16 1.0E16 

 

5.4 Summary 

 

The CdS thin films were successfully synthesized over SLG substrates with different 

deposition parameters. It was observed from the results that the growth of the film mainly 

depended on the deposition parameters such as concentration and quantity of ammonia, 

deposition temperature, and time. From XRD results, a hexagonal crystal structure with a 

preferential orientation along (002) with a crystallite size varied from 20-40 nm was found. 

The appearance of the first LO at 305 cm-1 and the second LO at 605 cm-1 from Raman 

spectroscopy verified the formation of hexagonal structure of CdS thin films. Uniform, 

smooth, dense film with fewer pinholes, spherical grains were observed from the SEM 
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analysis. The homogenous compositions of cadmium and sulfur atoms were observed for 

CdS thin films deposited at higher temperatures and times. RMS roughness, as determined 

by AFM measurements, of the CdS films were seen in the range of 5-11 nm showing grains 

are compact and uniformly distributed. The transmittance value of deposited CdS thin films 

started to increase after 500 nm and demonstrated more than 75% of transmittance in the 

visible spectrum. The optical bandgaps of CBD-CdS thin films are varied from 2.5 to 2.65 

eV, which was near to the bandgap of CdS material with hexagonal structure (i.e., 2.58 eV).  

From PL spectra, the energy level lay in between 2.4 to 2.6 eV, confirming the presence of 

the GE band, which is attributed to sulfur interstitial. The PL peak intensity was decreased 

with an increase in deposition temperature and time, revealing that the number of impurities, 

defect centers, and recombination of surface states decreased. Hall effect studies depicted 

that CdS thin films with n-type nature have the carrier concentration found in the range of 

1014 to 1016 cm-3. By comparing the material properties of all the CdS samples, the CdS thin 

film deposited at a temperature of 80˚C for 30 minutes showed the most suitable deposition 

condition. Therefore, these deposited CdS materials by chemical bath deposition method can 

be used in the photovoltaic applications.  
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Chapter 6 Simulation study on CI(G)Se thin film solar cells 
 

SCAPS software has remained one of the favored simulators to analyze the device 

performance and optimize the parameters for high-efficiency solar cells. The basic 

introduction of SCAPS software is described in the section 1.3.1. A systematic investigation 

is needed to optimize the solar cell structure because the optimization process in 

experimental work is complex, costly, and time-consuming. This chapter presents the 

simulation results of CISe, CIGSe, and CIGSe bilayer TFSCs. The parameters of different 

layers used in CISe, CIGSe, and CIGSe bilayer TFSCs are presented in the section 3.2. The 

influence of the thickness and carrier concentration of each material used in TFSC on the 

solar cell performance is primarily analyzed and optimized to get high PCE. Our 

experimental results are also examined through this simulation and introduced in this 

chapter. Finally, the effect of defects in various layers (i.e., mainly in the absorber layer, in 

the buffer layer, and at the interface), ambient temperatures, and parasitic resistances on the 

solar cell parameters are studied for all CI(G)Se TFSCs.  

 

6.1 Study on CISe thin film solar cells  

 

In this section, the thickness and carrier concentration of each layer used in CISe TFSC are 

graded and simulated. The output parameters, namely Jsc, Voc, FF, and PCE, for every graded 

condition are calculated from the SCAPS software. The CISe TFSC can optimize the best 

parameters to get high device performance by analyzing these parameters. A brief detail of 

the effect of thickness and carrier concentration of each layer used in CISe TFSC on the 

device performance is described following. 

 

6.1.1 Effect of thicknesses and carrier concentrations of CISe for CISe TFSC 

 

The thickness of the absorber layer is considered a vital parameter in solar cells because the 

quantity and quality of the material are directly related to the device's performance, material 

usage, and cost. The absorber layer thickness must be optimized for getting high PCE at a 

low thickness as much as possible. Here, the simulation study is carried out at a different 

thickness of the CISe absorber layer ranging from 1 to 10 µm while other parameters are 

kept constant (see Table 6.1). Fig. 6.1 displays the J-V curve of CISe TFSC inserted with 
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the QE curve and the quantitative data of the solar cell parameters at different CISe 

thicknesses. From the results, all the solar cell parameters (i.e., Voc, Jsc, FF, and PCE) are 

enhanced with a rise in CISe thickness. This increment is due to the collection of more 

photons in the absorber layer that generates more electron-hole pairs. Moreover, the photons 

having longer wavelengths may also absorb in a thicker absorber layer. The absorption of 

more photons improves the Voc and Jsc of the solar cells and eventually increases the PCE of 

CISe TFSC [1–6]. At the low thickness of CISe, all the solar cell parameters are degraded, 

which may be due to the back-contact recombination. The back contact and depletion region 

are very close to each other at low CISe thickness. The chances of recombining generated 

charge carriers at back contact are high for the thin absorber layer, which declines the device 

performance [2, 6, 7] This outcome is also confirmed from the inserted QE curve that the 

device performance is reduced at lower CISe thickness by increasing back-contact 

recombination and decreasing the absorption limit of CISe. Once the diffusion length of 

minority carriers is in the order of magnitude of the absorber layer thickness, the maximum 

number of photons is absorbed and collected. The PCE of the solar cells varies from 18.5 to 

22% when the CISe thickness is changed from 1 to 10 µm. These results are compatible with 

the previously published results [1, 8–12]. 
 

 
Fig. 6.1 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different CISe thickness 

 

Table 6.1 Parameters used in CISe TFSC at different CISe thicknesses  

                       Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 1000-10000 50 50 100 



 

 

144 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1016 0 0 0 

 

After studying the absorber layer thickness, the SCAPS software works on various carrier 

concentrations of the CISe absorber layer from 1014 to 1018 cm-3. The other parameters used 

in the SCAPS software are presented in Table 6.2.  Fig. 6.2 displays the J-V curve of CISe 

TFSC inserted with the QE curve and the quantitative data of the solar cell parameters at 

different CISe carrier concentrations. The electric field intensity and width of the space 

charge region can be affected by the carrier concentration of the absorber layer. At higher 

carrier concentrations of the absorber layer, the semiconductive properties deteriorate and 

change into the metallic conductive state. This state elevates the recombination traps and 

centers in the film that impact the device’s performance [7]. The Voc is directly related to 

CISe carrier concentration (i.e., Voc rises from 439.3 to 696.4 mV with the increasing carrier 

concentration of CISe from 1014 to 1018 cm-3). The built-in electric field of solar cells 

improves with increasing carrier concentration of the CISe absorber layer, enhancing the Voc 

value and then PCE of CISe [1, 6, 13–15]. The Jsc and FF parameters remain constant until 

the carrier concentration of 5´1016 cm-3 and reach the maximum PCE of 22.23%. At higher 

carrier concentration values than 5´1016 cm-3, the Jsc and FF parameters are reduced by 

enhancing the recombination of photogenerated charge carriers. This degradation of the 

CISe TFSC performance through recombination losses at higher carrier concentrations of 

CISe is also verified by inserted QE curve. The defects in the solar cell enhance with an 

increase in the carrier concentration of CISe, which will further increase the recombination 

rate of charge carriers and finally, negatively affect the solar cell performance. The solar cell 

parameters such as Jsc, FF, and PCE values reduce from 45.19 to 31.95 mAcm-2, 81.53 to 

31.77%, and 22.23 to 7.07%, respectively when CISe carrier concentration varies from 

5´1016 to 1018 cm-3. These results are in good agreement with the various literature [14–19]. 
 

Table 6.2 Parameters used in CISe TFSC at different carrier concentrations of CISe  

                      Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 50 100 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 



 

 

145 

Acceptor density (cm-3) 1×1014-1×1018 0 0 0 

 

 
Fig. 6.2 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different carrier concentration of CISe absorber layer 

 

6.1.2 Influence of thicknesses and carrier concentrations of CdS for CISe TFSC 

 

The primary function of the CdS buffer layer within the structure is to make the 

heterojunction and pass the photons to the absorber layer. Here, the device's performance 

is reviewed at a different thickness of CdS buffer layer varied from 20 nm to 100 nm (see 

Fig. 6.3). The other parameters are presented in Table 6.3. The PCE of CISe TFSC is slightly 

enhanced from 20.84 to 22.78% with a rise in the CdS thickness. The increment of device 

performance is mainly related to improving the CdS buffer layer’s quality with an increase 

in the CdS thickness, which helps to reduce the defects and improve the solar cell 

performance [3, 16, 17]. But the CdS thickness greater than 100 nm may degrade the 

device’s performance by absorbing photons in it. This absorption of photons in the CdS 

buffer layer will negatively impact the solar cell parameters. Besides, the series resistance 

of the CISe TFSC enhances at higher CdS thickness. The fill factor of the device is strongly 

affected by the series resistance. The shunt resistance of the device decreases at very thin 

CdS thin films (less than 30 nm) by providing an alternative path for generated charge 

carriers, which subsequently reduces the device performance [7]. Since this work studied up 

to 100 nm thickness of CdS, the effect of CdS thickness on the device performance is further 

explained in the simulation of experimental results. Several reported works of literature are 

closely consistent with these results [7, 8, 18–22].  
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Table 6.3 Parameters used in CISe TFSC at different CdS thicknesses 

                       Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 5000 20-100 50 100 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 5×1016 0 0 0 

 

 
Fig. 6.3 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different CdS thickness 

 

Next, the simulation study is concentrated on the various carrier concentration of the CdS 

buffer layer (i.e., shallow uniform donor densities). The parameters used in CISe TFSC at 

various carrier concentrations of CdS are demonstrated in Table 6.4. Figure 6.4 shows the J-

V curve of CISe TFSC inserted with the QE curve and the quantitative data of the solar cell 

parameters at different carrier concentrations of the CdS buffer layer. With an increase in 

carrier concentration of the CdS buffer layer, the collection of generated charge carriers may 

improve and consecutively favors the increase in the device performance. This increment in 

the collection of generated charge carriers is due to the enlargement of the space charge 

region into the absorber layer [5, 14]. When the carrier concentration of CdS increases from 

1014 to 1019 cm-3, then the solar cell parameters are changed drastically. The Voc and Jsc are 

slightly changed from 631.4 to 612.9 V and 44 to 45 mAcm-2, respectively. The parameter 

FF is enhanced from 35 to 82.67%, and consequently, PCE is increased from 9.83 to 22.81%. 

At higher carrier concentrations than 1017 cm-3, the PCE of CISe TFSC became maximum 
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and remained unchanged. The lower device performance at a lower carrier concentration of 

CdS is due to the absorption of photons in CdS buffer layer instead of the absorber layer 

[23]. These results indicate that a higher carrier concentration of CdS than the carrier 

concentration of the absorber layer can provide better device performance. Similar results 

are found in previously reported literature [7, 14, 16, 18, 21]. 
 

Table 6.4 Parameters used in CISe TFSC at different carrier concentrations of CdS 

                       Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 50 100 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1014-1×1019 1×1017 1×1017 

Acceptor density (cm-3) 5×1016 0 0 0 

 

 
Fig. 6.4 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different carrier concentration of CdS buffer layer 

 

6.1.3 Analysis of thicknesses and carrier concentrations of ZnO for CISe TFSC 

 

Afterward, the effect of thickness and carrier concentration of the ZnO window layer is 

analyzed (see Table 6.5). Fig. 6.5 displays the J-V curve of CISe TFSC inserted with the QE 

curve and the quantitative data of the solar cell parameters at different ZnO thicknesses 

varied from 20 to 100 nm. It is seen from the results that the solar cell parameters are not 

significantly affected by increasing the thickness of the ZnO window layer. Although there 

is no significant change in the cell performance parameters, a thick ZnO window layer can 
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negatively affect the device performance by absorbing the photons in it and by increasing 

the series resistance of the device [14, 17]. So, the thickness should be low with fewer defects 

for better device performance. The solar cell performance is also analyzed at various carrier 

concentrations of the ZnO window layer ranging from 1014 to 1020 cm-3, while other material 

parameters remain constant. Figure 6.6 presents the J-V curve of CISe TFSC inserted with 

the QE curve and the quantitative data of the solar cell parameters at different ZnO carrier 

concentrations. The results demonstrated that solar cell parameters are unchanged when the 

ZnO carrier concentration varies from lower to higher values. As the ZnO window layer is 

situated far from the p-n junction, the ZnO carrier concentration does not impact the space 

charge region width and then generated charge carriers. Although there is no effect of carrier 

concentrations of ZnO on the solar cell parameters, the low carrier concentrations of the ZnO 

window layer can absorb incident photons in it and reduce the solar cell parameters. 

Therefore, it is better to have a high carrier concentration of the ZnO in solar cells to improve 

the absorption of photons in the absorber layer.  
 

Table 6.5 Parameters used in CISe TFSC at different thicknesses and carrier concentrations of ZnO 

                       Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 20-100 100 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1014-1×1020 1×1017 

Acceptor density (cm-3) 5×1016 0 0 0 

 

 
Fig. 6.5 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different ZnO window layer thickness 
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Fig. 6.6 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different carrier concentration of ZnO window layer 

 

6.1.4 Effect of thicknesses and carrier concentrations of ZnO:Al for CISe TFSC 

 

Finally, the solar cell performance is analyzed by varying the thicknesses and carrier 

concentrations of ZnO:Al TCO as presented in Table 6.6. Fig. 6.7 shows the J-V curve of 

CISe TFSC inserted with the QE curve and the quantitative data of the solar cell parameters 

at different ZnO:Al thicknesses. The thickness of the ZnO:Al TCO is graded from 50 to 350 

nm. The Jsc value is slightly reduced with an increase in ZnO:Al thickness values while Voc 

and FF are almost constant. The PCE of CISe TFSC is changed from 22.81 to 22.74 % when 

ZnO:Al thickness increases from 50 to 350 nm. The amount of the photons reaching the 

absorber layer can degrade at higher thickness of ZnO: Al by absorbing in it, leading to the 

loss of photons. The high ZnO:Al thickness may degrade the device performance by 

increasing the series resistance [17]. The lower thickness of 50 nm is preferred and 

considered the optimized conditions for CISe TFSC. Afterward, the effect of the ZnO:Al 

carrier concentration on the solar cell performance is also studied. Fig. 6.8 demonstrates the 

J-V curve of CISe TFSC inserted with the QE curve and the quantitative data of the solar 

cell parameters at different ZnO:Al carrier concentrations. The solar cell parameters have 

changed by a little margin with the increase in ZnO:Al carrier concentration. At lower carrier 

concentrations of ZnO:Al, more photons will be absorbed in ZnO:Al TCO layer and 

consecutively decreases the solar cell parameters. The PCE of CISe TFSC is enhanced from 

22.78 to 22.81%, showing that increasing ZnO:Al carrier concentration may boost the 

collection of the generated charge carriers and improve the solar cell output parameters. 
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Table 6.6 Parameters used in CISe TFSC at different thicknesses and carrier concentrations of ZnO:Al 

                       Materials 

Parameters 

CISe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 50 50-350 

Bandgap (eV) 1.04 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1014-1×1021 

Acceptor density (cm-3) 5×1016 0 0 0 

 

 
Fig. 6.7 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different thickness of ZnO:Al TCO 

 

 
Fig. 6.8 Schematic of a) J-V curve of CISe TFSC inserted with QE curve, b) the solar cell parameter curve at 

different carrier concentration of ZnO:Al TCO 
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6.1.5 Optimized conditions for CISe TFSC 

 

The material parameters, namely thickness and carrier concentration of each layer used in 

CISe TFSC, were analyzed and optimized for achieving high efficiency. Fig. 6.9 shows the 

J-V characteristics curve for high optimized efficiency CISe TFSC from simulation inserted 

with QE curve. The optimized thickness for CISe, CdS, ZnO, and ZnO:Al layers were 5µm, 

50 nm, 50 nm, and 50 nm, respectively. Also, the optimum carrier concentration for CISe, 

CdS, ZnO, and ZnO:Al layers were respectively 5×1016, 1017, 1017, and 1017 cm-3. The 

optimized PCE of 22.81% from SCAPS software is comparable with the record efficiency 

(i.e., 22.9%) for CISe TFSC, showing that the optimal condition can get high device 

performance for CISe TFSC. The other optimized solar cell parameters such as Voc of 612.9 

mV, Jsc of 45.01 mAcm-2, and FF of 82.67% are observed. The results obtained by varying 

the material parameters in SCAPS software are closely harmonious with the previously 

reported literature [1, 6, 11, 15, 24]. The slightly bending curve at two corners of the QE 

curve may be due to the front surface and back surface recombination [25]. Since the 

bandgap of CISe is 1.04 eV, the photons whose wavelength is smaller than 1200 nm have 

greater energy than the bandgap of CISe and can be absorbed in the CISe absorber layer. 

 

 
Fig. 6.9 Schematic of the J-V characteristics curve for optimized CISe TFSC inserted with QE curve 

 

6.2 Study on CIGSe thin film solar cells  
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In this section, the thickness, bandgap (only for CIGSe) and carrier concentration of each 

layer employed in CIGSe TFSC are mainly graded and simulated. Similarly, the output solar 

cell parameters namely Jsc, Voc, FF, and PCE, for every graded condition are calculated from 

the SCAPS software. The CIGSe TFSC can optimize the best parameters to get high device 

performance by investigating these parameters. A brief detail of the effect of each layer's 

thickness and carrier concentration on the device performance is described following. 

 

6.2.1 Effect of thicknesses, bandgaps, and carrier concentrations of CIGSe for CIGSe 

TFSC 

 

Fig. 6.10 depicts the J-V curve of CIGSe TFSC (inserted with the QE curve) and the 

quantitative data of the solar cell parameters at different CIGSe thicknesses ranging from 1 

to 10 µm. The parameters of each layer used in CIGSe are presented in Table 6.7. It is seen 

that all the solar cell parameters (i.e., Voc, Jsc, FF, and PCE) are increasing with an increase 

in CIGSe thickness. A large number of photons, along with photons having longer 

wavelengths, are absorbed in the absorber layer when the thickness of CIGSe rises. This 

absorption improves the generation of electron-hole pairs, which increases the collection of 

charge carriers and finally boosts the solar cell parameters [4, 7, 14, 15, 25]. The lower 

device performance at a low thickness of CIGSe may be due to the back-contact 

recombination. The back contact and depletion region are very close at low CIGSe thickness, 

enhancing the recombination of the generated charge carriers at the back contact. This 

outcome is also confirmed from the inserted QE curve that the CIGSe TFSC performance is 

dropped at lower CIGSe thickness by increasing back-contact recombination and decreasing 

the absorption limit of the CIGSe absorber layer. The solar cell performance at a higher 

thickness of CIGSe remains high and almost constant. As the thickness continues to be 

increasing a higher value, it may exceed the diffusion length of minority charge carriers. So, 

the absorption of sunlight outside of diffusion length can recombine before reaching the 

depletion region. When the CIGSe thickness increases from 1 to 10 µm, the parameters, 

namely Voc, Jsc, FF, and PCE, are increased from 685.80 to 744.60 mV, 37.67 to 38.59 

mAcm-2, 82.39 to 84.89%, and 21.29 to 24.39%, respectively. These results are consistent 

with various works of literature [12, 21, 25–28].  

 
Table 6.7 Parameters used in CIGSe TFSC at different CIGSe thicknesses 
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                       Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000-10000 50 50 100 

Bandgap (eV) 1.2 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1016 0 0 0 

 

 
Fig. 6.10 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different CIGSe thicknesses 

 

Another property of the CIGSe absorber layer that can influence the device’s performance 

is its bandgap. Due to the flexible bandgap of the CIGSe, the suitable bandgap can vary to 

obtain high device performance. The bandgap of CIGSe can be tuned depending on the 

gallium content in the film, where the CIGSe bandgap increases with the rise in gallium 

content. In this study, the bandgap of the CIGSe is varied from 1.0 eV to 1.7 eV for the 

optimization process while other parameters are kept constant (see Table 6.8). The J-V curve 

and the quantitative data of the solar cell parameters at different CIGSe bandgaps are shown 

in Fig. 6.11. As expected, the Jsc is become high at a lower CIGSe bandgap, and then it is 

degraded steadily with an increase in the CIGSe bandgap. The absorption of photons in the 

absorber layer at high CIGSe bandgap diminishes because only photons with higher energies 

than bandgap are absorbed [29, 30]. This result is also proved from the inserted QE curve 

that the absorption of photons having longer wavelength reduces with a rise in the CIGSe 

bandgap. On the other hand, the Voc is enhanced when the CIGSe bandgap increases because 

Voc directly relates to the bandgap (i.e., the maximum Voc can be the ratio of bandgap and 

charge of the carriers). The Jsc value is degraded from 48.02 mAcm-2 at 1.0 eV to 22.25 
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mAcm-2 at 1.7 eV. And the Voc value is increased from 532.50 to 1212.50 mV when the 

CIGSe bandgap increases from 1.0 to 1.7 eV. The PCE of CIGSe TFSC gradually increases 

with the CIGSe bandgap and found the optimum value at 1.4 eV. The PCE started to drop 

after the 1.4 eV bandgap of CIGSe, mainly reducing the Jsc value at a higher CIGSe bandgap. 

The PCE initially increases from 20.60 (for a bandgap of 1.0 eV) to 25.76% (for a bandgap 

of 1.4 eV) and then drops to 24.03% (for a bandgap of 1.7 eV). These outcomes are in good 

agreement with previously published results [4, 28, 29, 31, 32]. 
 

Table 6.8 Parameters used in CIGSe TFSC at different bandgaps of CIGSe 
                       Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 50 100 

Bandgap (eV) 1.0-1.7 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1016 0 0 0 

 

 
Fig. 6.11 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different CIGSe bandgaps 

 

Afterward, this study is concentrated on the various carrier concentrations of the CIGSe 

absorber layer ranging from 1×1014 to 5×1017 cm-3, while other parameters are kept constant 

(see Table 6.9). Understanding the effect of the carrier concentration on the device 

performance will be beneficial and crucial for optimizing the material parameters. Fig. 6.12 

displays the J-V curve of the CIGSe TFSC inserted with the QE curve and the quantitative 

data of the solar cell output parameters at different CIGSe carrier concentrations. The carrier 
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concentration of the absorber layer primarily influences the electric field intensity and width 

of the space charge region. The semiconductive properties degrade and change into the 

metallic conductive state at higher carrier concentrations of the absorber layer [34], which 

elevates the recombination centers in the film and consequently affects the device 

performance. The carrier concentration of CIGSe leads to an increase the Voc, which is 

increased from 792.20 to 1028.90 mV. This increment is due to the improvement of the 

built-in electric field with increasing carrier concentrations [7, 13, 33, 34]. The Jsc is slightly 

changed from 32.94 to 31.67 mAcm-2 when the carrier concentration varies from 1×1014 to 

5×1017 cm-3. The PCE of CIGSe initially enhanced and reached the maximum value of 

26.82% at CIGSe carrier concentration of 5×1016 cm-3 and then reduced to 15.42% (for 

carrier concentration of 5×1017 cm-3). The recombination centers for the generated charge 

carriers enhance at higher carrier concentration, which is due to the deteriorating 

semiconducting properties of the CIGSe semiconductor [34]. The generated charge carriers 

undergo Coulombic interactions, which improves the recombination process. Hence, the 

solar cell performance degrades at higher carrier concentrations of the absorber layer. 

Similar trends in the results are found in different reported literature [14, 16, 17, 19, 21, 27, 

33, 34]. 

 

 
Fig. 6.12 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different CIGSe carrier concentrations 

 

Table 6.9 Parameters used in CIGSe TFSC at different carrier concentrations of CIGSe 
                       Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 50 100 
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Bandgap (eV) 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1014-5×1017 0 0 0 

 

6.2.2 Analysis of thicknesses and carrier concentrations of CdS for CIGSe TFSC 

 

Here, the effect of CdS thickness on the CIGSe solar cell performance is studied. Table 

6.10 presents the parameters used in CIGSe TFSC at various CdS thicknesses. Fig. 6.13 

shows the J-V curve (inserted with the QE curve) and the quantitative data of the solar cell 

parameters at different CdS thicknesses ranging from 20 to 100 nm. It is found that the PCE 

of CIGSe increased by a little margin from 25.82% (for 20 nm) to 27.26% (for 100 nm). The 

quality of CdS thin films improves with an increase in CdS thickness. However, the device 

performance may reduce at a very high thickness (greater than 100 nm) of the CdS buffer 

layer because most of the incident photons absorb in the CdS that can decrease the absorption 

of photons on the CIGSe absorber [24, 25]. The series resistance also increases at higher 

CdS thickness, which affects the FF of the solar cell. As a result, the device performance 

will reduce by recombining charge carriers in the CdS buffer layer. At a very low thickness 

of CdS (less than 30 nm), there will be many defects in the CdS buffer layer. These defects 

provide an alternative path for the generated charge carriers and reduce the solar cell 

parameters [7, 24]. The low thickness of CdS with fewer defects is suitable in solar cells. 

Since this work studied up to 100 nm thickness of CdS, the influence of CdS thickness on 

the solar cell parameters is described more in the simulation of experimental results. These 

results are consistent with the various literature [8, 14, 16, 20, 21, 35]. 

 
Table 6.10 Parameters used in CIGSe TFSC at different CdS thicknesses  

                      Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 5000 20-100 50 100 

Bandgap (eV) 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 5×1016 0 0 0 
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Fig. 6.13 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different CdS thicknesses 

 

Afterward, the effect of carrier concentrations of the CdS buffer layer on the device 

performance is investigated. The parameters used in CIGSe TFSC are shown in Table 6.11. 

The J-V curve of CIGSe TFSC inserted with the QE curve and the quantitative data of the 

solar cell parameters at different CdS carrier concentrations are displayed in Fig. 6.14. The 

carrier concentration of CdS is increased from 1013 to 1020 cm-3. All the solar cell parameters 

except Voc are increased significantly with a rise in CdS carrier concentration. When carrier 

concentration of CdS varied from 1013 to 1020 cm-3, the Jsc, FF and PCE of CIGSe TFSC are 

enhanced from 7.57 to 32.40 mAcm-2, 67.49 to 87.35%, and 5.68 to 27.30%, respectively. 

The parameter Voc is slightly changed from 1110.20 to 964.5 mV. As mentioned earlier, the 

collection of generated charge carriers may increase with a rise in carrier concentration of 

the CdS buffer layer. The space charge region will extend wider in the CIGSe absorber layer 

and can improve the collection of generated charge carriers and consecutively, enhances the 

device performance [5, 14]. The PCE of CIGSe TFSC is increased drastically (i.e., from 

15.88 to 27.28%) when the carrier concentration increases from 1016 to 1017 cm-3, showing 

that the higher (or equal) carrier concentration of CdS compared to the carrier concentration 

of CIGSe absorber layer can increase the device performance. But the device performance 

can decrease at a lower carrier concentration of CdS by absorbing incident photons in CdS 

buffer layer rather than absorber layer [23]. From the QE curve, device performance 

reduction is due to recombination losses at low CdS carrier concentration. These outcomes 

are similar to several reported works of literature [7, 14, 16, 19, 21, 35]. 
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Fig. 6.14 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different CdS carrier concentrations 

 

Table 6.11 Parameters used in CIGSe TFSC at different carrier concentrations of CdS 

                       Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 50 100 

Bandgap (eV) 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1013-1×1020 1×1017 1×1017 

Acceptor density (cm-3) 5×1016 0 0 0 

 

6.2.3 Influence of thicknesses and carrier concentrations of ZnO for CIGSe TFSC 

 

After simulating the CIGSe absorber and CdS buffer layers, the effect of the various 

thicknesses and carrier concentrations of the ZnO window layer on the device performance 

is studied (see Table 6.12). Fig. 6.15 exhibits the J-V curve of CIGSe TFSC inserted with 

the QE curve and the quantitative data of the solar cell parameters at different ZnO 

thicknesses ranging from 20 to 80 nm. It is noticed from the results that the solar cell 

parameters are remained constant with an increase in the ZnO thickness. This outcome might 

be due to its high bandgap compared with the CdS buffer and CIGSe absorber layers, 

showing no effect on the generation and collection of charge carriers. But a very thick ZnO 

can absorb many photons, preventing the photons from reaching the absorber that can reduce 

the parameter Jsc and then minimize the device performance [14, 17]. Moreover, the series 

resistance of the solar cell also increases with an increase in the thickness of ZnO. At a very 

low thickness of ZnO (less than 30 nm), the shunt resistance of the device reduces by 
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providing an alternative path for generated charge carriers. Therefore, a low thickness of 

ZnO with fewer defects will be preferred for better device performance. Next, the simulation 

study was focused on the carrier concentrations of the ZnO. The ZnO carrier concentration 

is graded from 1013 to 1020 cm-3 while other material parameters are kept constant (see Table 

6.12). The J-V curve of CIGSe TFSC inserted with the QE curve and the quantitative data 

of the solar cell parameters at different ZnO carrier concentrations are presented in Fig. 6.16. 

It is found that the device performance remains constant when ZnO carrier concentration 

rises. But the low carrier concentrations of the ZnO window layer can absorb incident 

photons in it and can reduce the value of parameter Jsc. Hence, the high carrier concentration 

of the ZnO in solar cells is required to improve the absorption of photons in the absorber 

layer and then increase the PCE of solar cells.  
 

 
Fig. 6.15 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different ZnO thicknesses 
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Fig. 6.16 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different ZnO carrier concentrations 

 

Table 6.12 Parameters used in CIGSe TFSC at different thicknesses and carrier concentrations of ZnO 

                       Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 5000 50 20-80 100 

Bandgap (eV) 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1017 1×1013-1×1020 1×1017 

Acceptor density (cm-3) 5×1016 0 0 0 

 

6.2.4 Effect of thicknesses and carrier concentrations of ZnO:Al for CIGSe TFSC 

 

This section analyzes solar cell performance at various thicknesses and carrier 

concentrations of ZnO:Al TCO. The parameters used in the SCAPS software for CIGSe 

TFSC are demonstrated in Table 6.13. The J-V curve of CIGSe TFSC inserted with the QE 

curve and the quantitative data of the solar cell parameters at different ZnO:Al thicknesses 

are depicted in Fig. 6.17. First, the ZnO:Al TCO thickness is varied from 50 to 400 nm. The 

Jsc and PCE are slightly degraded with increased thickness of ZnO:Al while Voc and FF 

remained unchanged. The PCE of CIGSe TFSC is changed from 27.32 to 27.19% when 

ZnO:Al thickness rises from 50 to 400 nm. The number of the photons reaching the absorber 

layer can reduce at higher ZnO:Al thickness by absorbing in it, leading to the loss of photons 

that can reduce the generation of electron-hole pairs. The series resistance of the device may 

also increase with a rise in ZnO:Al thickness that degrades the FF and the device 

performance [17]. Hence, the low ZnO:Al thickness with fewer defects is preferred in CIGSe 

TFSC. Finally, the CIGSe TFSC performance is simulated at different carrier concentrations 

of ZnO:Al TCO. Fig. 6.18 depicts the J-V curve of CIGSe TFSC inserted with the QE curve 

and the quantitative data of the solar cell parameters at various ZnO:Al carrier 

concentrations. The ZnO:Al carrier concentration is changed from 1013 to 1021 cm-3. The 

PCE of CIGSe TFSC is slightly changed from 27.26 to 27.32% once the carrier 

concentration of ZnO:Al is varied from 1013 to 1021 cm-3. At a lower carrier concentration 

of ZnO:Al, the incident photons can be absorbed in ZnO:Al layer rather than the absorber 

layer and decrease the collection of generated charge carriers. Therefore, higher carrier 

concentrations of ZnO:Al is suitable in the CIGSe TFSC to obtain high device performance.  
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Fig. 6.17 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different ZnO:Al thicknesses 

 

 
Fig. 6.18 Schematic of a) J-V curve of CIGSe TFSC inserted with QE curve, b) the solar cell parameter curve 

at different ZnO:Al carrier concentrations 

 

Table 6.13 Parameters used in CIGSe TFSC at different thicknesses and carrier concentrations of ZnO:Al 

                                  Materials 

Parameters 

CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000-10000 20-100 20-80 50-400 

Bandgap (eV) 1.0-1.7 2.45 3.25 3.5 

Donor density (cm-3) 0 1×1013-1×1020 1×1013-1×1020 1×1013-1×1021 

Acceptor density (cm-3) 1×1014-5×1017 0 0 0 

 

6.2.5 Optimized conditions for CIGSe TFSC 
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The thickness and carrier concentration of each layer used in the CIGSe TFSC is simulated 

and optimized to reduce the material quantity as little as possible and get high CIGSe TFSC 

performance. The J-V characteristics curve for optimized CIGSe TFSC from SCAPS 

software inserted with QE curve is displayed in Fig. 6.19. The thickness of 5 µm for CIGSe, 

50 nm for CdS, 50 nm for ZnO, and 50 nm for ZnO: Al was optimized. The optimum 

bandgap of the CIGSe for getting maximum device performance was 1.4 eV. Similarly, the 

optimized carrier concentrations of CIGSe, CdS, ZnO, and ZnO: Al were 5×1016, 1×1017, 

1×1017, 1×1017 cm-3, respectively. Using those optimized parameters of each layer, the PCE 

of 27.32% is observed for CIGSe TFSC. The optimized PCE from this simulation is greater 

than the record PCE (i.e., 23.35%) for CIGSe TFSC, showing that the optimum condition 

can have the potential to get high device performance. The respective Voc, Jsc, and FF values 

for the optimized condition were 964.5 mV, 32.42 mAcm-2, and 87.34%. The slightly bend 

QE curve at two corners is related to front surface and back surface recombination [25]. 

Since the optimized bandgap of CIGSe was 1.4 eV, the photons having wavelengths lower 

than 885nm can be absorbed in the CIGSe absorber layer, which is also confirmed by the 

QE results. 
 

 
Fig. 6.19 Schematic of the J-V curve of optimized CIGSe TFSC inserted with QE curve 

6.3 Study on CIGSe bilayer thin film solar cells 

 

It is noticed that the production cost can be reduced by lessening the consumption of high-

cost precursor materials or/and improving the device performance. A novel approach of 

using two absorber layers, namely CISe and CIGSe, is introduced in this investigation for 
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improving the device performance. The CIGSe absorber layer is coupled with the CdS buffer 

layer in the CIGSe bilayer TFSC and forms the CdS/CIGSe heterojunction. The CISe 

absorber layer is placed between the CIGSe absorber layer and back contact. Similarly, the 

material properties such as thicknesses and carrier concentrations of each layer used in 

CIGSe bilayer TFSC are simulated and optimized for achieving high device performance. 

The effect of material parameters on the CIGSe bilayer TFSC performance is briefly 

described below. 

 

6.3.1 Influence of thicknesses and carrier concentrations of CISe for CIGSe bilayer 

TFSC 

 

In this research, the effect of CISe thickness on the device performance is analyzed for 

optimizing the best condition. The thickness of the CISe is varied from 1 to 10 µm while 

other parameters are kept constant (see Table 6.14). The J-V curve of CIGSe bilayer TFSC 

inserted with the QE curve and the quantitative data of the solar cell parameters at different 

CISe thicknesses are displayed in Fig. 6.20. All the solar cell parameters are remained 

constant with an increase in the CISe thickness. This outcome shows that the thickness of 

the absorber layer near to back contact does not affect the device’s performance. However, 

the use of a high thickness of CISe can increase the device cost, which can prevent the 

CI(G)Se TFSC from commercialization. Hence, the low CISe thickness will be preferred in 

CIGSe bilayer TFSC.  
 

Table 6.14 Parameters used in CIGSe bilayer TFSC at different CISe thicknesses 

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000-9000 1000 50 50 100 

Bandgap (eV) 1.04 1.2 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1016 1×1016 0 0 0 
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Fig. 6.20 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CISe thicknesses 

 

Here, the simulation of the carrier concentration of CISe is carried out. The CISe carrier 

concentration is changed from 1013 to 1020 cm-3, while other parameters are kept constant 

(see Table 6.15). The J-V curve of CIGSe bilayer TFSC inserted with the QE curve and the 

quantitative data of the solar cell parameters at different carrier concentrations of CISe are 

displayed in Fig. 6.21. All the solar cell parameters except Jsc slightly improve with a rise in 

CISe carrier concentration. The Voc depends directly on the magnitude of the carrier 

concentration [13]. The semiconductive properties degrade and change into the metallic 

conductive state at higher carrier concentrations of the absorber layer [34]. Since the CISe 

absorber layer is connected to the back-contact side, this metallic state at high carrier 

concentration can reduce the recombination centers and then can improve solar cell 

parameters. The PCE of the CIGSe bilayer TFSC changes from 26.26% (for 1013 cm-3) to 

27.12% (for 1020 cm-3). The device performance is changed with a little margin after the 

CISe carrier concentration of 1018 cm-3. It is inferred that using high CISe carrier 

concentration can improve the device’s performance. 
 

Table 6.15 Parameters used in CIGSe bilayer TFSC at different carrier concentrations of CISe 

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 1000 50 50 100 

Bandgap (eV) 1.04 1.2 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1013-1×1020 1×1016 0 0 0 
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Fig. 6.21 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CISe carrier concentrations 

 

6.3.2 Effect of thicknesses, bandgaps, and carrier concentrations of CIGSe for CIGSe 

bilayer TFSC 

 

The second absorber layer used in the CIGSe bilayer TFSC is the CIGSe absorber layer 

placed between the CISe absorber layer and the CdS buffer layer. The p-type CIGSe and n-

type CdS are sandwiched and form the p-n junction for CIGSe bilayer TFSC. As the 

thickness of CIGSe can relate to the device’s performance and cost, it should be optimized. 

Here, the influence of the CIGSe thickness on the performance of the CIGSe bilayer TFSC 

is simulated. The CIGSe thickness is varied from 1 to 9 µm, while other parameters kept 

constant (see Table 6.16). Fig. 6.22 shows the J-V curve and the quantitative data of the solar 

cell parameters for CIGSe bilayer TFSC at different CIGSe thicknesses. It is observed from 

the results that all the solar cell parameters (i.e., Voc, Jsc, FF, and PCE) increased with a rise 

in CIGSe thickness. More photons along with photons having longer wavelengths are 

absorbed in high CIGSe thickness [12, 14, 37]. So, the generation of electron-hole pairs 

increases that improves the current collection of the solar cell and the device performance. 

Although device performance improves by absorbing extra photons at a higher thickness, it 

can raise the device cost and subsequently prevent the solar cell from commercialization. 

The solar cell parameters are reduced at very low CIGSe thickness due to the decrease in the 

absorption of photons in the absorber layer and the recombination of the generated charge 

carriers at back contact. Hence, the thickness of the CIGSe absorber layer should be properly 

optimized for the CIGSe bilayer TFSC. The solar cell parameters, namely Voc, Jsc, FF, and 
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PCE, are respectively changed from 911.90 to 976.60 mV, 29.15 to 32.64 mAcm-2, 84.56 to 

87.61%, and 22.48 to 27.94% when the CIGSe thickness increases from 1 to 9 µm. These 

results are in good agreement with various literature [4, 7, 12, 15, 20, 28].  
 

 
Fig. 6.22 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CIGSe thicknesses 

 

Table 6.16 Parameters used in CIGSe bilayer TFSC at different CIGSe thicknesses 

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 1000-9000 50 50 100 

Bandgap (eV) 1.04 1.2 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1018 1×1016 0 0 0 

 

The CIGSe bandgap is flexible depending on the gallium content in the film. The variation 

of solar cell parameters at different bandgaps of the CIGSe ranging from 1.1 to 1.7 eV is 

simulated in this section while other parameters are kept constant (see Table 6.17). Fig. 6.23 

displays the J-V curve of CIGSe bilayer TFSC inserted with the QE curve and the 

quantitative data of the solar cell parameters at different CIGSe bandgaps. With an increase 

in the CIGSe bandgap, the absorption of photons on the absorber layer reduces and 

consequently drops the Jsc value from 43.46 to 22.13 mAcm-2 [30], [31]. On the contrary, 

the Voc directly correlates to the bandgap (i.e., the maximum Voc can be the ratio of bandgap 

and charge of the carriers) [4, 31], which is increased from 698.90 to 1073.40 mV with a 

rise in the CIGSe bandgap from 1.1 to 1.7 eV. The FF of CIGSe bilayer TFSC is also 
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increased at higher bandgap values of CIGSe. The PCE of CIGSe bilayer TFSC first 

increases and then reaches an optimum value of 27.98% at 1.4 eV of the CIGSe bandgap 

and then starts to fall (i.e., 21% of PCE at 1.7 eV). The lower value of PCE at the higher 

CIGSe bandgap is mainly due to the high reduction of the Jsc value. This result is also verified 

from the inserted QE curve that the absorption of longer wavelength photons decreases with 

a rise in the CIGSe bandgap. The variation of solar cell parameters at different CIGSe 

bandgaps is in good agreement with various literature [4, 21, 27, 29, 31, 32]. 
 

 
Fig. 6.23 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CIGSe bandgaps 

 

Table 6.17 Parameters used in CIGSe bilayer TFSC at different bandgaps of CIGSe  

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 5000 50 50 100 

Bandgap (eV) 1.04 1.1-1.7 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1018 1×1016 0 0 0 

 

Here, the influence of the CIGSe carrier concentration ranging from 1013 to 1020 cm-3 on the 

solar cell parameters is simulated. Table 6.18 presents the parameters used in the SCAPS 

software for the CIGSe bilayer TFSC. Fig. 6.24 shows the J-V curve of CIGSe bilayer TFSC 

inserted with the QE curve and the quantitative data of the solar cell parameters at different 

carrier concentrations of the CIGSe absorber layer. The semiconductive properties weaken 

with an increase in the carrier concentration of the CIGSe. At higher CIGSe carrier 

concentration, the semiconductor may change into the metallic conductive state by losing its 
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semiconducting property [34], [38]. This metallic state promotes the recombination centers 

in the device, which reduces the device performance at higher CIGSe carrier concentrations. 

Increasing CIGSe carrier concentration from 1013 to 1020 cm-3 enhances the Voc from 683.10 

to 1170.90 mV by improving the built-in electric field [13]. On the other hand, the Jsc is 

decreased from 41.43 to 11.86 mAcm-2. The width of the space charge region reduces with 

increasing CIGSe carrier concentration, which increases the recombination centers for the 

generated charge carriers [34]. So, the Jsc and FF are affected and reduced with a rise in 

CIGSe carrier concentration. The PCE of the CIGSe bilayer TFSC initially increased from 

21.71 to 27.62% when the CIGSe carrier concentration changed from 1013 to 1017 cm-3. After 

that, PCE started to decrease and reach 8.83% at a CIGSe carrier concentration of 1020 cm-

3. This degradation of the device performance at higher CIGSe carrier concentration is 

mainly Coulombic interactions of charge carriers that enhance the recombination of 

generated charge carriers [7]. The QE result also confirms that the CIGSe bilayer TFSC 

performance degrades through recombination losses at a very high carrier concentration of 

CIGSe. These results are consistent with various published results [14, 27, 33–35]. 
 

Table 6.18 Parameters used in CIGSe bilayer TFSC at different carrier concentrations of CIGSe  

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 5000 50 50 100 

Bandgap (eV) 1.04 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1018 1×1013-1×1020 0 0 0 

 

 
Fig. 6.24 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CIGSe carrier concentrations 
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6.3.3 Analysis of thicknesses, and carrier concentrations of CdS for CIGSe bilayer 

TFSC 

 

Next, the performance of the CIGSe bilayer TFSC was simulated at different thicknesses 

of the CdS buffer layer. The parameters of each layer used in the CIGSe bilayer are 

displayed in Table 6.19. The J-V curve of CIGSe bilayer TFSC inserted with the QE curve 

and the quantitative data of the solar cell parameters at different CdS thicknesses ranging 

from 20 to 90 nm are presented in Fig. 6.25. It is found from the results that the solar cell 

parameters of the CIGSe bilayer TFSC are slightly changed with a rise in CdS thickness. 

The high performance at higher CdS thickness might be due to the improvements in the CdS 

material quality. The better quality of the CdS buffer layer can degrade the defects and then 

reduce the recombination centers for generated charge carriers. However, the device 

performance may reduce at a very high CdS thickness by absorbing photons and increasing 

the series resistance of the device [24, 25]. The shunt resistance of the solar cell decreases 

at very low CdS thickness by providing an alternative path for the generated charge carriers 

[24]. Therefore, the CdS thickness should be low with fewer defects for getting the high 

performance of solar cells. The effect of CdS thickness on the device performance of 

CI(G)Se TFSC is further explained in the simulation of experimental results. Various 

literature is consistent with these results [7, 9, 14, 21].  
 

Table 6.19 Parameters used in CIGSe bilayer TFSC at different CdS thicknesses 

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 5000 20-90 50 100 

Bandgap (eV) 1.04 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1017 

Acceptor density (cm-3) 1×1018 1×1017 0 0 0 
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Fig. 6.25 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CdS thicknesses 

 

This study is focused on the variation of the CIGSe bilayer TFSC at various carrier 

concentrations (i.e., shallow uniform donor densities) of the CdS buffer layer, while other 

parameters are kept constant (see Table 6.20). Fig. 6.26 displays the J-V curve of CIGSe 

bilayer TFSC inserted with the QE curve and the quantitative data of the solar cell parameters 

at different CdS carrier concentrations. When the CdS carrier concentration is varied from 

1013 to 1020 cm-3, the PCE of the CIGSe bilayer TFSC is enhanced from 14.61 to 27.98% by 

mainly improving the FF value. The Jsc of CIGSe bilayer TFSC remains constant with an 

increase in the carrier concentration of CdS. The FF increases from 45.53 to 87.64%, 

showing that the series resistance of CIGSe bilayer TFSC decreases with an increase in the 

carrier concentration of CdS. The parameters Voc is slightly changed from 996.50 to 984.60 

mV as the carrier concentration of CdS increases. When the CdS carrier concentration rises, 

the space charge region extends wider in the absorber layer that can improve the absorption 

of photons in the absorber layer [5, 14]. At a lower carrier concentration of CdS, the incident 

photons can absorb in it and reduce the device performance [23]. Although Voc decreases 

with a rise in CdS carrier concentration, the PCE is elevated by increasing the FF of the 

CIGSe bilayer TFSC. The device performance was changed enormously when the CdS 

carrier concentration rose from 1016 to 1017 cm-3 (i.e., from 17.09 to 27.93%). This increment 

of PCE may be due to the greater carrier concentration of the CdS than the carrier 

concentration of the CIGSe absorber layer, which minimizes the recombination of generated 

charge carriers [7]. Therefore, high CdS carrier concentration will be preferred for improving 

the device performance [7, 14, 19].  
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Table 6.20 Parameters used in CIGSe bilayer TFSC at different carrier concentrations of CdS  

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 5000 50 50 100 

Bandgap (eV) 1.04 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1013-1×1020 1×1017 1×1017 

Acceptor density (cm-3) 1×1018 1×1017 0 0 0 

 

 
Fig. 6.26 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different CdS concentrations 

 

6.3.4 Effect of thicknesses and carrier concentrations of ZnO for CIGSe bilayer TFSC 

 

Next, the influence of different thicknesses and carrier concentrations of the ZnO window 

layer on the CIGSe bilayer TFSC performance is simulated. The parameters used in SCAPS 

software for CIGSe bilayer TFSC are presented in Table 6.21. Fig. 6.27 exhibits the J-V 

curve of CIGSe bilayer TFSC inserted with the QE curve and the quantitative data of the 

solar cell parameters at different ZnO thicknesses varying from 20 to 80 nm. It is found that 

the solar cell parameters of CIGSe bilayer TFSC are remained constant with an increase in 

the thickness of the ZnO. Although the solar cell parameters are not changing with the 

thickness of ZnO, the solar cell parameters may reduce at a higher ZnO thickness by 

absorbing incident photons in it and by increasing the series resistance of the device [14, 

17]. At a very low ZnO thickness (less than 30 nm), the material contains more defects (i.e., 

pinholes) and provides an alternative path for generated charge carriers, and subsequently 

decreases the device performance. Therefore, a low thickness of ZnO with lower defects is 
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preferred in solar cells. The effect of the carrier concentrations of the ZnO on the CIGSe 

bilayer TFSC performance is then analyzed. Fig. 6.28 shows the J-V curve of the CIGSe 

bilayer TFSC inserted with the QE curve and the quantitative data of the solar cell parameters 

at different ZnO carrier concentrations ranging from 1013 to 1020 cm-3. The solar cell 

parameters are also unchanged when the carrier concentration of ZnO increases. Although 

there is no variation of the solar cell parameters by varying the carrier concentration of ZnO, 

the device performance may improve by reducing the recombination of minority charge 

carriers [14]. On the other hand, the low carrier concentrations of the ZnO window layer can 

absorb incident photons in it. This absorption of photons in ZnO can reduce the value of 

parameter Jsc and finally, decrease the device performance. Therefore, the high carrier 

concentration of the ZnO in solar cells is preferred in solar cells to improve solar cell 

parameters.  
 

 
Fig. 6.27 Schematic of a) J-V curve of the CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different ZnO thicknesses 

 
Table 6.21 Parameters used in CIGSe bilayer TFSC at different thicknesses and carrier concentrations of 

ZnO  

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 5000 50 20-80 100 

Bandgap (eV) 1.04 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1013-1×1020 1×1017 

Acceptor density (cm-3) 1×1018 1×1017 0 0 0 
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Fig. 6.28 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different ZnO carrier concentrations 

 

6.3.5 Influence of thicknesses and carrier concentrations of ZnO:Al for CIGSe bilayer 

TFSC 

 

At last, the CIGSe bilayer TFSC performance is analyzed at diverse thicknesses and carrier 

concentrations of ZnO:Al TCO while other parameters are kept constant (see Table 6.22). 

The J-V curve of CIGSe bilayer TFSC inserted with the QE curve and the quantitative data 

of the solar cell parameters at different ZnO: Al thicknesses are shown in Fig. 6.29. The 

ZnO:Al TCO thickness is graded from 50 to 400 nm. It is observed from the results that the 

PCE of the CIGSe bilayer TFSC is slightly reduced from 27.99 to 27.19% when the thickness 

of ZnO:Al increases from 50 to 400 nm. This decrement of solar cell performance with a 

rise in ZnO:Al thickness may be due to the decrease in the absorption of photons in the 

absorber layer by absorbing incident photons in ZnO:Al layer and by increasing the series 

resistance of the device [17, 22]. Hence, the low thickness of the ZnO:Al layer is favored to 

get the high efficiency of CIGSe bilayer TFSC. Then, the numerical study is focused on 

different carrier concentrations of ZnO:Al TCO. The J-V curve of the CIGSe bilayer TFSC 

inserted with the QE curve and the quantitative data of the solar cell parameters at various 

ZnO:Al carrier concentrations are displayed in Fig. 6.30. When ZnO:Al carrier concentration 

is increased from 1013 to 1020 cm-3, the PCE of CIGSe bilayer TFSC is slightly improved 

from 27.92 to 27.99%. But the device performance can decrease at a lower carrier 

concentration of ZnO:Al by absorbing photons in it. Therefore, the higher carrier 
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concentration of ZnO:Al is suitable in CIGSe bilayer TFSC to increase the performance of 

the device.  
 

 
Fig. 6.29 Schematic of a) J-V curve of CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different ZnO:Al thicknesses 

 

 
Fig. 6.30 Schematic of a) J-V curve of the CIGSe bilayer TFSC inserted with QE curve, b) the solar cell 

parameter curve at different ZnO:Al carrier concentrations 

 

Table 6.22 Parameters used in CIGSe bilayer TFSC at different thicknesses and carrier concentrations of 

ZnO:Al  

                       Materials 

Parameters 

CISe CIGSe CdS ZnO ZnO:Al 

Thickness (nm) 1000 5000 50 50 50-400 

Bandgap (eV) 1.04 1.4 2.45 3.25 3.5 

Donor density (cm-3) 0 0 1×1017 1×1017 1×1013-1×1020 
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Acceptor density (cm-3) 1×1018 1×1017 0 0 0 

 

6.3.6 Optimized conditions for CIGSe bilayer TFSC  

 

The material parameters such as thickness and carrier concentration of each layer used in the 

CIGSe bilayer TFSC are studied through SCAPS software and optimized for high CIGSe 

bilayer TFSC performance. Fig. 6.31 depicts the J-V characteristics curve for optimized 

CIGSe bilayer TFSC inserted with the QE curve. From the simulated results, the optimized 

thicknesses of CISe, CIGSe, CdS, ZnO, and ZnO:Al were 1µm, 5 µm, 50 nm, 50 nm, 50 

nm, respectively. The optimal bandgap of the CIGSe absorber layer for CIGSe bilayer TFSC 

was 1.4 eV. Also, the carrier concentration of 1018 cm-3 for CISe, 1017 cm-3 for CIGSe, 1018 

cm-3 for CdS, 1018 cm-3 for ZnO, and 1018 cm-3 for ZnO:Al were optimized. The optimized 

PCE of 27.99% is noted for CIGSe bilayer TFSC by utilizing optimized material parameters 

of each layer used in CIGSe bilayer TFSC. This obtained PCE of CIGSe bilayer TFSC 

showed a higher value than the PCE of CIGSe TFSC, indicating that the use of two absorber 

layers has the potential to enhance greater device performance than using a single absorber 

layer. This improvement of PCE in CIGSe bilayer TFSC is due to an increase in the 

absorption of photons on the absorber layer. The Voc of 984.7 mV, Jsc of 32.43 mAcm-2, and 

FF of 87.64% are other optimized solar cell parameters for CIGSe bilayer TFSC. The slightly 

bend curves at two corners of the QE curve are related to front and back surface 

recombination [25]. Since the CIGSe bilayer includes CISe and CIGSe materials, the 

photons whose wavelength is greater than 900 nm will not absorb in the device. 

 

 
Fig. 6.31 Schematic of the J-V curve of the optimized CIGSe bilayer TFSC inserted with QE curve 
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6.4 Fitting experimental results in the simulation 

 

6.4.1 Study on CISe thin film solar cells 

 

This numerical study inserted the experimentally obtained parameters such as the thickness, 

bandgap, carrier concentration, and mobility of CISe and CdS thin films into the optimized 

CISe TFSC and then analyzed the solar cell performance. Fig. 6.32 displays the J-V curves 

of CISe TFSC and solar cell parameters after replacing the experimental parameters of the 

CISe absorber layer and the CdS buffer layer. The material properties of the CISe absorber 

layer grown by the hybrid deposition method and the material properties of CdS thin films 

deposited by the CBD method are presented in Table 6.23. Here, five different samples of 

CdS that are deposited at different deposition times are studied. After substituting the 

experimental parameters of CISe and CdS thin films into the optimized simulation results of 

CISe TFSC, the maximum PCE of 19.35% is obtained for CdS thin film grown at 80ºC for 

20 minutes, offering an excellent experimental condition to achieve the device’s high 

performance. This obtained PCE is slightly lower than the optimized theoretical study (i.e., 

22.81%). 

 

All the solar cell parameters (Jsc, FF, and PCE) except Voc are changed to lower values with 

increasing deposition time from 20 to 60 minutes for CdS thin films. This result showed that 

CdS thickness mainly affects the Jsc and FF but not on Voc. Photons are absorbed far from 

the space charge region at a higher thickness of the CdS. The generated photons recombine 

before reaching the space charge region due to recombination centers found in thin film CdS 

that reduce the lifetime of the minority carriers. The Jsc value falls to a lower value at higher 

CdS thickness. Therefore, a thinner CdS buffer layer in CISe TFSC is preferred to enhance 

the optical absorption. The solar cell conversion efficiency also depends on the carrier 

concentration of the CdS buffer layer that affects the collection of photogenerated carriers 

by varying the space charge region. At a higher carrier concentration of the CdS buffer layer, 

the space charge region extends wider in the CISe absorber layer and helps to increase the 

collection of photogenerated charge carriers. The Jsc, FF, and PCE of CISe TFSC are varied 

from 43.24 to 28.42 mAcm-2, 70.83 to 20.66%, and 19.87 to 3.93%, with the increase in the 

CdS deposition time (i.e., thickness), respectively. The CdS sample deposited at 80℃ for 60 
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min has the highest carrier concentration, lowest mobility, and thick thickness showing bad 

CdS experimental conditions for CISe TFSC as a buffer layer. It is seen from the QE curve 

that the photons whose wavelength is greater than 1150 nm are not absorbed in the solar cell. 

The simulation study using experimental parameters provides a concise interpretation of the 

effect of materials parameters on the CISe TFSC performance. 
 

Table 6.23 Experimental results of CISe and CdS materials 

           Parameters 

Samples 

Thickness 

(nm) 

Bandgap 

(eV) 

Mobility 

(cm2V-1s-1) 

Carrier Concentration 

(cm-3) 

CISe 3500 1.07 6.50 7.7×1016 

CdS 20 40 2.49 116 4.5E14 

CdS 30 80 2.54 15 1.9E16 

CdS 40 130 2.55 31 7.2E15 

CdS 50 160 2.58 16 5.6E14 

CdS 60 170 2.64 74 1.0E16 

 

 
Fig. 6.32 Schematic of a) J-V curves of CISe TFSC b) solar cell parameter curve after analyzing the 

experimental results of CISe absorber layer and CdS buffer layer 

 

6.4.2 Analysis on CIGSe thin film solar cells 

 

Here, the material parameters of CIGSe and CdS thin films, such as the thickness, bandgap, 

carrier concentration, and mobility, were replaced in the SCAPS software and then studied 

the variation in device performance. The J-V curves of the CIGSe TFSC and solar cell output 

parameters after replacing the experimental parameters of the CIGSe absorber layer and the 

CdS buffer layer are shown in Fig. 6.33. The experimental results of the CIGSe by hybrid 
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deposition method and the CdS by the chemical bath deposition method are summarized in 

Table 6.24. In this case, the experimental results of five different CdS are analyzed. After 

replacing the experimental properties of CIGSe and CdS thin films with the optimized 

condition, it is seen from the simulation results that the best solar cell performance (>23% 

of PCE) is obtained for CdS thin films deposited at 80℃ for 20 and 30 minutes. The obtained 

PCE for CIGSe TFSC from simulation after substituting the experimental parameters is 

compatible with high record efficiency of 23.35% for CIGSe TFSC, showing an excellent 

material parameter for achieving the high performance of solar cells.  

 

The parameters FF and PCE of CIGSe TFSC are strongly affected by increasing growth time 

from 20 to 60 minutes for CdS thin films where the solar cell parameters Jsc and Voc are 

slightly influenced. This outcome of reducing the PCE for CIGSe TFSC is due to the 

increasing thickness of the CdS buffer layer. At higher CdS thickness in solar cells, photons 

are absorbed far from the space charge region and recombined before collecting the 

generated charge carriers. The CdS buffer layer should be thinner as possible without defects 

to reduce the optical absorption in this layer and improve the device performance. The carrier 

concentration of the CdS thin films also affects the collection of photogenerated carriers. 

The carrier concentration of CdS thin films must be greater than the carrier concentration of 

the CIGSe absorber layer to get a better result. The solar cell parameters, namely Voc, Jsc, 

FF, and PCE, are varied from 768 to 789 mV, 37.82 to 37.24 mAcm-2, 81.93 to 33.66%, and 

23.80 to 9.89% with an increase in the CdS thickness, respectively. The CdS sample 

deposited at 80℃ for 20 min showed the best deposition condition for CIGSe TFSC as a 

buffer layer. The QE curve (see Fig. 6.33a) showed that the photons having wavelengths 

greater than 1000 nm will be absorbed in the CIGSe TFSC. 

 
Table 6.24 Experimental results of CIGSe and CdS materials 

              Parameters 

Samples 

Thickness 

(nm) 

Bandgap 

(eV) 

Mobility 

(cm2V-1s-1) 

Carrier Concentration 

(cm-3) 

CIGSe 3000 1.23 13.87 2.5×1016 

CdS 20 40 2.49 116 4.5E14 

CdS 30 80 2.54 15 1.9E16 

CdS 40 130 2.55 31 7.2E15 

CdS 50 160 2.58 16 5.6E14 
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CdS 60 170 2.64 74 1.0E16 

 

 
Fig. 6.33 Schematic of a) J-V curves of CIGSe TFSC b) solar cell parameter curve after analyzing the 

experimental results of CIGSe absorber layer and CdS buffer layer 

 

6.4.3 Study on CIGSe bilayer thin film solar cells 

 

In this case, the material parameters, including the thickness, bandgap, carrier concentration, 

and mobility of CISe, CIGSe, and CdS thin films, are inserted into the simulation. The solar 

cell parameters are then analyzed to find the best condition. Fig. 6.34 presents the J-V curves 

of CIGSe bilayer TFSC and solar cell output parameters after replacing the experimental 

parameters of CISe, CIGSe, and CdS thin films. The experimental results of the CISe and 

CIGSe thin films by the hybrid deposition method, and the CdS thin films by the CBD 

method are demonstrated in Table 6.25. After replacing the experimental properties of CISe, 

CIGSe, and CdS thin films with the optimized condition, it is observed that the best CIGSe 

bilayer TFSC performance (>24 % of PCE) is found for CdS thin films deposited at 80℃ for 

20 and 30 minutes. The obtained PCE for CIGSe bilayer TFSC from the simulation study 

with experimental parameters is slightly greater than the high record efficiency of 23.35% 

for CIGSe based TFSC. This result shows that the solar cell performance can be improved 

using the two absorber layers. 

 

The solar cell parameters such as Jsc, FF, and PCE for CIGSe bilayer TFSC are declined with 

rising deposition time from 20 to 60 minutes for CdS thin films, while Voc is slightly 

increased. This increment of Voc for CIGSe bilayer TFSC is due to the enhancement of the 
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bandgap range of the absorber layer. Although the Voc of the solar cells is increased, the PCE 

of the CIGSe bilayer is decreased with increasing CdS deposition time (i.e., thickness). This 

decrement of PCE at higher thickness might be due to the absorption of photons in the CdS 

buffer layer rather than the absorber layer. The series resistance can also increase with an 

increase in the CdS thickness that can reduce the device’s performance. Therefore, the PCE 

of CIGSe bilayer TFSC for CdS thin films deposited at lower times (20 and 30 minutes) 

showed better results than other samples. The carrier concentration of CdS thin films is 

another parameter that can affect the collection of photogenerated carriers. A lower carrier 

concentration of CdS may reduce the solar cell parameters by absorbing photons in it [23]. 

Hence, the carrier concentration of CdS thin films should be larger to have the best result. 

The solar cell parameters Voc, Jsc, FF, and PCE of CIGSe bilayer TFSC are changed from 

779 to 795 mV, 38.21 to 37.87 mAcm-2, 82.70 to 37.34%, and 24.63 to 11.25% with a rise 

in the CdS deposition time from 20 to 60 minutes, respectively. The CdS sample deposited 

at 80℃ for 20 min showed the best deposition condition for CIGSe bilayer TFSC that 

provides a maximum PCE of 24.63%. It is observed from the QE curve inserted in the J-V 

curve (see Fig. 6.34 a) of the CIGSe bilayer TFSC that the photons having wavelength values 

lower than 1000 nm can generate the charge carriers. 
 

 
Fig. 6.34 Schematic of a) J-V curves of the CIGSe bilayer TFSC b) solar cell parameter curve after analyzing 

the experimental results of CISe, CIGSe, and CdS thin films 

 
Table 6.25 Experimental results of CISe, CIGSe and CdS materials 

              Parameters 

Samples 

Thickness 

(nm) 

Bandgap 

(eV) 

Mobility 

(cm2V-1s-1) 

Carrier Concentration 

(cm-3) 

CISe 3500 1.07 6.50 7.7×1016 
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CIGSe 3000 1.23 13.87 2.5×1016 

CdS 20 40 2.49 116 4.5E14 

CdS 30 80 2.54 15 1.9E16 

CdS 40 130 2.55 31 7.2E15 

CdS 50 160 2.58 16 5.6E14 

CdS 60 170 2.64 74 1.0E16 

 

6.5 Effect of the defects on the solar cell performance 

 

The electrical properties of solar cell devices are strongly affected by the quality of 

semiconductor materials. Defects (i.e., some impurities, vacancies, interstitials, or clusters) 

in semiconductor materials are responsible for the recombination process that negatively 

affects the device performance. The recombination of the generated charge carriers can 

occur in a bulk layer, interface, or metal contacts. Here, Shockley-Read-Hall (SRH) 

recombination processes in the absorber layer, buffer layer, and their interface are studied. 

In semiconductors, the most common defects are either donor or acceptor defects. However, 

there exist defects with more than two different charge states called multivalent defects, 

whose algorithms are explained in [39]. The neutral defect, an idealization of a defect, 

contributes to the SRH recombination but not to the space charge region. In a neutral defect, 

it is possible to calculate electron and hole lifetimes without specifying a defect in the space 

charge region. The magnitude of diffusion length can explain the recombination process for 

minority charge carriers [40]. The diffusion length depends on the lifetime and consecutively 

the diffusion coefficient of charge carriers [41]. If the diffusion length of minority charge 

carriers is high value, then the recombination process will be low and improve the device 

performance [44, 48]. A better understanding of the defects in the device can help to improve 

the solar cell parameters. Here, the defect density and carrier capture cross-section (CCCS) 

are introduced and analyzed their effects on the solar cell parameters. 

 

6.5.1 Defects in the absorber layer 

 

The absorber layer is the most important in the solar cell because photons from the Sun 

absorb and electron-hole pairs generate in this layer. The defects in the absorber layer act as 

recombination centers and degrade the device performance very effectively. So, 

understanding how the defects affect the solar cell parameters can help to improve the 
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device’s performance. Fig. 6.35a-c depicts the J-V curves (inserted with solar cell output 

parameters curve) of the CI(G)Se TFSC at different defect densities of the CI(G)Se absorber 

layers. It is noticed from Fig. 6.35a-c that all the four solar cell parameters are affected and 

reduced when the defect density of the CISe semiconductor rises. The defect density present 

in the absorber layer enhances the carrier’s recombination centers that degrade the solar cell 

performance. This degradation of device performance with a rise in defect densities is mainly 

due to the recombination of minority charge carriers at the localized energy levels by 

creating an alternative path for generated charge carriers [37, 40–[43].  For CISe TFSC, the 

solar cell parameters, namely Voc, Jsc, FF and PCE, are dropped respectively from 612.9 to 

305.5 mV, 45.01 to 25.77 mAcm-2, 82.67 to 54.91%, and 22.81 to 4.32% after increasing 

the defect density from 1012 to 1019 cm-3. The solar cell parameters, namely Voc, Jsc, FF, and 

PCE, are changed from 964.5 to 461.7 mV, 32.42 to 10.14 mAcm-2, 87.34 to 48.96% and 

27.32 to 2.29%, respectively, when defect density of CIGSe absorber layer increased from 

1012 to 1020 cm-3 in the CIGSe TFSC. In CIGSe bilayer TFSC, the parameters Voc, Jsc, FF 

and PCE are reduced from 984.6 to 631.3 mV, from 32.42 to 20.81 mAcm-2, from 87.64 to 

66.07%, and from 27.99 to 8.68%, respectively, with a rise in CIGSe defect density. 

 

 
Fig. 6.35 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC and c) CIGSe bilayer TFSC at different defect densities in 

absorber layer 
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The simulation study is then focused on the CCCS of the CISe absorber layer for CISe TFSC, 

the CIGSe absorber layer for CIGSe TFSC, and the CIGSe absorber layer for CIGSe bilayer 

TFSC. The J-V curves of CI(G)Se TFSC (inserted with a curve of solar cell parameters) at 

various CCCS of the absorber layers are shown in Fig. 6.35i-iii. The CCCS involves 

relaxation processes within the band, where a carrier will be captured at a defect center with 

a phonon ladder that dissipates its energy. The probability of recombining the free charge 

carriers enhances due to the Coulombic attraction between the trap and the charge carriers 

[37, 44]. The recombination process is also occurred through the multi-phonon process, 

which is strongly dependent on the depth of the trap [44, 45]. The solar cell parameters such 

as Voc, FF, and PCE gradually decrease with an increase in the CCCS of the CISe absorber 

layer while Jsc remained almost constant. With an increase in CCCS of the absorber layers, 

the PCE of the CISe TFSC, CIGSe TFSC, and CIGSe bilayer TFSC is dropped from 22.81 

to 22.09% (when CCCS of CISe is varied from 10-18 to 10-12 cm2), 27.32 to 26.63% (when 

CCCS of CISe is varied from 10-20 to 10-12 cm2), and 27.99 to 19.29% (when CCCS of CISe 

is varied from 10-17 to 10-10 cm2), respectively. Hence, the defect density and the CCCS of 

the CISe absorber layer should be as low as possible in solar cells.   
 

 
Fig. 6.36 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC and c) CIGSe bilayer TFSC at different CCCS in absorber layer 
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6.5.2 Defects in the CdS buffer layer 

 

Another essential layer in CI(G)Se TFSC is an n-type CdS semiconductor that forms a p-n 

junction with the p-type CISe absorber layer. So, the solar cell parameters can be influenced 

if the defects are present in the CdS buffer layer. The J-V curves inserted with the curve of 

solar cell output parameters of CI(G)Se TFSC at different defect densities of the CdS buffer 

layer are displayed in Fig. 6.36a-c. Here, the defect density of the CdS buffer layer is varied 

from 1012 to 1018 cm-3 for CISe TFSC, from 1012 to 1019 cm-3 for both the CIGSe TFSC and 

CIGSe bilayer TFSC. All solar cell parameters are decreased with an increase in defect 

density of the CdS buffer layer, which is primarily due to the presence of leakage current 

resulting from the recombination with the localized energy levels created by the defects [40–

43]. The PCE of the CISe TFSC, CIGSe TFSC, and CIGSe bilayer TFSC are slightly 

decreased from 22.81 to 22.13%, from 27.32 to 25.11%, and 27.99 to 26.08%, respectively.  

 

 
Fig. 6.37 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC and c) CIGSe bilayer TFSC at different defect densities in CdS 

buffer layer 
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Subsequently, the study of the effect of the CCCS in the CdS for all CI(G)Se TFSC on the 

device performance is carried out as shown in Fig. 6.36i-iii. The CCCS of CdS is varied 

from 10-18 to 10-12 cm2 for CISe TFSC, from 10-19 to 10-12 cm2 for CIGSe TFSC, and from 

10-17 to 10-10 cm2 for CIGSe bilayer TFSC. Likewise, all the solar cell parameters are slightly 

degraded at higher CCCS in the CdS. The decrement of the solar cell parameters is due to 

the recombination of charge carriers through the Coulombic attraction of charge carriers [37, 

44, 45]. The PCE of the CISe TFSC, CIGSe TFSC, and CIGSe bilayer TFSC is reduced 

from 22.81 to 22.77%, 27.32 to 26.05% and 27.99 to 26.72%, respectively. The generated 

charge carriers recombine when they have low diffusion length and finally, they don’t 

contribute to the power generation [40]. Therefore, the defect density and CCCS in CdS for 

CI(G)Se TFSC must be lower values to get high performance of the device.  

 

 
Fig. 6.38 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC and c) CIGSe bilayer TFSC at different CCCS in CdS buffer layer 

 

6.5.3 Defects at the interface 

 

The definition of the defects at an interface is very similar to the defects in the bulk 

semiconductor. The Pauwels-Vanhoutte theory modeled the recombination at an interface, 

which extends the SRH theory [49]. In CI(G)Se TFSCs, the p-n junction is formed by 
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combining two different materials, normally the CdS buffer layer and CI(G)Se absorber 

layer. Since these two materials contain different physical and material properties, the 

interface between CdS and CI(G)Se absorber layers will contain recombination centers for 

generated charge carriers and affect the device performance [49]. This section analyzes the 

device performance with different defect densities and CCCS at the CdS/CISe interface for 

CISe TFSC, at the CdS/CIGSe interface for CIGSe TFSC, and at the CdS/CIGSe interface 

for CIGSe TFSC. Fig. 6.37a-c shows the J-V curves inserted with solar cell parameters 

curves at different defect densities in the CdS/CISe interface for CISe TFSC (varied from 

1011 to 1016 cm-3), in the CdS/CIGSe interface for CIGSe TFSC (varied from 1011 to 1016 

cm-3), and in the CdS/CIGSe interface of CIGSe bilayer TFSC (varied from 1011 to 1015 cm-

3). All four solar cell parameters of CI(G)Se TFSC are affected and reduced with an increase 

in defect densities at the interface. The PCE of CISe TFSC, CIGSe TFSC, and CIGSe bilayer 

TFSC is dropped from 22.81 to 1.08%, 27.32 to 1.99 %, and 27.99 to 2.43%, respectively. 

These results showed that the device performance is very sensitive to the defect density at 

the interface than at bulk semiconductors. Next, the effect of different CCCS in the interface 

of CI(G)Se TFSC on the solar cell parameters is studied (See Fig. 6.37i-iii). Here, the CCCS 

in the interface is varied from 10-17 to 10-11 cm2 for CISe TFSC, from 10-19 to 10-12 cm2 for 

CIGSe TFSC, and from 10-17 to 10-10 cm2 for CIGSe bilayer TFSC. It is noticed that the solar 

cell parameters are decreased with a rise in the CCCS in the interface. This decrement of 

solar cell parameters at the interface is due to the increase in recombination centers for 

generated charge carriers. The respective PCE of CISe TFSC, CIGSe TFSC, and CIGSe 

bilayer TFSC is degraded from 22.81 to 20.60%, 27.32 to 24.56%, and 27.99 to 22.55%. 

Hence, defects at the interface should be negligible for attaining better performance. 

 



 

 

187 

 
Fig. 6.39 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC and c) CIGSe bilayer TFSC at different defect densities in the 

interface 

 

 
Fig. 6.40 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC and c) CIGSe bilayer TFSC at different CCCS in the interface 
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6.6 Effect of ambient temperatures on the solar cell performance 

 

The solar cell panels are generally installed outside. Since the part of the sun’s energy 

contains thermal energy, it can increase the ambient temperature and cause the heating of 

solar cell devices. Solar cell devices are sensitive to the ambient temperature like all other 

semiconductor devices. The effect of ambient temperature on the solar cell parameters of 

CISe, CIGSe, and CIGSe bilayer TFSC is studied using SCAPS software. Fig. 6.38a-c 

depicts the J-V curves of CISe, CIGSe, and CIGSe bilayer TFSCs at different ambient 

temperatures ranging from 270 to 350 K, respectively. It is seen from Fig. 6.53 that all the 

solar cell parameters (Voc, FF, PCE) except Jsc decrease when ambient temperature increases. 

The saturation current, an indication of the quality of solar cell, is strongly affected and 

rapidly increased with an increase in ambient temperature due to changes in the material 

properties such as intrinsic carrier concentration, bandgap, electron and hole mobilities [5, 

8, 11, 26, 50]. Since the parameter Voc is inversely proportional to the saturation current [5], 

the Voc degrades with a rise in ambient temperature. The bandgap of semiconductors also 

becomes narrower with a rise in ambient temperature. The parameter Voc is the ratio of 

bandgap and charge. Therefore, Voc can reduce with a decrease in the bandgap of 

semiconductor and subsequently, reduce the solar cell performance [51]. At higher ambient 

temperatures, more photons have enough energy to create electron-hole pairs that help to 

increase the Jsc value [35]. The electrons in the solar cells become unstable by taking extra 

energy and recombining with the holes at higher ambient temperatures [7, 26]. Hence, these 

results implied that the solar cells provide better results in the lower ambient temperatures 

(i.e., cold region) than in the higher ambient temperatures (i.e., hot region). When ambient 

temperatures increase from 270 to 350 K, the efficiency reduces from 25.40 to 18.59%, 29.26 

to 24.16%, and 29.81 to 24.76%, respectively, for CISe, CIGSe, and CIGSe bilayer TFSC. 

Therefore, understanding the effect of temperature on the solar cell device can guide to use 

of favorable materials in the solar cell. 
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Fig. 6.41 J-V curves for a) CISe TFSC, b) CIGSe TFSC and c) CIGSe bilayer TFSC, and solar cell parameter 

curves for i) CISe TFSC, ii) CIGSe TFSC, and iii) CIGSe bilayer TFSC at different ambient temperatures 

 

6.7 Influence of parasitic resistances on the solar cell performance 

 

Resistive effects in photovoltaic technology reduce the efficiency of the solar cell by 

dissipating power within the resistances. The most common parasitic resistances are series 

resistance and shunt resistance. These parasitic resistances negatively affect the FF of the 

solar cell, which is mainly dependent on the solar cell's geometry (i.e., area) [5, 11, 26, 34, 

53]. In this work, the effect of series and shunt resistances on the performance of CISe, 

CIGSe, and CIGSe bilayer TFSC are reviewed. The series resistance of solar cells involves 

the bulk resistance, metallic contact resistance and the resistance of the circuit of the 

terminal. Fig. 6.39a-c depicts the J-V curves of the CISe, CIGSe, and CIGSe bilayer TFSC 

inserted with solar cell parameters curve at different series resistances. The solar cell 

parameters are analyzed at different magnitudes of series resistance starting from 0 to 35 

Ωcm2, while the shunt resistance is fixed at 106 Ωcm2. It can observe from the results that 

the solar cell parameters Jsc, FF, and PCE are strongly affected and degraded with increasing 

series resistances while Voc remains constant. At higher series resistance, the drift transport 

of free charge carriers towards the electric contacts is hindered under the influence of the 

internal electric field [52]. The parameter Jsc values for CISe, CIGSe, and CIGSe bilayer 

TFSC are reduced from 45.01 to 17.17 mAcm-2, 32.42 to 26.31 mAcm-2, and 32.43 to 26.83 
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mAcm-2, respectively. Similarly, the FF values for CISe, CIGSe, and CIGSe bilayer TFSC 

are decreased from 82.67 to 14.08%, 87.34 to 21.01%, and 87.63 to 21.33%, respectively. 

This result shows that FF is strongly affected by the series resistance value. Finally, the PCE 

is declined from 22.81 to 2.03% (for CISe TFSC), 27.32 to 5.34% (for CIGSe TFSC) and 

27.99 to 5.64% (for CIGSe bilayer TFSC).  

 

 
Fig. 6.42 J-V curves for a) CISe TFSC, b) CIGSe TFSC, and c) CIGSe bilayer TFSC, and solar cell 

parameter curves for i) CISe TFSC, ii) CIGSe TFSC and iii) CIGSe bilayer TFSC at different series 

resistances 
 

Fig. 6.39i-iii shows the J-V curves of the CISe, CIGSe, and CIGSe bilayer TFSC inserted 

with solar cell parameters curve at different shunt resistances. The influence of shunt 

resistance on the solar cell parameters is analyzed. Here, the shunt resistance is varied from 

106 to 100 Ωcm2, while series resistance is kept at a constant value of 0 Ωcm2. In this case, 

all the solar cell parameters Voc, FF, and PCE except Jsc values are affected by decreasing 

shunt resistance of the solar cells. The significant change in the solar cell parameters started 

when shunt resistance values were less than 102 Ωcm2. The simulation results showed that 

the Voc value is intensely affected at a lower shunt resistance value, which is due to an 

increase in the recombination rate of the generated charge carriers [52]. The PCE for all 

TFSC found almost zero at a very low magnitude of shunt resistance (i.e., 100 Ωcm2). 

Therefore, it is desirable to have the value of series resistance as low as possible and the 
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shunt resistance as high as possible [5, 26, 34]. It can infer from the results that both parasitic 

resistances strongly influence the FF and then PCE of the solar cells. 

 

 
Fig. 6.43 J-V curves for a) CISe TFSC, b) CIGSe TFSC, and c) CIGSe bilayer TFSC, and solar cell 

parameter curves for i) CISe TFSC, ii) CIGSe TFSC and iii) CIGSe bilayer TFSC at different shunt 

resistances 
 

6.8 Summary 

 

The three different types of CI(G)Se TFSC, namely CISe, CIGSe and CIGSe bilayer, were 

effectively simulated through SCAPS software. It was observed from the results that the 

solar cell performance improves with an increase in thickness of the absorber layer by 

increasing the absorption of photons in the device. The absorber layer’s carrier concentration 

in the range of 5×1016 to 1×1017 cm-3 were suitable values for getting high results. A high 

carrier concentration of the absorber material can enhance the recombination centers for the 

generated charge carriers. The lower thickness of CdS with fewer material defects was 

favored for achieving high efficiency. A high CdS thickness can reduce the absorption of 

photons in the absorber layer by absorbing photons in it. The series resistance of the device 

may also increase with an increase in CdS thickness. The low carrier concentration of CdS 

can also absorb photons, which prevents the photons from reaching the absorber layer. After 

analyzing these results, the CI(G)Se TFSCs were optimized to obtain as high PCE as 

possible. The optimized PCE of 22.81, 27.32, and 27.99% were observed for CISe, CIGSe, 
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and CIGSe bilayer TFSCs, respectively. These results showed that the thin film solar cell 

using a CIGSe bilayer has the potential to get high device performance compared to a single 

absorber layer thin film solar cell, which is due to an increase in the absorption of photons 

by widening the bandgap of absorber material.  

 

The experimental results of the CI(G)Se thin films and CdS thin films were also studied 

through SCAPS software. It is found from the simulation results that the device performance 

was decreased with an increase in CdS thickness. The maximum efficiency was noticed for 

CdS thin film deposited at 80℃ for 20 minutes, which has a lower thickness than other 

deposition conditions. The presence of defects in the bulk semiconductor (mainly in the CdS 

buffer layer and CI(G)Se absorber layer) and at the interface can increase the recombination 

centers. This increment reduces the diffusion length of the generated charge carriers and 

finally, degrades the solar cell performance. The reverse saturation current was increased 

with an increase in ambient temperature, which reduces the Voc of solar cells. Therefore, 

better solar cell performance is observed in a lower temperature than in a higher temperature. 

The fill factor of the solar cell was mainly influenced by parasitic resistances. The high 

device performance was detected at low values of series resistance through the drift transport 

of free charge carriers towards the electrodes and high values of shunt resistance by 

minimizing the recombination rate. Hence, this simulation study could be helpful for 

designing the experimental work. 
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Chapter 7 Conclusions 
 

7.1 General conclusions 

 

The objective of this research work was to study the deposition of CI(G)Se by the hybrid 

deposition method and deposition of CdS by the chemical bath deposition method. A SCAPS 

software was used to study the effect of material properties on the performance of CI(G)Se 

TFSC and to theoretically optimize the best properties of each layer used in CI(G)Se TFSC.  

 

In this study, the CI(G)Se thin films were successfully synthesized by the hybrid deposition 

method. The first stage substrate temperatures, selenization temperatures and times were 

mainly studied because these parameters could influence the structural, morphological, 

compositional and electrical properties of the deposited thin films. The formation of the γ-

In2Se3 phase was confirmed by the characteristic peak of (006) from XRD results, Raman 

shift at 150 cm-1, high selenium content (i.e., > 60at%) from EDS analysis, and about 2 eV 

bandgap from optical results. The obtained In2Se3 thin films can be used as a precursor layer 

for the preparation of CI(G)Se thin films. The XRD results of CI(G)Se thin films showed a 

preferential orientation of (112), confirming the formation of chalcopyrite crystal structure. 

From Raman spectra of CI(G)Se thin films, the A1 vibrational mode in the range of 170 to 

176 cm-1 for CI(G)Se thin films verified the poly-crystalline and chalcopyrite crystal 

structure of CI(G)Se. The uniform, well-connected, and irregular-shaped grains for CI(G)Se 

thin films were observed from SEM and AFM results. The electrical properties of CI(G)Se 

thin films confirmed the formation of p-type semiconducting nature. After studying these 

results, the first stage substrate temperature of 320℃ and the selenization temperature of 

550℃ for 60 minutes were the best deposition conditions for CI(G)Se thin films. Moreover. 

The CdS thin films were grown by the chemical bath deposition method at various ammonia 

quantities, deposition temperatures and deposition times. The characteristic peak (002) and 

other minor peaks from XRD results, and the Raman shift of the 1LO at 305 cm-1 and the 

2LO at 605 cm-1 verified the formation of the hexagonal crystal structure. Uniform, smooth, 

compact, dense film and spherical grains were found from morphological properties. The 

observed bandgaps in the range of 2.5 to 2.65 eV for CdS thin films were also related to the 

hexagonal crystal structure. Hall effect studies confirmed the n-type nature of CdS material 

having the carrier concentration in the range of 1014 to 1016 cm-3. By careful analysis, the 
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CdS thin film deposited at a temperature of 80℃ for 30 minutes showed the most suitable 

condition to use in the CI(G)Se TFSCs as a buffer layer.  

 

The material properties such as thickness and carrier concentration of semiconductors used 

in the CI(G)Se TFSCs were simulated through SCAPS software. The performance of 

CI(G)Se was increased with an increase in the CI(G)Se thickness. The better results were 

observed in the range from 1016 to 1017 cm-3 of CI(G)Se carrier concentration. The CdS 

thickness of 50 nm and CdS carrier concentration greater than 1017 cm-3 were suitable for 

obtaining high results. The optimized PCE of 22.81, 27.32, and 27.99% were found for CISe, 

CIGSe, and CIGSe bilayer TFSCs, respectively. After analyzing the experimental results, 

the maximum PCE of 19.87, 23.80, and 24.63% were achieved for CISe, CIGSe, and CIGSe 

bilayer TFSC, respectively. But it is difficult to obtain similar efficiency experimentally 

because the effect of impurities (i.e., oxides, selenides, etc.) is not considered in the 

simulation study. The presence of defects in semiconductors or/and at an interface can 

negatively affect the device performance by increasing the recombination centers, which can 

reduce the solar cell performance. It was seen that the solar cell can obtain higher PCE in a 

low ambient temperature than in a high ambient temperature by increasing the Voc with a 

decrease in ambient temperature. The high device performance was observed at a very high 

shunt resistance and a very low series resistance. Therefore, the theoretical study is 

promising for modeling solar cells and can be helpful for designing experimental work that 

can save material resources as well as research time.  

 

7.2 Future perspectives 

 

In this study, the deposition parameters of the hybrid deposition method for CI(G)Se thin 

films and the chemical bath deposition method for CdS thin films were optimized by 

analyzing their material properties. Moreover, the material parameters of each layer used in 

CI(G)Se TFSC are analyzed and optimized through theoretical study. This simulation study 

can help to understand the effect of material properties on the device performance and 

finally, can provide an idea for designing the experimental activities. Further studies are 

needed in the future to enhance the presented results. We need to:  
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1. Optimize the substrate temperatures of the 2nd and 3rd stages of the hybrid deposition 

method to improve further quality of CI(G)Se thin films. 

2. Study on the optimization of Mo, i-ZnO, and ZnO:Al layers to fabricate the complete 

CI(G)Se TFSCs. 

3. Investigate the effect of alkali elements present in the CI(G)Se TFSCs on their 

performance and optimize the best condition (i.e., name of alkali elements, its 

quantity, and incorporation process into solar cells). 

4. Study on different Cd-free buffer layers such as In2S3, ZnS, etc. to obtain more 

environment-friendly CI(G)Se TFSCs. 

5. Standardize the equipment for large area and large-scale production of solar cell. 
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