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ABSTRACT 

 

The use of two-dimensional metal chalcogenides in solar cells has become a popular 

research topic in the quest to meet global energy needs. This study concentrates on the 

preparation and performs a detailed investigation of the properties of various binary 

chalcogenide substances (II-VI and V-VI semiconductors) intended for solar cell usage. 

The properties of different heterostructures made from pristine semiconductors are also 

examined. The junction between two semiconductors is vital in separating and 

transferring the charge carriers. To gain insight into this phenomenon, a few 

heterostructures are suggested to advance the development of solar cells. The physical 

vapor deposition method is employed to deposit the samples (thin films), and several 

characterization tools are used to study the materials' structural, morphological, optical, 

and electrical properties. 

 Furthermore, the optimized geometry, electronic structure, and the optical properties 

of the binary semiconductors and their heterostructure are explored using the first-

principles Density Functional Theory calculations. The proper band edge position (CB 

and VB) of the pristine semiconductors, band alignment in the heterojunctions and the 

separation of the charge carriers at the interface are studied theoretically. This thesis 

aims to not only describe the properties of the junction but also provide a diverse range 

of materials that can be used in the next generation of solar cells. 

 

 

Keywords: Thin films, PVD, DFT, compound semiconductor thin film solar cells. 
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CHAPTER 1  

 

 

INTRODUCTION TO PHOTOVOLTAICS 

Overview: 

This chapter describes a brief introduction to photovoltaic cells. The unique properties 

of thin films are explained, followed by a discussion on different materials for their 

applications in photovoltaic cells. The literature survey emphasizes the materials and 

their heterostructure from theoretical and experimental perspectives. Furthermore, the 

scope and objectives of the present work are mentioned in the following sections. 
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1.1 A general introduction: 

The demand for per capita energy is increasing day by day. The major challenge in the 

21st century is to satisfy the energy requirements of human beings. Until now, the 

primary source of energy to meet daily needs has been fossil fuels. However, we are 

aware that this limited resource will become scarce in the coming years, and the use of 

fossil fuels significantly impacts the environment through air pollution (Perera 2017). 

Consequently, there has been a push to harness power from renewable resources like 

the sun and the wind. Solar energy is a promising eco-friendly fuel source. Efforts have 

been made to utilize solar energy by using solar cells. The Si solar cell, a first-generation 

photovoltaic cell, has been the traditional option. Recently, a Si-solar cell with a back 

contact structure and a module size of 180 cm2 reported a high Power Conversion 

Efficiency (PCE) of 26.33% (Yoshikawa et al. 2017). Although silicon-based cells are 

currently the most viable option, they have some limitations. The production cost for 

pure silicon used in solar cells is very high. Additionally, the material has an indirect 

bandgap, and a relatively low absorption coefficient. To overcome these drawbacks, 

second-generation CdTe and CIGS-based solar cells are proposed, which exhibit 

moderate power conversion efficiency (Birkmire and McCandless 2010). The parent 

compounds in these cells are cost effective to produce, possess direct bandgap, and have 

a large absorption coefficient in the visible light range. As a result, the cells' efficiency 

is anticipated to increase with less production cost (Dharmadasa et al. 2014). Recently, 

compound semiconductor thin films such as Cadmium Telluride (CdTe), Copper Zinc 

Tin Sulfide (CZTS), and Copper Indium Gallium Selenide (CIGS) have received more 

attention for their application in the field of thin film solar cells. However, these 

compound semiconductor thin films can achieve a PCE of up to 17%, it I, and itt 

comparable to silicon wafer-based solar cells. De Vos et al. predicted a 42% PCE for 

the dual hetero-junction solar cell (also known as the tandem solar cell) in 1980 (De 

Vos 1980). For almost all the single junction thin film solar cells, the achieved PCE is 

less than the Shockley-Queisser (SQ) limit. For CdTe solar cells, the SQ limit suggests 

a maximum theoretical efficiency of approximately 30% (Shockley and Queisser 1961). 

However, the highest reported experimental efficiency thus far is 22.1%, as noted by 

Green et al. in 2020 (Green et al. 2021a). 
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This implies that careful studies of band edge positions, interface properties, band 

alignment, and the suitable doping concentration in the elemental layers can 

significantly increase the power conversion efficiency. 

1.2 The semiconductor thin-film technology: 

The accumulation of scientific knowledge and technological advancements have 

significantly impacted human life. Through fundamental insights in material science, 

we have been able to fabricate solar cells that are not only lighter but also more robust 

and durable. The usefulness of scientific and technological products ultimately depends 

on the societal needs they serve. Following the invention of the transistor, 

semiconductor thin films emerged as a critical development. Compound semiconductor 

thin films play a vital role in modern society. These films, whose thickness can vary 

from the nanometer to the micrometer range, show different material's characteristics 

compared to is bulk form. Thin films boast a high surface-to-volume ratio and can 

exhibit unique electrical, magnetic, and optical traits. Both crystalline and amorphous 

thin films are incredibly significant in the realm of advanced technological applications. 

Thin films of various compounds have many applications, including microelectronic 

devices such as magnetic recording devices, sensors, Infrared (IR) detectors, 

interference filters, solar cells, satellite temperature regulator, and superconductors. The 

epitaxial growth of thin films allows precise control over the electron and phonon 

transport processes in metals, insulators, and semiconductors. Additionally, thin films 

have made significant contributions to solid-state physics, such as enabling quantum 

mechanical tunneling through metal-insulator junctions, micromagnetics, and plasma 

resonance absorption. Thin films exhibit excellent thermal stability and superior 

mechanical properties, including higher yield strength, elastic modulus, and interfacial 

adhesion. This makes them an ideal choice for ensuring device stability. Furthermore, 

thin films demonstrate distinct electronic, optical, and mechanical behavior compared 

to their bulk counterparts. The high yield strength of thin films allows them to withstand 

significant residual stresses, which are relieved through plastic deformation. 

1.3  Solar cells employing thin film technology: 

Figure 1.1 illustrates the various thin-film layers that constitute the thin-film solar 
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cell, including the transparent conducting oxide (TCO), window layer, absorber 

layer (either n or p-type), and the metal contact layer. The overall performance of 

the cell depends on each of these layers as it has different physical and chemical 

properties. The substrate is used to deposit the thin film layers. A TCO layer 

collects current from the external circuit at the top of the multilayer junction. The 

TCO is then positioned to form a junction with the absorber layer, and a window 

layer is then positioned directly below the TCO. The absorber layer produces a 

photo-generated charge carrier by absorbing photons from the light source. Charge 

carriers are further transported to the electrode with the help of the window layer. 

The lowermost layer in the cell is the bottom electrode consisting of a metal thin-

film. Another back surface field (BSF) layer can be used between the absorber 

and the bottom electrode to limit charge recombination on the back side of the 

material. Higher doping on the solar cell's backside creates a "back surface field" 

(BSF). The transition zone between the highly and weakly doped regions exhibits 

p-n junction behavior. Due to an electric field at the interface, minority carrier 

transport to the back surface is impeded. As a result of the BSF's passive shielding 

effect on the rear surface, a high concentration of minority carriers is preserved 

throughout the device. 

 

Figure 1.1: Schematic representation of solar cell 

Intriguingly, the crystal structure, electron affinity, work function, thermal 

expansion coefficient, diffusion coefficient, chemical affinity, mobility, 

mechanical adhesion, etc., of each layer used in a thin-film solar cell are all 
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unique. The interface can cause a change in the electrical and optical 

characteristics of heterostructures due to stress, surface recombination centers, 

photon reflection/transmission/scattering, inter-diffusion, and chemical changes. 

Therefore, a detailed understanding of the individual layer and their interfaces is 

very important to design an efficient solar cell. 

 

1.4 Mechanism of thin-film solar cell: 

A solar cell typically uses a photovoltaic effect to convert sunlight into electricity. 

Semiconducting material is used in the active layer of the cell, which is 

responsible for light absorption. In case of semiconductors, there exists a gap 

between the valence band (consists of localized electrons) energy spectrum and 

conduction band (contains the free electrons) energy spectrum. The 

semiconducting materials have most electrons in the valence band at room 

temperature. These electrons absorb the energy of a solar photon and move into 

the conduction band, leaving holes in the valence band.  An electron-hole pair is 

formed when a conduction band electron and a valence band hole come nearer. 

Because both the electron and the hole are free to move around, this pair can 

transmit electricity through the material. The photon with the same energy is 

released when the electron and hole are allowed to recombine and return to their 

original state (which is a lower energy state). According to the principle of 

detailed balance, in a state of thermodynamic equilibrium, the rate at which a 

photon is absorbed to excite an electron-hole pair and the rate at which a photon 

is emitted to destroy the same pair must be equal. For the optimal performance of 

the solar cell, the electron and hole of the electron-hole pair must be separated 

during the excitation process of the semiconducting material. There are a few 

ways to accomplish this, but a p-n junction is the most common. Here, a p-type 

and n-type semiconducting layer converge, creating a chemical potential 

difference that pulls electrons in one direction and holes in the other, effectively 

splitting the electron-hole pair. Using metal contacts with different work functions 

is another option, analogous to a Schottky-junction cell. 

When light incidents on the surface of a solar cell, only the photons with sufficient 
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energy than the bandgap of the semiconductor are absorbed. To create electron-

hole pairs, this absorption kicks off the process of valence-to-conduction-band 

electron transitions. It is straightforward to separate and store these carriers for 

the further reaction if they diffuse into the depletion region before recombination.  

 

1.5 Photovoltaic materials: 

As mentioned in the previous section, solar cell efficiency can be significantly 

improved by using a class of semiconducting thin films in the cell. There exist various 

2D metal chalcogenide materials, among them Cadmium telluride (CdTe), Zinc-

telluride (ZnTe), Cadmium selenide (CdSe), Zinc selenide (ZnSe), Antimony selenide 

(Sb2Se3), and Antimony sulfide (Sb2S3) are the most promising candidates, which can 

be effectively used as different layers in the solar cell. 

 

1.5.1 Cadmium telluride (CdTe): 

Cadmium Telluride (CdTe) is an II-VI semiconductor with a direct bandgap of 1.5 eV 

at room temperature and a high absorption coefficient. CdTe thin film with a layer 

thickness of only 2μm can absorb up to 90% of the incident light (compared with 

around 10μm for Si). CdTe is viewed as a potential photovoltaic material because of 

its low cost and excellent performance in solar cells. Unlike other II-VI compound 

semiconductors, doping acceptor or donor impurities in this one makes it easy to switch 

between n-type and p-type conductivity. 

 

1.5.2 Zinc telluride (ZnTe): 

Crystals of zinc telluride (ZnTe) are II-VI semiconductors, have a zinc-blende cubic 

structure and a high band gap of 2.25 eV at 300 K. Green light-emitting diodes made 

from this material has great potential. Most II-VI wide-bandgap semiconductors can be 

doped to the n-type but not the p-type. ZnTe, however, stands out because it can be 

readily doped p-type but just not n-type. Consequently, n-type doping in ZnTe is 

difficult to achieve. 
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1.5.3 Zinc selenide (ZnSe): 

Zinc selenide (ZnSe) is a significant compound semiconductor in the II-VI group 

chalcogenides. Typically, semiconductors in this group have a wide band gap, with 

ZnSe having a value of approximately 2.7 eV at room temperature. Additionally, ZnSe 

possesses other beneficial properties such as a low exciton binding energy (~21 meV), 

excellent electronic transport abilities, high refractive indices (both linear and 

nonlinear), and a wide range of optical transparency in the visible spectrum. These 

properties make chalcogenide semiconductors highly versatile in chemical analysis, 

treatment of biological entities and diseases, and the development of physical, 

electrical, and mechanical devices, notably solar cells. 

 

1.5.4 Cadmium selenide (CdSe): 

This is an inorganic compound that belongs to the II-VI semiconductor group and 

appears as a black-to-red-black solid. Its bulk direct bandgap at room temperature is 

1.74 eV, which falls within the visible spectrum. CdSe its natural crystalline forms are 

either hexagonal (wurtzite) or cubic (sphalerite, rock salt). CdSe is useful in solar cells, 

bio-imaging, fluorescent tagging, and electroluminescent devices like LEDs because 

its optical and electrical properties can be precisely adjusted at the nanoscale level 

through quantum confinement. CdSe quantum dots, a zero-dimensional material with 

promising applications in nano-engineering, are the subject of extensive research. 

 

1.5.5 Antimony selenide (Sb2Se3): 

Sb2Se3 belongs to the V-VI binary semiconductor group and is a viable material for 

photoconductive detectors. The sulfosalt mineral antimonselite crystals form in the 

orthorhombic space group and are denoted by the IMA symbol Atm. Antimony is in 

the +3-oxidation state in this mineral, and selenium is in the -2 oxidation state. The 

bonding in this mineral is covalent in nature, which is evident from its black color and 

semiconducting properties. The c-axis of the crystal has an unusually high low-

frequency dielectric constant of 133 at room temperature. At ambient conditions, its 

band gap is 1.18 eV. 
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Sb2Se3 solar cells have several advantages over popular options like cadmium telluride 

and copper indium gallium selenide. It remains stable at low temperatures with a single 

phase and is abundant in the earth while also low-toxic and easy to prepare. These 

features make Sb2Se3 a viable alternative to traditional solar cell options that are limited 

by toxicity or scarcity. 

 

1.5.6 Antimony sulfide (Sb2S3): 

Stibnite, also known as antimony sulfide (Sb2S3), is a nanomaterial with an 

orthorhombic crystal structure and semiconductor properties. It displays exceptional 

characteristics and can be utilized in electronic and optoelectronic devices. The direct 

band gap of this semiconductor is between 1.8 and 2.5 eV. Doping techniques allow 

the fabrication of both p-type and n-type materials. 

 

1.6 Semiconductor heterojunctions in solar cell applications: 

 

From the binary semiconductors, several heterostructures were constructed, and their 

properties were studied. To understand the charge transfer mechanism, it is essential to 

know the different types of semiconductor heterojunctions that may form in solar cells. 

1. Type –I, also called a straddling heterojunction, in which Ec2 is greater than 

Ec1, whereas, Ev2 is lesser than Ev1. In this scenario, the two charge carriers 

require energy to transition from the semiconductor with a lower band gap to 

the one with a wider band gap. As they cross the junction, the carrier from the 

opposite side releases this energy. 

2. Another type of heterostructure is the Type-II, also known as a staggered 

junction. In this configuration, the band gaps of the two semiconductors 

overlap, resulting in one carrier losing energy while the other gains the same 

amount of energy. Additionally, the movement of the charge carrier is 

unsymmetrical. 
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3. In the Type-III or broken gap configuration, the bandgap of two 

semiconductors does not overlap. The carrier transfer situation is similar to 

Type-II, but more noticeable.  

Figure 1.2: Schematic representation of different types of heterostructures 

a. Type-I b. Type-II c. Type-III 

1.7 Literature survey: 

CdTe has a remarkable feature allows for creating a full photovoltaic device through 

thin film technology. For the first time, Bonnet and Rabenhorst made this discovery as 

far back as 1972, when they published a paper on CdTe/CdS thin film solar cells that 

showed an efficiency of 6 percent. Since then, many groups have tried to improve the 

efficiency of CdTe/CdS solar cell by adopting different deposition technique. However, 

it was not until the 1980s that Tyan and Albuerne (Tyan and Perez-Albuerne 1982) 

exceeded the 10% efficiency value. Ferekides et al. studied the efficiency of CdTe/CdS 

deposited on glass substrates. The CdS window and CdTe absorber layers were 

deposited using a chemical bath deposition technique. The process involved depositing 

a 500-1200 Å CdS layer on a SnO2-coated glass substrate, then depositing a 4-8 μm 

CdTe thin film at varying substrate temperatures to achieve optimal junction properties. 

At the National Renewable Energy Laboratory, the most effective device achieved (AM 

1.5G) conversion efficiency of 15.8% with a fill factor of 74.5%, an open-circuit 

voltage of 843 mV, and a short-circuit current of 15.1 mA/cm2 (Ferekides et al. 1993). 

CdTe thin films were deposited by H.R Moutinho et al. in 1995 using physical vapor 

deposition, sputtering, and closed space sublimation. The films were subsequently 

treated with CdCl2 at varying temperatures. Regardless of the deposition technique or 

substrate structure, the sample showed the highest device quality after being treated at 
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4000C. Additionally, a nano-grain structure was discovered in CdTe sputtered samples 

for the first time (Moutinho et al. 1995).  In 2004, Xuanzhi Wu developed three new 

materials, including cadmium tin oxide (CSO) as a transparent conducting oxide layer, 

Zinc tin oxide (ZSO) as a buffer layer, and a window layer CdS: O. A modified 

CTO/ZTO/CdS/CdTe device structure was introduced. These innovations were aimed 

at addressing issues associated with standard SnO2/CdS/CdTe cells and improving the 

performance and reproducibility of CdTe cells. The result was a CTO/ZTO/CdS/CdTe 

polycrystalline thin-film solar cell with an NREL-confirmed total-area efficiency of 

16.5%, which was the highest efficiency ever reported for CdS/CdTe solar cells. This 

was achieved with a Voc of 845.0 mV, Jsc of 25.88 mA/cm2, FF of 75.51%, and an 

area of 1.032 cm2 (Wu 2004).   

Even though CdTe/CdS solar cells exhibit high performance and efficiency, several 

unsolved challenges in their production prevent the efficiency improvement. The back 

contact issue is one of the most important because it affects the solar cell's durability 

over time. Several metals, including copper (Cu), lead (Pb), silver (Ag), and gold, were 

used to create a low resistance or ohmic contact with a p-type CdTe film (Au) (Bätzner 

et al. 2000; Corwine et al. 2004; Ernst et al. 2001; Kanevce and Gessert 2011; Visoly-

Fisher et al. 2003). As a result, these materials tend to diffuse into different layers and 

deteriorate the stability of the cell. In 2010, Matin et al. used the SCAPS 1D to simulate 

solar cells. The back surface field layer (BSF), Sb2Te3 or ZnTe, and buffer layer, Zno 

or Zn2SnO4, were introduced in the conventional CdTe solar cell, and the PCE was 

calculated. The problem of back surface recombination loss and the inefficiency of cells 

were thought to be amenable to solutions involving the introduction of materials with 

different bandgap properties, such as ZnTe (with a higher bandgap of 2.25 eV), Sb2Te3 

(with a lower bandgap of 0.3 eV), and most importantly, the Back surface Reflector 

(BSR) materials of  high dielectric coefficient (Matin et al. 2010). An efficiency of 

16.9% was achieved. An 18.7% efficient solar cell was developed in 2012 at NREL. 

The following year, they produced a solar cell made of CdTe with an efficiency of 19%. 

The highest VOC of 900 mV was reported by M. Gloeckler (Gloeckler et al. 2013).  

A new composite absorbing layer was developed in 2013 using cycle growth and a 

single offset superlattice made from CdTe/ZnTe. The study involved subjecting the 

solar cells to multiple cycles to determine their properties in relation to the superlattice. 
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In addition, the crystallinity, transmission spectrum, and cross-sectional morphology of 

the ZnTe/CdTe composite layers were investigated using a variety of experimental 

cycles. The solar cells with an FTO/CdS/CdTe/ZnTe: Cu/(ZnTe|CdTe)n/ZnTe: Cu/Au 

structure exhibited an impressive spectral response from 550-800 nm, with some 

response from 850-900 nm. Incorporating the composite layer led to a 12.8% 

improvement in photoelectric conversion efficiency, a short-circuit current density of 

25.59 mA/cm, and a fill factor of 66.8%. The spectral response can be further enhanced 

by integrating with other technologies (He et al. 2017). Later, Deepak Sutar et al. 

investigated the change in ZnTe film thicknes during annealing. The goal was to 

determine if these films could work as a suitable rear contact material. They developed 

200 nm and 300 nm thin ZnTe films through e-beam evaporation, which were 

subsequently annealed at 1000C, 2000C, and 3000C in air ambient. The films were then 

characterized using appropriate tools to explore their physical properties. The results 

demonstrated a robust relationship between film thickness, annealing temperature, and 

the resulting films' physical properties. In CdTe solar cell devices, the 200 nm ZnTe 

thin films annealed at 1000C worked well as the rear contact material (Suthar et al. 

2021a).  

The study revealed that thin film solar cells comprised layers including FTO, TiO2, n-

ZnSe, p-CdTe, Ag: ZnSe, and Ni. The Ag: ZnSe layer was important for reducing 

barrier height and improving the performance of the solar cell. They examined the 

effect of buffer layers, bandgap energy, and temperature on the efficiency of solar cells. 

Incorporating the Ag: ZnSe layer improved efficiency from 17.01 to 22.31% (Souri and 

Marandi 2023).  By exchanging the metal contact for a highly reflective one-

dimensional distributed Bragg reflector, the research team of Kazmi et al. achieved a 

substantial improvement. This improved cell performance was achieved by increasing 

the optical path length at a wide range of angles and frequencies. The proposed cell 

demonstrated impressive electrical parameters under global AM 1.5G conditions, with 

JSC of 25.036 mA/cm2, Voc of 1.065 V, FF of 87.56%, and η of 23.94% (Kazmi et al. 

2020). Matin et al. introduced the Cu2Te BSF layer in 2013 to improve the conversion 

efficiency. An established simulator called the 'Analysis of Micro-electronics and 

Photonic Structures' (AMPS-1D) was used to investigate the performance of cells, 

including Voc, Jsc, FF, efficiency, and temperature stability. A modified structure of 
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CdTe-based PV cell, SnO2/Zn2SnO4/CdS/CdTe/Cu2Te/Ni, was proposed as an 

improvement over the reference structure of SnO2/Zn2SnO4/CdS/CdTe/Cu. The 

simulation findings demonstrated that the cell's performance was improved without 

compromising the cell's stability after adding Cu2Te as a BSF layer. New doors have 

been opened for ultra-thin CdTe PV cells as the analysis showed high conversion 

performance of 19.5% can be reached using a 0.6 µm thick CdTe absorber with BSF. 

The cell was stable at higher temperatures (Matin et al. 2013). Back surface field (BSF) 

SnS layers were first introduced by Sabrina et al. in the field of CdTe solar cells. Part 

of a series of thin layers, including a buffer layer (CdS) between the absorber layer 

(CdTe) and the windows layer (ZnO-Al), was added after the back contact (Ni). The 

latest findings revealed that the structure featuring the BSF layer 

(ZnO/CdS/CdTe/SnS/Ni), with dimensions of 0.6 μm of CdTe, 0.02 μm of CdS, 0.2 μm 

of ZnO, and 0.4 μm of SnS, offers an impressive efficiency of 21.83%. This 

enhancement in electrical efficiency surpasses prior reported results while reducing 

costs through a thinner absorber layer (Benabbas et al. 2016).  

  Different methods of treating CdTe thin films were suggested as alternatives to the 

traditional post-deposition treatment. These methods involved treating the films with 

CdCl2, MgCl2, CuCl2, and AgNO3. The effect of these treatments on the films' 

microstructural, morphological, and optoelectrical properties was studied. When 

compared to other treatments, it was seen that the CuCl2 treatment led to a higher carrier 

concentration of 1015 cm-3. The diffusion of Cu in the CdS/CdTe layer may have acted 

as a co-doping mechanism. Thus, it is crucial to carefully select the post-deposition 

treatment and conduct thorough investigations to enhance the performance of CdTe thin 

film solar cell devices (Harif et al. 2020).  T.D. Dzhafarov conducted research on the 

impact of Cu on the properties of CdTe thin films through diffusion. At 400 degrees 

Celsius, adding Cu to CdTe thin films reduces the resistivity of p-type materials by up 

to seven times higher. A study compared CdTe(Cu)/CdS and CdTe/CdS cells found 

that CdTe(Cu)/CdS cells had increased efficiency but degraded faster due to 

electrodiffusion of Cu in the CdTe film (Dzhafarov et al. 2005). Polycrystalline CdTe 

thin films had their hole density increased by group V substitution on Te, a method 

developed by Brian McCandless et al. Vapor transport deposition was used to deposit 
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P, As, and Sb-doped CdTe films onto the superstrate solar cell structure at 5500C. They 

used capacitance-voltage analysis to calculate the doping level. The dopant 

incorporation levels were confirmed to be 1017-1018 atoms/cm,3, and acceptor 

concentrations increased to >1015 cm−3 for P and >1016 cm−3 for As and Sb (McCandless 

et al. 2019). N.B. Chaure et al. demonstrated the positive impact of Iodine doping on 

CdTe thin films. By adding iodine to the CdTe layers, the electrical conductivity was 

significantly improved, as expected. Additionally, optimal concentrations of 0.05M 

CdI2 in the bath resulted in enhanced optical absorption. The study also noted an 

impressive short-circuit current density of nearly 60 mA cm−2, with satisfactory Voc 

values of 700 mV. While the fill factors were negatively affected by the structure's low 

conductivity, this work effectively demonstrated the benefits of iodine doping (Chaure 

et al. 2003). H. Zhao studied the effects of O and Sb doping on CdTe solar cells 

deposited using the closed-space sublimation technique. The study found that the effect 

on VOC was not solely dependent on the doping concentration but also influenced by 

factors like a reduction in reverse saturation current. This was observed in CdTe cells 

that the introduction of O2 during the CSS process, affects both the doping 

concentration and CdS/CdTe junction properties. The highest concentration achieved 

with antimony was around 1016 cm-3; further increases did not lead to higher VOC, the 

maximum VOC attained at about 830 mV. SCAPS simulations suggested that a back 

contact barrier and/or relatively high defect concentrations were responsible for the 

further increase in VOC (Zhao et al. 2009). 

Currently, the inorganic compound semiconductors with a binary structure and 

chemical composition of V2-VI3, such as Sb2Se3, have been gaining increasing 

attention. This is due to their exceptional optical and electrical characteristics, which 

make them highly suitable for utilization in thin-film solar cells (Chen et al. 2015). In 

2011, Patrick and Giustino conducted research on Sb2Se3, examining its potential as a 

charge transfer medium in dye-sensitized solar cells (Patrick and Giustino 2011a). 

Additionally, it has been studied as a possible anode material for sodium-ion batteries, 

as well as in the thermoelectric and photodetector industries, and as a topological 

insulator. Sb2Se3 is a possible option for the p-type absorber layer in thin film solar cells 

because of its high optical absorption efficiency in the visible region and availability of 
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earth elements, Sb and Se, in contrast to CdTe and CIGS solar cell materials. Antimony 

selenide has a simpler composition with binary constituents, reducing the likelihood of 

secondary phase formation in contrast to other inorganic absorber layers in CIGS and 

CZTSSe solar cells (Zeng et al. 2016). 

Recent research on Sb2Se3 has revealed unexpected complexity in its intrinsic defect 

chemistry, challenging the conventional understanding of binary properties. Liu and 

colleagues (Liu et al. 2017) identified five inherent point defects in Sb2Se3, including 

substitutions, vacancies, and one interstitial defect. They discovered that in Se-poor 

conditions, deep donor defects like defect at Sb present at Se site (SbSe) and VSe 

predominated, while in Se-rich conditions, shallow acceptor defects like SeSb and inert 

defects like Sei were more common. However, Huang et al. (Huang et al. 2019) 

classified all point defects into three types: five antisites, five vacancies, and non-

equivalent interstitials (Sbi, Sei). They identified SbSe1, SbSe2, and SbSe3 defects as donor 

defects and SeSb1 and SeSb2 as acceptor defects. At the same time, Savory and Scanlon 

(Savory and Scanlon 2019) proposed that these defects are amphoteric, acting as both 

electron and hole traps, respectively. Overall, Sb2Se3 exhibits unexpected complexity 

in its intrinsic defect chemistry, challenging conventional semiconductor 

understanding. 

Furthermore, Virt et al. investigated the properties of Sb2S3 and Sb2Se3 thin films 

deposited by the pulsed laser deposition method. It was found that the deposited films 

had a polycrystalline structure. The band gap width for the Sb2Se3 and Sb2S3 films was 

determined by analyzing their absorption spectra, resulting in widths of 1.66 and 2.12 

eV, respectively (Virt et al. 2013). Several studies have been conducted on the impact 

of Mg and Fe dopants in Sb2Se3 thin films (Li et al. 2016b). Lai et al. studied the optical 

properties of electrochemically deposited Sb2Se3 thin films for use in solar cells (Lai et 

al. 2012; Shi et al. 2012). PVD methods in superstrate configuration have achieved a 

device efficiency record of approximately 6% (Wang et al. 2017). Using commercially 

available Sb2Se3 powders as source material, Zhou et al. achieved a superstrate Sb2Se3 

solar cell with an efficiency of approximately 5.6% (Zhou et al. 2015). Thin films of 

Sb2Se3 have been grown through the process of thermal evaporation and selenization of 

the metal stack by DC sputtering (Kaito et al. 1998; Li et al. 2017; Liu et al. 2014; 
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Maghraoui-Meherzi et al. 2013; Yuan et al. 2016). A study conducted by Li et al. aimed 

to examine how sodium doping affects the properties of Sb2Se3 thin films created 

through rapid thermal evaporation (Li et al. 2016a). Due to its Q1D ribbon-like 

structure, Sb2Se3 displays anisotropy in charge-transport property, resulting in varied 

electrical conductivity. Sb2Se3 typically exhibits weak p-type conductivity due to its 

low intrinsic charge carrier concentration of around 1013 cm−3. However, certain studies 

suggested that extrinsic doping can lead to n-type conductivity (Chen et al. 2017a). 

 

1.8 Scopes of the work: 

From a materials-science perspective, the difficulties and necessary research for 

interface engineering of thin-film solar cells using inorganic-compound 

semiconductors are not thoroughly studied up to this day. In theory, defining optimal 

device structures from physical considerations is straightforward. However, to bring 

these structures in real, sophisticated processing strategies are required to overcome the 

limitations of many materials. Thin-film solar cells could benefit from a deeper 

investigation into their causes and consequences. 

Comprehensive literature review revealed that CdTe, ZnTe, CdSe, ZnSe, Sb2Se3, and 

Sb2S3 are the important photovoltaic materials. CdTe, for instance, is utilized as the 

absorber layer in thin film solar cells. It has been discovered that the PCE of the solar 

cell may be improved by employing different materials for the various layers of the 

cell. However, there have been limited attempts to synthesize and investigate these 

materials from this perspective. Additionally, there is a lack of theoretical knowledge 

about these systems, which is necessary for their effective utilization in the device. 

Therefore, this work focuses on modeling and investigation of various semiconductor 

thin films and their hetero-structures using Density Functional Theory (DFT). Through 

first-principles calculation, various properties of the semiconductor thin films and their 

heterostructure can be examined. The primary objectives of the thesis content are 

outlined below. 

1.9 Objectives: 

1. Optimize the growth condition of different telluride-based semiconductor thin 

films and their heterostructure by using the thermal evaporation technique. 
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2. To study the structural, morphological, compositional, optical, and electrical 

properties of the grown thin films and their hetero-structures. 

 

3. To perform a detailed theoretical investigation of the synthesized films using 

ab-initio density functional theory. 

 

4.   To study the suitability of these materials in photovoltaics and other device 

applications. 
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CHAPTER 2  

 

 

EXPERIMENTAL, THEORETICAL METHODOLOGY, AND 

CHARACTERIZATION TECHNIQUES 

Overview: 

This chapter outlines the experimental procedure for depositing thin films and 

numerous characterization approaches for examining the properties of the deposited 

samples. It also provides a detail description of the first principles theory and the 

computational methods that are used to performed theoretical studies. 
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2.1 Experimental Methodology: 

The preparation of good-quality thin films is one of the critical requirements of the 

study. There are various methods for preparing thin films, which can be divided into 

four groups: physical vapor deposition (PVD), sputtering, chemical vapor deposition 

(CVD), and chemical deposition. Physical vapor deposition methods include resistive 

heating, electron beam evaporation, RF heating, Laser evaporation, flash evaporation, 

and more. The sputtering method includes glow discharge sputtering, triode sputtering, 

ion plating, magnetron (direct and reactive) sputtering, ion beam sputtering, and RF 

sputtering. The CVD process involves chemical reactions, such as chemical transfer, 

thermal decomposition (pyrolysis), reduction, oxidation, nitride, and carbide formation. 

The thermal evaporation method is the most suitable PVD technique for growing thin 

films. It has advantages such as a very high deposition rate, low material consumption, 

low cost of operation, and minimal impurities associated with the growing layer. The 

tendency to form oxides is also considerably low and has high reproducibility. 

(Bacewicz 1997) 

                               Fig 2.1 : Experimental setup for thermal evaporation 

The thermal evaporation method involves placing a source in a filament, boat, or 

crucible and positioning a substrate at a distance opposite the evaporation source. 

Molybdenum, Tungsten, or Tantalum boats with higher melting points than the 

evaporator material are typically used for depositing samples. Both the substrate and 
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source are located within the vacuum chamber; it is crucial to maintain a pressure range 

of 10-5 Torr throughout the deposition process. A pumping system consisting of a 

diffusion and rotary pump is used to achieve this. Pressure is measured using the Pirani 

and penning gauge at different deposition stages. The desired vapor pressure of the 

source material is achieved by heating the boat to a higher temperature. The 

concentration of the growth species in the gas phase is controlled by adjusting the 

source temperature and carrier gas flux.  

In the present work, the tantalum boat was used to deposit the thin films at the optimum 

residual pressure of 10-5 Torr.  The conventional gravimetric method was used to 

determine the thickness of the deposited samples. 

𝑡 =
𝑚2−𝑚1

𝜌𝐴
                                                                     (2.1) 

(Here, ‘𝑚1’ and ‘𝑚2’denotes the mass of the glass substrate and film-coated glass 

substrate, respectively. ‘𝜌’ is the density of the bulk material, and ‘A’ is the area of the 

deposited sample. 

2.2 Characterization Techniques: 

After the successful deposition of our thin film, we proceeded to characterize them 

using different characterization techniques such as X-ray diffraction, Scanning electron 

microscopy, Energy dispersive analysis by X-rays, Scanning electron microscope, UV 

–Vis spectroscopy, etc. the detailed working principles of these techniques are 

described in the following. 

2.2.1  X-ray diffraction (XRD):  

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell 

dimensions. The analyzed material is finely ground, homogenized, and the average bulk 

composition is determined. X-ray diffractometer consists of three basic elements: an X-

ray tube, a sample holder, and an X-ray detector. X-rays are generated in a cathode ray 

tube by heating a filament to produce electrons, accelerating the electrons toward a 

target by applying a voltage, and bombarding the target material with electrons. When 

electrons have sufficient energy to dislodge the inner shell electrons of the target 
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material, characteristic X-ray spectra are produced. These spectra consist of several 

components, the most common being Kα and Kβ. The most commonly used 

diffractometer is known as the Debye-Scherrer diffractometer. X-ray diffraction is 

based on constructive interference of monochromatic rays and a crystalline sample. 

These X-rays are generated by a cathode ray tube, then filtered to produce 

monochromatic radiation and collimated to concentrate and directed towards the 

sample. The interaction of the incident rays with the sample produces constructive 

interference and a diffracted beam when Bragg’s condition is satisfied. These diffracted 

beams are detected, processed, and counted. By scanning the sample through a range 

of 2θ angles, all the possible diffraction directions of the lattice should be attained due 

to the random orientation of the powered material. (Zachariasen 1967) Conversion of 

the diffraction peaks to d- spacings allows the identification of the material because 

each material has a set of unique d-spacings. Typically, this is achieved by comparison 

of d-spacings with standard reference patterns. The interplanar spacing (d) of all the 

deposited samples is calculated by using Bragg’s law,  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝛳                                          (2.2) 

‘n’ is the order of diffraction, ‘𝜆’ is the wavelength of the X-rays, and ‘𝛳’ is the glancing 

angle. 

The diffraction data obtained for the deposited samples are compared with the powder 

diffraction files, which are produced by the Joint Council on Powder Diffraction 

Standards (JCPDS). 

The average grain size (D) of the samples is calculated by using Debye Scherrer’s 

formula,  

𝐷 =
0.94𝜆

𝛽𝑐𝑜𝑠𝛳
                                                 (2.3) 

Furthermore, the lattice constant of the deposited samples is obtained by using the 

interplanar spacing and the Miller indices (h k l). For the cubic system,  

𝑎 =
𝑑

√ℎ2+𝑘2+𝑙2
                                            (2.4) 
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2.2.2 Scanning electron microscope (SEM):   

To create an image, SEM moves a focused electron beam across a surface. The 

electrons in the beam interact with the sample, and the resulting signals can reveal the 

surface's topography and composition. Secondary electrons (which create SEM 

images), backscattered electrons (which determine crystal structures and orientations 

of minerals), photons (which produce characteristic X-rays used in elemental analysis), 

visible light, and heat are all examples of such signals. In an electron microscope, the 

electron beam can be focused to a tiny spot size using electrostatic lenses. The fine 

beam is scanned on the sample surface using a scan generator, and the detector collects 

backscattered electrons. The electron collector amplifies the signal from the scan 

generator, creating an image of the sample surface. To minimize filament and sample 

damage from air molecules and electron collisions, a vacuum chamber is used. One 

major drawback of the SEM is that it cannot be used for direct analysis of highly 

resistive samples because they become charged from incident electrons, rendering the 

images unreliable. Thus, insulating solids are made conductive by coating them with a 

very thin metal film, such as gold or platinum (< 10 nm), without compromising any 

crucial aspects of the sample. 

 

Figure 2.2 A typical sketch of a Scanning Electron Microscope 

The electron microscope is also used to know the composition of the sample by Energy 

Dispersive Analysis of X-rays (EDAX).(Gordillo et al. 1995a)  
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2.2.3 Energy dispersive analysis by X-rays (EDAX): 

When the primary beam interacts with atoms in a sample, it triggers shell transitions 

that emit X-rays. These X-rays have an energy that is specific to the parent element. By 

detecting and measuring these X-rays, we can analyze the elemental composition of the 

sample. EDS is a quick way to obtain qualitative analysis and, with proper standards, 

quantitative analysis of the sample's elemental composition. It has a sampling depth of 

1-2 microns and can also be used to create maps and line profiles that show the 

distribution of elements on the sample surface.    

    In this present work, the morphological and compositional studies are carried out by 

using the Carl Zeiss electron microscope.  

 

2.2.4 UV –Vis spectroscopy: 

The electronic structure and band gap transitions between valence and conduction 

bands are determined by using this characterization technique. This method investigates 

bulk, colloidal, thin-film, and nanostructured metals, semiconductors, and insulators. 

There is an optical band gap in semiconductors and some insulators. Absence of 

absorption occurs when the energy of the incident photon is insufficient to excite the 

electrons from the valence band to the conduction band. An abrupt increase in 

absorption occurs when the energy of the incident photon is high enough to excite the 

electrons to the conduction band minimum; the photon with energy above that is also 

absorbed by the material (Chander and Dhaka 2016). 

In this study, the deposited samples' absorbance spectra were obtained using the UV-

Vis NIR spectrometer 3600. There are three detectors in this tool. InGaAs and cooled 

PbS detectors are available for the near-infrared area, while photomultiplier tubes 

(PMT) are given for the UV and visible wavelengths. The UV-3600 Plus, in contrast to 

conventional spectrophotometers, uses an InGaAs detector to cover the crossover 

region and guarantees great sensitivity throughout the whole measured wavelength 

range. 
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The coefficient of absorption (α) can be calculated from the transmission spectra by the 

following relation,  

𝑇 =
𝐼

𝐼0
= 𝑒𝑥𝑝(𝛼𝑡)                                                      (2.5) 

Where ‘I’ is the intensity of transmitted rays, ‘I0’ is the intensity of incident rays, and 

‘t’ is the thickness of the sample.  

For direct band gap semiconductors, the band gap can be calculated by using Tauc’s 

relation (Tauc and Menth 1972)  

𝛼ℎ𝜐 = 𝐵(ℎ𝜐 − 𝐸𝑔)
1

2                                                   (2.6) 

Where ‘B’ is the band tailing parameter. Tauc’s plot ((αhυ)2 versus hυ(in 

semiconductors)) is used to determine the band gap of the material. The variation of the 

(αhυ)2
 with the hυ is linear in certain regions. The intercept of this line on the hυ axis at 

the (αhυ)2 = 0 gives the band gap of the material. 

 

2.2.5  Electrical characterization: 

To fabricate any electronic devices, the electrical properties of the material should be 

known. The electrical properties like carrier type and resistivity of the material play a 

key role in designing the devices. The current-voltage characteristics curves are 

generally used to calculate all the electrical parameters. (Rosa 1984) 

The resistivity of the samples can be calculated by using Ohm’s law,  

𝜌 =
𝑅𝐴

𝐿
                                                                    (2.7) 

Where ‘R’ represents the resistance of the samples, ‘A’ is the active area on which film 

is deposited, and L is the distance between the electrodes. Here ‘R’ is calculated from 

the slope of current versus voltage characteristics. In this thesis, current-voltage (I Vs. 

V) characteristics are studied by using a Keithley-source meter- 2400.   

The hot probe method is used to determine the conductivity of the samples. The sample 

is probed with a voltmeter or an ammeter while a heat source, like a soldering iron, is 
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placed on one of the leads. Because of the heat, the majority charge carriers (holes in 

p-type and electrons in n-type) will travel away from the lead, and more carriers can be 

produced. As a result, there will be a difference in current/voltage. For instance, if a 

heat source is put on the positive lead of a voltmeter connected to an n-type 

semiconductor, the area around the heat source/positive lead will become positively 

charged, giving rise to a positive voltage measurement. Similarly, for p-type material, 

the negative voltage will be obtained. The majority free carriers that are thermally 

excited can be explained as the translation from the hot probe to the cold probe. This 

type of translation is named the diffusion of charge carriers. The translation of the 

majority of carriers determines the direction of the multimeter's current reading. 

Because of this, the cold probe continues to be agnostic. In contrast, the area around a 

hot probe becomes charged with minority carriers; thus, the open circuit voltage or short 

circuit current can be used to identify the material. 

 

2.2.6 Capacitance Vs. Voltage characterization: 

The technique of capacitance-voltage profiling is used to describe the electrical 

properties of semiconductor materials and devices. The applied voltage is changed 

while measuring and plotting the capacitance as a function of voltage. In this method, 

a depletion area is made using a metal-semiconductor junction (Schottky barrier), a p-

n junction, or a MOSFET. This region may contain ionized donors and electrically 

active defects but not the conducting electrons or holes. Therefore, the depletion region 

behaves as a capacitor. By adjusting the voltage across the junction, the depletion width 

can be altered. The doping profile and electrically active defect densities of the 

semiconductor are revealed by the correlation between the depletion width and the 

applied voltage. In semiconductor physics, this method is widely used to characterize 

the bipolar junction transistor, organic thin film transistor, photovoltaic cells, and 

photodiodes. The junction capacitance and the biasing voltage are related by the 

following expression:  

1

𝐶2 = 2 [
(𝑉−𝑉𝑏+

𝑘𝑇

𝑞

𝑞𝜀0𝜀𝑟𝑁𝐴2 ]                                                                (2.8) 
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‘V’ and ‘Vb’ correspond to an applied voltage and built-in potential, respectively. ‘A’ 

is the active area of the device, and ‘N’ is the doping concentration. 

2.3 Theoretical approach: 

Having a comprehensive understanding of a material's properties at the atomic level is 

crucial for its application in devices. Results obtained from electronic structure 

calculations serve as the foundation for determining a material's fundamental 

characteristics. This section will cover the basics of electronic structure theory and the 

first-principles methods used to calculate electronic structures. Additionally, we will 

discuss the theoretical background of the charge transfer mechanism and the 

appropriate alignment of the band edge positions, necessary for solar cell applications. 

   The study of classical mechanics is helpful in examining the characteristics of large-

scale materials. However, when dealing with materials at the nano-scale range, classical 

mechanics is not sufficient in calculating microscopic properties. In this case, quantum 

mechanics is necessary to analyze the properties of low-dimensional materials like 

quantum dots, nanorods, thin films, and other nanomaterials. The well-known 

𝑆𝑐ℎ𝑟𝑜̈𝑑𝑖𝑛𝑔𝑒𝑟′𝑠equation (SE) for a stationary system is governed by  𝐻̂𝜓 = 𝐸𝜓 

determines the dynamics of the quantum mechanical systems. Where ‘𝐻̂′ represents the 

Hamiltonian operator of the system represented by the total energy of the system, ‘𝜓′ 

stands for the state vector of the system, and ‘E’ is the energy of the system.  

 Hamiltonian operator for the system with ‘M’ numbers of nuclei and ‘N’ numbers of 

electrons is defined as, 

𝐻̂ =
−ħ2

2
∑

1

𝑀𝐼

𝑀
𝐼=1 ▽𝐼

2−
ħ2

2𝑚𝑒
∑ ▽𝑖

2+
𝑒2

4𝜋𝜀0
∑ ∑

𝑍𝐼𝑍𝐽

|𝑅𝐼−𝑅𝐽|
−𝑀

𝐽>𝐼
𝑀
𝐼=1

𝑁
𝑖=1

𝑒2

4𝜋𝜀0
∑ ∑

𝑍𝐼

|𝑅𝐼−𝑟𝑖|
+

𝑒2

4𝜋𝜀0
∑ ∑

1

|𝑟𝑖−𝑟𝑗|

𝑁
𝑗>𝑖

𝑁
𝑖=1

𝑀
𝐼=1

𝑁
𝑖=1   

(2.9) 

The first two terms are the kinetic energy operator of the nuclei and electrons, 

respectively. The third, fourth, and fifth terms are related to the potential energy 

operators of nucleus-nucleus interaction, nucleus-electrons interaction, and electrons-

electrons interaction, respectively. Here I and J run over the M Nuclei. On the other 

hand, i and j represent the N nos. of electrons in the system. For simplification, the 



 

26 
 

atomic constants (e, me, ħ, and 4𝜋𝜀0) are set to 1, and then the above Hamiltonian can 

be written as, 

 

𝐻̂ =
−1

2
∑

1

𝑀𝐼

𝑀
𝐼=1 ▽𝐼

2−
1

2
∑ ▽𝑖

2+ ∑ ∑
𝑍𝐼𝑍𝐽

|𝑅𝐼−𝑅𝐽|
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𝑍𝐼

|𝑅𝐼−𝑟𝑖|
+𝑀

𝐼=1
𝑁
𝑖=1

𝑀
𝐽>𝐼

𝑀
𝐼=1

𝑁
𝑖=1

∑ ∑
1

|𝑟𝑖−𝑟𝑗|

𝑁
𝑗>𝑖

𝑁
𝑖=1   

 

(2.10) 

We can construct the SE corresponding to this Hamiltonian, and the solution will give 

the energy levels of a molecule. Note that the Hamiltonian depends on the nos. of 

electrons and nuclei in the system. It is difficult to solve the equation for the system 

with more nos. of electrons and nuclei. For example, the wave function must be solved 

using 3M (nuclear) + 3N (electronic) variables in a system with M nuclei and N 

electrons. This suggests that solving the SE is essentially impossible. The need for 

approximations is amply highlighted by such a case. 

2.3.1 Born-Oppenheimer Approximation: 

The approximation is based on the fact that nuclei have a greater mass than electrons, 

making them almost stationary compared to electronic mobility. Since the kinetic 

energy of the nucleus is much lower than that of the electrons, it is not considered in 

the calculation. In addition, the potential energy operators of nucleus-nucleus 

interaction are constant and can be ignored due to the fixed position of the nuclei. By 

making these approximations, the Hamiltonian is simplified only to include the 

electron's variables, known as the electronic Hamiltonian.  

 

𝐻̂𝑒 =
−1

2
∑▽𝑖

2

𝑁

𝑖=1

− ∑ ∑
𝑍𝐼

|𝑅𝐼 − 𝑟𝑖|
+ ∑ ∑

1

|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑗>𝑖

𝑁

𝑖=1

𝑀

𝐼=1

𝑁

𝑖=1

 

 

(2.11) 

Corresponding SE can be constructed as𝐻̂𝑒𝜓𝑒 = 𝐸𝑒𝜓𝑒, ‘e’ denotes the terms associated 

with the electrons. The solution to this SE will be obtained by varying the position of 

the nucleus ‘R’. Which in turn gives the energy Eigen value as a function of nucleus 
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position ‘R.’ If the system consists of an ‘M’ number of nuclei and an ‘N’ number of 

electrons, then the BO approximation reduces the number of variables for the wave 

function from 3M+3N to only 3N. This approximation calculates the electronic 

structure of a system by considering only the electronic part.  

Even using the BO approximation, computing the SE for an atom with N electrons is a 

computationally intensive process because of the multiple electron-electron repulsion 

factors. An analytic solution of interacting electronic Hamiltonian is not possible to 

obtain. Therefore, one can use a numerical technique based on variational principles to 

obtain the solution of the electronic Hamiltonian equation. 

2.3.2  Hartree-Fock Approximation: 

In 1948, Douglas Hartree proposed a method to calculate the best possible one-electron 

wave function, which was further developed by V. Fock and J.C. Slater and classified 

as the Hartree-Fock self-consistent field approach. (HF-SCF). According to this 

approximation, the many-body problem is treated as a collection of N-independent 

particle problems. The N-electron wave functions are approximated by an anti-

symmetrized product of the N one-electron wave function, which is referred to as the 

Slater determinant. Using the variational method, one can obtain a set of N -coupled 

equations for the N spin orbitals. The Hartree wave function and energy of the system 

are obtained by solving these equations. 

 As previously stated, no analytical method exists for solving many-electron systems, 

so a numerical method called the self-consistent field method is used. This non-linear 

method solves the Schrödinger equation for each electron, and the process is repeated 

for the others. The wave functions obtained from the first computation are used as the 

basis set for the electrons, and the computation is repeated for each electron with a new 

set of wave functions. This results in improved wave functions for each electron.   The 

total energy and charge density are then calculated from the new wave function and 

compared to the output of the previous computational cycle (Energy and charge 

density) the same method will be repeated until the desired accuracy is reached. In this 

approximation, the electronic correlation is not fully taken into account, which shows 

an incorrect energy value. However, the computational cost is pretty high, making the 
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calculation of a large system untenable. From the above discussion, it is clear that the 

wave function approach governed by SE would not be straightforward for a system with 

a large number of atoms/electrons. The density functional theory (DFT) is an alternate 

technique for converting wave function-based many-electron problems of 3N variables 

to 3 variables density-based problems  

2.3.3 Density functional theory: 

DFT is based on the theorem that all characteristics of molecular systems may be 

derived by their electron density ρ(r), where r is the spatial coordinates. (W. KOHN 

AND L. J. SHAM 1965) DFT is particularly useful because it uses particle density to 

reduce the N-body system's 3N degrees of freedom to just three spatial coordinates. 

This theory is one of the most extensively utilized first-principles models in the field of 

condensed matter physics to describe the different properties of the system, which 

includes not only the bulk materials but also the complex structures, e.g., molecules, 

nanoparticles, etc.  

Improved exchange energy function approximations from the 1990s have led to a 

generally satisfactory agreement between DFT calculations and experimental data for 

condensed-matter systems. Additionally, compared to earlier approaches that relied on 

the complex many-electron wavefunction, like Hartree-Fock theory (Hartree 1928), 

(Fock 1930) and its successors, the computational costs were relatively low. There are 

still challenges in using DFT to precisely define intermolecular interactions, other 

strongly correlated systems, transition states, charge transfer excitations, and the band 

gap of some semiconductors, despite the advances that have been made. 

 

2.3.4 Thomas-Fermi –Dirac approximation: 

The Thomas-Fermi (TF) model was introduced by Thomas (L. H. Thomas n.d.) And 

Fermi (Fermi 1927) 1927, was the origin of DFT. In this approach, they adopted the 

electron density ρ(r) rather than the wave function as the fundamental variable. The 

exchange and correlation of electrons were ignored in the original TF approach; later, 



 

29 
 

it was modified by the Dirac. The total energy of the system is expressed by the 

following equation and which is a functional of electron density.  

𝐸𝑇𝐹𝐷[𝜌(𝑟)] = 𝐴1 ∫ 𝜌(𝑟)
5

3 𝑑𝑟 + ∫ 𝜌(𝑟)𝑉𝑒𝑥𝑡(𝑟)𝑑𝑟 +
1

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′ +

𝐴2 ∫ 𝜌(𝑟)
4

3 𝑑𝑟  

(2.12) 

The first term stands for the kinetic energy of the electrons if they were not interacting 

with one another; the second term represents the Columb interaction energy; the third 

term is associated with the classical Columb repulsion between electrons; and the 

fourth term is the local exchange term, which was introduced by Dirac in 1930. 

The Thomas-Fermi theory gives an idea for handling the many-body system 

computationally. On the other hand, the theory has a lot of issues. The most significant 

one is that solids and molecules cannot form in this theory since it fails to explain atomic 

bonding. (Teller 1962) Using electron density as the fundamental variable is a good 

way to show how DFT works, even though it does not do a good job of describing 

electrons in matter. 

Furthermore, in 1964, Hohenberg and Kohn (P. HOHENBERG 1964) demonstrated the 

accuracy of DFT as a theory of many-body systems. It is known as the Hohenberg- 

Kohn theorem (H-K theorem). Generally, it applies to any system of interacting 

particles with an external potential𝑉𝑒𝑥𝑡(𝑟). The two theorems on electron density, which 

are regarded as the basis of DFT are as follows. 

2.3.4.1 H-K theorem 1: 

This theorem states that the external potential Vext(r) is solely determined by the ground 

state particle density ρ(r) of a system of interacting particles, except for a constant. The 

Hamiltonian is thus determined by the ground state particle density, except for a 

constant energy shift. Theoretically, the ground, as well as the excited states of many-

body wave functions, can be calculated. This indicates that the ground state energy is a 

unique functional of electron density ρ(r), which depends on three spatial coordinates. 

That means the 3N coordinates of the N-electron system are reduced to 3 spatial 

coordinates by considering the electron density. 
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2.3.4.2 H-K theorem 2: 

It follows from the first theorem that the electron density in the ground state is sufficient 

to determine the many-body system's desired properties. But how do we verify that a 

particular density is the ground state density we are in search of? The second theorem 

proved by Hohenberg and Kohn in their 1964 contribution provides a formal 

prescription for how this issue should be approached. The second theorem states that 

there exists a universal functional𝐸(𝜌), which delivers the lowest energy 𝐸0 if and only 

if the input density is the true ground state density which is𝜌0(𝑟).  Furthermore, by 

applying the variational principle, the ground state charge density can be calculated. 

2.3.5 The Kohn-Sham DFT: 

It should be noted that the functional form of 𝐸(𝜌) is unknown and remains a concern. 

The interaction energy with the external field has a simple, functional form and can be 

expressed as∫ 𝑣(𝑟)𝜌(𝑟)𝑑𝑟. However, due to electron-electron interaction, it is 

challenging to express electron kinetic energy and electron-electron interaction energy 

in terms of electron density. Kohn and Sham's solution to this problem, Kohn-Sham 

(KS) DFT, was published in 1965. 

The KS approximation assumes that the two systems have the same ground state density 

while replacing the many-body system with a fictitious non-interacting system. KS 

DFT finds a hypothetical non-interacting system and incrementally improves it by 

using the variational principle instead of establishing the universal HK functional.  

The electronic Hamiltonian is,  

𝐻̂𝑒 = ∑
−1

2
𝛻𝑖

2

𝑁

𝑖=1
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|𝑟𝑖 − 𝑟𝑗|

𝑁

𝑗>1

𝑁

𝑖=1

𝑁

𝑖=1

 

(2.13) 

In equation 2.5, it is clear that the last term can be expressed as the one electron operator 

(𝑉𝑎𝑣 in the non-interacting system, whereas it is impossible to decouple it into the sum 

of terms containing only ri and rj.  𝑉𝑎𝑣 represents the average effect of interaction. 

Additionally, the Hamiltonian operator in the case of a non-interacting electron system 

is just the sum of one electron operator. 
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So equation 2.13 can be rewritten as, 

Kohn and Sham created a second non-interacting system with an effective potential Veff 

(r) to aid in calculating the ground state density and energy of the interacting system. 

We can write the Veff (ri) from equation 2.14, 

𝑉𝑒𝑓𝑓(𝑟𝑖) = ∑ 𝑉𝑒𝑥𝑡(𝑟𝑖) + ∑ 𝑉𝑎𝑣(𝑟𝑖)

𝑁

𝑖=1

𝑁

𝑖=1

 

(2.15) 

 

Then the electronic Hamiltonian will be, 

𝐻̂𝑒 = ∑ (
−1

2
𝛻𝑖

2 + 𝑉𝑒𝑓𝑓(𝑟𝑖))

𝑁

𝑖=1

 

(2.16) 

 

Let’s apply the variational principle to find the functional form of 𝑉𝑒𝑓𝑓(𝑟𝑖) 

𝑉𝑒𝑓𝑓(𝑟) = 𝑉𝑒𝑥𝑡(𝑟) + 𝑒2 ∫
𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ +

𝛿𝐸𝑥𝑐(𝜌)

𝛿𝜌(𝑟)
 

 

𝑉𝑒𝑥𝑡(𝑟) + 𝑒2 ∫
𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ + 𝑣𝑥𝑐[𝜌(𝑟)] 

(2.17) 

 

From 2.8 and 2.9, we can write the one-particle Kohn-Sham equation for a fictitious 

non-interacting system as follows: 

(
𝑝2

2𝑚
+ 𝑉𝑒𝑓𝑓(𝑟)) 𝜓𝑖(𝑟) =∈𝑖 𝜓𝑖(𝑟) 

 

(2.18) 

The wave function of a single electron is denoted by the molecular orbital, also known 

as the Kohn-Sham orbital, and its associated energy can be determined with the help of 

𝐻̂𝑒 = ∑
−1

2
𝛻𝑖

2

𝑁

𝑖=1

+ ∑ 𝑉𝑒𝑥𝑡(𝑟𝑖) + ∑ 𝑉𝑎𝑣(𝑟𝑖)

𝑁

𝑖=1

𝑁

𝑖=1

 

(2.14) 



 

32 
 

the Kohn-Sham equation. From the Kohn-Sham orbital, the electron density matrix ρ(r) 

can be written as, 

𝜌(𝑟) = ∑|𝜓𝑖|
2

𝑁

𝑖=1

 

(2.19) 

 

By solving the Kohn-Sham equations in a self-consistent fashion, we may be able to 

calculate the density of the non-interacting system in its ground state. Fig. 2.3 depicts 

the iterative process flow. The effective potential 𝑉𝑒𝑓𝑓 must be evaluated. Therefore, an 

initial assumption is made for the electron density. The Kohn-Sham equations are then 

solved using this in relation to the single-particle wave functions 𝜓𝑖. Following 

calculations, the electron density and total energy associated with these wave functions 

are compared to the initial guess values. This process is repeated until the data converge 

within a predetermined accuracy standard. When this loop reaches self-consistency, the 

electronic portion of the system is solved, and various physical quantities, such as 

eigenvalues or forces on the system's ions, can be estimated.  

Later, a large number of free or paid software packages such as  Vienna ab-initio 

simulation package (VASP), (Kresse and Furthmüller 1996a) Quantum ESPRESSO, 

(Giannozzi et al. 2017)  Quantum ATK,(Smidstrup et al. 2020), WIEN2K,(Blaha et al. 

2020) SIESTA, (Soler et al. 2002) ABINIT,(Gonze et al. 2020) CASTEP, (Segall et al. 

2002)  that used DFT to determine the electronic structural attributes of many-body 

systems. The widespread use of DFT is also significantly influenced by the accessibility 

of these reliable and developed software packages.  
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It should be noted that the excited states cannot be provided by DFT; only the density 

and energy of the ground state may be provided. In particular, the Kohn-Sham 

eigenvalues and eigenfunctions do not agree with the excitation energy and electron 
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wave functions in the real system. This is a mathematical trick used to obtain the real 

system's ground state density and energy via the variational principle, and it applies 

only to the auxiliary non-interacting system. In the DFT formalism, only the energy and 

density of the ground state are precise. When calculating the band gap of 

semiconductors and insulators, DFT is frequently incorrect. The band gap problem in 

DFT calculations stems from an incorrect application of the Kohn-Sham eigenvalues. 

 

2.3.6 Exchange – correlation energy functional (𝑬𝒙𝒄): 

It is assumed in the above-mentioned explanations that we are familiar with the 

functional form of exchange energy. Even if we don't know the precise form of 𝐸𝑥𝑐 ,there 

are a few approximations that serve effectively in practical scenarios. The easiest 

approximation is the local density approximation; 

𝐸𝑥𝑐 = ∫ 𝜌(𝑟)𝜖𝑥𝑐(𝜌(𝑟))𝑑𝑟 (2.20) 

Here, the 𝜖𝑥𝑐 is a function of ρ(r), which is the local density. The dependency of 

exchange-correlation energy functional on ρ(r) is identical to that in a homogeneous 

electron gas with the same ρ. 𝐸𝑥𝑐can also be expressed as an extensively local functional 

of density because the Kohn-Sham formulation separates the long-range Hartree terms 

and independent-particle kinetic energy. LDA generally works well for solids because 

the range of the effects of exchange and correlation is quite small in most materials with 

average densities.  

Furthermore, the generalized gradient approximation was developed, and the exchange 

energy functional can be expressed as, 

𝐸𝑥𝑐 = ∫ 𝜌(𝑟)𝜖𝑥𝑐(𝜌(𝑟))𝐹𝑥𝑐(𝜌(𝑟),▽ 𝜌(𝑟))𝑑𝑟 (2.21) 

 𝜖𝑥𝑐 is the exchange energy functional, and 𝐹𝑥𝑐 represents the dimensionless 

enhancement factor. Note that the exchange-correlation density can be expressed in 

terms of ρ(r) and ▽ρ(r). 

GGA results in an exchange energy that is lower than the LDA because the exchange 

enhancement factor𝐹𝑥 ≥ 1. GGA lowers binding energy and improves agreement with 
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the experiment, whereas LDA overbinds. (Martin 2004) The most extensively used 

versions of 𝐹𝑥 are developed by Perdew and Wang (PW91) (Ziesche et al. 1991) and 

Perdew, Burke, and Enzerhof (PBE). (Perdew et al. 1996) 

2.3.7  Improvement in the conventional DFT method: 

2.3.7.1 Self-interaction error:  

Let’s realize the self-interaction error term from the above discussion. The effective 

potential form is shown in Eq. 2.9, where the second term is the Hartree term. What 

exactly does this term mean in terms of physics? This term represents the unphysical 

electron-electron interaction and represents the Columbic interaction between a single 

electron and the system's total electron density, in which the initial electron is also 

included. This creates the self-interaction error term. To eliminate the error term, it is 

essential to know the exact form of the exchange-correlation functional, and both terms 

can be canceled out with each other. However, it is difficult to cancel this term in any 

of the approximate forms of exchange-correlation functional such as LDA, GGA, etc. 

Due to the large Coulomb interactions involved in these terms, it may be substantial. 

On the other hand, it should be noted that the self-interaction energy in the Hartree-

Fork approach is precisely negated by the exact exchange energy. When electrons are 

highly localized in strongly correlated systems, self-interaction inaccuracy worsens the 

situation. Semi-local density functional theory predicts that the localized electrons will 

become unphysically delocalized. By taking electron delocalization into account, the 

self-interaction error term can be minimized or eliminated altogether. Several 

approaches have been made to correct the self-interaction error. The most widely used 

approaches are DFT+U functionals and hybrid functionals. In our thesis, we have used 

hybrid functional to calculate the exact electronic properties of the materials. 

2.3.7.2 Hybrid functional:  

The self-interaction of an electron with itself is eliminated in the Hartree-Fock 

approach, which includes an accurate description of exchange interaction. On the other 

hand, The Hartree-Fock approximation excludes electron correlation resulting in a 

significant deviation from the experimental outcomes. Exchange and correlation are 

both included in DFT within a local or semi-local (as characterized by the reliance on 

density gradient) approximation. In this situation, the self-interaction error might be 
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sizable. It has been demonstrated that hybrid functionals, which include a component 

of precise exchange with a semi-local density functional, significantly improve the 

structural, thermodynamic, and electrical properties calculation for the periodic systems 

as well as the molecules. 

The combination of exact exchange from Hartree-Fock theory with the remaining 

exchange-correlation energy from ab-initio is known as hybrid functionals in density 

functional theory (DFT). PBE0, B3LYP, and HSE are some of the hybrid functional 

types available. In Chapters 3 to 6, the electronic properties of the material are analyzed 

using the HSE functional. 

HSE functional: 

Splitting the Coulomb operator into short-range and long-range components and 

including only a small amount of short-range exchange into semi-local density 

functional was proposed by the HSE (Heyd-Scuseria-Ernzerhof) (Heyd et al. 2003) to 

significantly improve computing efficiency.  

The hybrid functional form can be written as; 

 

𝐸𝑥𝑐
𝜔 = 𝑎𝐸𝑥

𝐻𝐹,𝑆𝑅(𝜔) + (1 − 𝑎)𝐸𝑥
𝑃𝐵𝐸,𝑆𝑅(𝜔) + 𝐸𝑥

𝑃𝐵𝐸,𝐿𝑅(𝜔) + 𝐸𝑐
𝑃𝐵𝐸  (2.22) 

 

The first term corresponds to the short-range Hatree-Fock exact exchange functional, 

the second and third terms correspond to the short-range and long-range elements of 

PBE functional, and the last term represents the PBE correlation functional. ‘a’ is the 

mixing parameter and the standard value of a is ¼. ‘𝜔’ is the parameter that regulates 

how close the interaction is to being short-ranged and the standard value of 𝜔  is 0.2 

which is referred to HSE 06 functional. At 𝜔  = 0, the hybrid functional reduces to 

PBE0 functional.  

Furthermore, in Chapter 7, another approximation, DFT+U, is used to study the 

electronic properties of the material. 
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2.3.7.3 DFT + U Functional: 

The DFT+U approach is used to describe the ground state of strongly correlated 

systems. One of the major advantages of this method is that it uses the same DFT 

formalism with little modification. This is slightly more expensive to compute than the 

standard DFT calculation. It is observed that the computational operation for the local 

and semi-local DFT (LDA+U, GGA+U) can be enhanced significantly with the 

adjustment of Hubbard potential (U). The U correction adds a Hubbard-like term to the 

strong on-site Coulomb interaction of localized electrons. Valence electrons are treated 

with the standard DFT assumptions, while the strongly correlated electronic states (d 

and f orbitals) are defined by the Hubbard Hamiltonian. Two parameters used in 

materials science to characterize the intensity of on-site interaction are the on-site 

Coulomb term U and the site exchange term J. The values of U and J can be determined 

either through ab-initio calculation or semi-empirical methods.  

The total energy for DFT+U can be expressed as (Dudarev and Botton 1998) 

 

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 +
𝑈 − 𝐽

2
∑(𝑛𝑚𝜎 − 𝑛𝑚𝜎

2 )

𝑚,𝜎

 
(2.23) 

 

Here, U and J are combined to form a single effective Hubbard-U 𝑈𝑒𝑓𝑓 = 𝑈 − 𝐽 rather 

than being introduced separately into the expression. The J parameter is essential for 

describing the electronic structure of some types of materials, especially those subject 

to significant spin-orbit coupling. Hence the Ueff is commonly used. m and σ are 

magnetic and spin quantum numbers, respectively. ‘𝑛𝑚𝜎’ is the orbital occupancies. 

After a thorough study of the electrical properties of the materials, we proceeded further 

to study some important properties of the heterostructure, which are discussed as 

follows: 

2.3.8 Charge density calculation: 

When a p-type material and n-type material comes together, it is expected that the Fermi 

level will not be flat and continuous throughout the whole structure. Let us realize how 

the equilibrium will be established with respect to the junction formation. The region x 
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> 0 has more electrons than the region x < 0, i.e., the hole reach layer. As a result, the 

electrons and holes will start diffusing from the n-side to the p-side and p-side to the n-

side, respectively. The ionized donor atoms generate the electrons on the n-side. 

Negatively transformed acceptor atoms are left behind when the holes close to the 

hetero-interface diffuse into the n-side. Similar to this, when electrons that are close to 

the interface region diffuse to the p-side, leaving behind the positively transformed 

donor atoms. Therefore, a net positive and negative charge density develops on the right 

and left sides of the interface, respectively, as shown in Fig 2.4. 

 

The shaded region is called a depletion region, where the majority charge carriers are 

depleted.  Due to the charge densities on either side of the interface, an electric field is 

created that points away from the acceptor atoms or in the negative x-direction. Drift 

components of electron and hole currents produced by the induced electric field are in 

the opposite direction of the diffusive currents. The strength of the electric field grows 

as more electrons and holes diffuse. The process of diffusion occurs in both electron 

and hole currents until their respective drift components become equal and opposite to 

their diffusive components. At this point, the junction reaches an equilibrium state.  

Fig 2.4: x > 0 is the electron reach layer, whereas the x < 0 is the hole reach 

layer, development of charge density due to the diffusion at the interface. 
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In the case of solar cells, the charge density plays an important role as it is a minority 

charge carrier device. Therefore, we studied the charge distribution in the different 

layers. Charge density can be calculated by,  

 

∆𝜌 = 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 − 𝜌𝑆𝐶1 − 𝜌𝑆𝐶2 (2.24) 

 

Note that, in the case of 𝜌𝑆𝐶1 and 𝜌𝑆𝐶2 calculation, the atomic positions kept fixed as 

that of 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 calculation.  

2.3.9  Bader charge analysis: 

An innovative way was developed by Bader to divide molecules into atoms, which is 

known as the Quantum Theory of Atoms in Molecules. He defined an atom solely in 

terms of its electrical charge density. The zero flux surfaces are used to divide the 

atoms.  

A zero-flux surface is any two-dimensional surface where the density of charges in the 

perpendicular direction to the surface is minimal. In most cases, keeping the atoms at a 

safe distance apart is preferable when the charge density is at its lowest. We have used 

Bader’s theory to understand the charge transfer process. For instance, the total 

electronic charge of an atom can be roughly approximated by the charge contained 

within the Bader volume. The charge distribution is used to measure the multiple 

moments of the interacting atoms (or molecules). The theory also offers a concept of 

chemical bonding that includes bond strength measurements in numerical form. 

Additionally, this theory quantifies the charge transfer. Bader charge analysis is used 

to determine the charge of each atom by comparing it to the valence electrons of a 

neutral atom in the least energy state. A positive charge in this notation denotes the 

electrons.  
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2.3.10 Band alignment of the heterostructure: 

 When 'N' atoms are brought together to form a solid, their electrons interact to produce 

'N' closely spaced energy levels rather than discrete energy levels, leading to the 

formation of bands of permissible energies. From the bottom up, the electrons occupy 

the available bands. The highest occupied molecular orbital (HOMO) may correspond 

to the energy value inside a band. Then there are many more possible states with slightly 

higher energies. For instance, applying an electric field causes the electrons to 

accelerate, gain a small amount of energy, and shift their energy levels upward. This 

class of materials is called metals. On the other hand, the HOMO of the specific material 

may be separated from the lowest unoccupied molecular orbital (LUMO) by a certain 

energy spectrum gap which is known as the band gap of the material. In this scenario, 

the extra energy in the form of electric fields cannot be readily accepted by the 

electrons. The closest energy state will be on the other side of the energy band gap. 

They would get more energy if they accelerated, but there isn't a condition that has just 

a little bit more energy. Consequently, these materials will react to electric fields or 

electromagnet radiation differently than metals. The term "insulator" refers to a class 

Fig 2.5: Two atoms (cyan solid circles) are used to show the Bader charge analysis in one 

dimension. The variation in electron density in one dimension is shown by the black solid line. 

A black dashed line designates the location of the zero-flux surface between the two atoms, 

while a blue dashed circle designates the Bader volume of each atom. 
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of materials where the gap is exceptionally high (Eg>4eV), and When the gap is small, 

it is categorized as a semiconductor. 

We can study the electronic properties of the material by using the DFT. Further, we 

can get the energy spectrum of the material along with the HOMO and LUMO 

positions. The band gap is physically significant, yet their absolute positions are 

insignificant. As a result, we require a framework that enables us to align the HOMO 

and LUMO positions, respectively, i.e., the valence and conduction band edges 

concerning some kind of unchanging, physical reference. Here, we have considered the 

vacuum level as the reference.  

Calculation of work function: 

The bulk material is not at all necessary for a vacuum calculation. This is 

straightforward to explain because the definition of the work function is described as 

removing one electron from the surface. The work function can be estimated using the 

density-functional theory (DFT) technique, which is based on the electrostatic potential 

across the material-vacuum interface. The next task is to calculate the average 

electrostatic potential for a variety of out-of-plane distances and verify that it saturates 

(if the vacuum is sufficiently thick, this shouldn't be a problem). This saturated energy 

level is known as the vacuum level. At absolute zero, the work function can be defined 

by the following equation: 

𝜑 = 𝐸𝑣𝑎𝑐 − 𝐸𝑓 (2.25) 

Determination of band edge position: 

The slab structure properties show the near-surface environment, and this is an 

important parameter to control the work function of the system. Therefore, in this thesis, 

the surface band gap of the semiconductors is taken into consideration rather than their 

bulk counterparts. Band offsets can be traced back to two primary factors: band 

discontinuities and the intrinsic potential at the interface. First, band discontinuities 

arise because semiconductors have varying band gaps. All these breaks can be broken 

down into the valence band and conduction band. On the other hand, the built-in 
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potential is generated due to the charge imbalance at the interface. This can be explained 

by Poisson’s equation. The band bending may be observed close to the interface. 

Linear response theory has been proven to be the best theory to predict the band offset. 

This theory proposes that interface dipoles play a crucial role in band alignment. 

Interface dipoles, which look like ions but are mathematical constructions based on 

differences in bulk and interface charge densities, are not real. First principle 

calculations provide the basis of the linear response theory. The objective of this 

calculation is to solve the quantum mechanical equations without using any 

experimental data. According to this theory, the band offset is the sum of two terms, 

the first of which is intrinsic and is determined by the bulk properties. The second term, 

which depends on the interface geometry, vanishes for isovalent and abrupt non-polar 

heterojunctions. 

This led to the next step, which involved estimating the band edge positions of the CdTe 

using the Mulliken electronegativity rules.  (Liu 2015) The position of the CBM and 

VBM concerning the vacuum level has been calculated by using the following 

equations, 

 

𝐸𝑉𝐵 = 𝜒 − 𝐸𝑒 +
1

2
𝐸𝑔 

(2.26) 

𝐸𝐶𝐵 = 𝐸𝑉𝐵 − 𝐸𝑔 (2.27) 

 

Here 𝐸𝑉𝐵 and 𝐸𝐶𝐵 are the edge potential of the valence band and conduction band, 

respectively.‘χ’ is the Mulliken electronegativity(Guo et al. 2017), and Eg is the band 

gap of the material. 

2.4 Summary: 

This chapter describes the several synthesis procedures, characterization techniques, 

and computational methodologies followed in the thesis from chapter 3 to chapter  
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CHAPTER 3 

 

 

PREPARATION AND PROPERTIES OF CdTe THIN FILMS DEPOSITED AT 

DIFFERENT SUBSTRATE TEMPERATURES 

Overview: 

This chapter describes the optimized condition for the deposition of n-CdTe thin films. 

The optimization process reveals that the substrate temperature plays a crucial role in 

achieving the stoichiometry condition. Therefore, the structural, morphological, 

elemental, optical, and electrical properties of the CdTe thin films were studied by 

changing the substrate temperature. 
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3.1 Introduction: 

For the past two decades, a class of II-VI compound semiconductors has become 

dominant in device fabrication, such as photovoltaic cells and light-emitting diodes 

(Yuan et al. 2021)(Kagan et al. 2016). Among them, CdTe is the most promising 

material owing to its high absorption coefficient (Shaaban et al. 2009), direct band gap 

(Ismail and Gould 1989)(Chopra and Das 1983), low production cost (Wu 2004), and 

more stable in the thin film form. (Dobson et al. 2000) A few micrometer thicknesses 

of CdTe thin films can absorb more than 90% of the incident photon. According to the 

theoretical calculations, the semiconductor's band gap energies ranging from 1.00 to 

2.00 eV are suitable candidates for solar energy conversion. Its direct band gap (1.5 

eV), close to the ideal value for the maximum solar energy conversion, supports its 

applicability for solar cell fabrication. The significant advantage of this material is that 

it exhibits both p-type and n-type conductivity. Recently, the CdTe solar cell with a 

CdS window layer has attained an efficiency of 16 %, which is cheaper than the 

conventional Si solar cell (Çetinkaya et al. 2022). Several deposition techniques have 

been adopted to deposit the CdTe thin films, such as molecular beam epitaxy (Ringel 

et al. 1991a), electron beam evaporation (Mathuri et al. 2016) (Abd El-Raheem et al. 

2009), chemical vapor deposition (CVD) (Hartley et al. 2001)(Feng et al. n.d.), 

Sputtering (Compaan et al. 2004), pulsed laser deposition (González-Alcudia et al. 

2008), closed space sublimation (Kim et al. 2014), thermal evaporation (Shreekanthan 

et al. 2006b), and screen printing (Nakano et al. 1986). Among all these, physical vapor 

deposition has several advantages that restrict impurities' growth and significantly 

reduce oxide formation. Furthermore, the slow deposition rate makes forming poly-

crystalline thin films possible. The thin films' structural, morphological, electrical, and 

optical properties explicitly depend on deposition parameters such as deposition 

duration, source-to-substrate distance, and substrate temperature (Ts), substrate 

material, and annealing temperature. All the deposition parameters must be optimized 

to get the desired properties of the CdTe thin films. The substrate temperature is pivotal 

in obtaining stoichiometric, crystalline, good-quality thin films. 

A thorough experimental analysis of the CdTe thin films has been conducted. However, 

to comprehend the electrical structure of CdTe thin films and their suitability for PV 
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cells, one must thoroughly understand their electronic properties and band edge 

positions. When an electromagnetic wave interacts with a crystal, it is anticipated that 

the electronic structure of the crystal will be altered. The optical properties had been 

studied to understand the semiconducting thin films' band structure. Furthermore, 

optical studies have given rise to exciting optical phenomena that have significantly 

illuminated thin films' electronic structure. The optical band gap and the type of optical 

transition can be concluded from the optical absorption studies.  

In this chapter, the properties of the CdTe thin films were studied by varying the 

substrate temperatures. The electronic properties of thin films were comprehensively 

explored through density functional theory. 

3.2 Methods:  

3.2.1 Experimental methodology: 

The thermal evaporation technique was used to deposit the CdTe thin films on a glass 

substrate at different substrate temperatures. The pressure was maintained at less than 

5x10-6 Torr during the synthesis process using a diffusion pump backed by a rotary 

pump. CdTe powder (Alfa Aeser), purity of 99.9999%, was used to deposit the thin 

films. Firstly, the glass substrate was dipped in the chromic acid for 48 hours to 

eliminate the dirt or stain on the surface. Further, it was cleaned with detergent, distilled 

water, and acetone, followed by ultrasonic cleaning. Then it was kept in the air 

annealing chamber at a constant temperature of 2000C for 5 hours before deposition. 

A tantalum boat was used as a source. The films were prepared at different TS to get 

the stoichiometry films. The deposition rate was maintained at nearly 46 nm/min. CdTe 

powder was evaporated from a boat by applying a constant current. The thickness of 

the film was measured by the gravimetric method, and it was maintained at nearly 

420nm. The structural properties of the films were demonstrated by the Rigaku 

Miniflex600 X-Ray diffractometer (λCuKα = 1.5402Å). The deposited films' surface 

morphology and elemental composition were studied using the Ultra 55 scanning 

electron microscopes. The Shimadzu MPC3600 UV–VIS-NIR spectrometer was used 

to study the absorption spectra of deposited samples in the 300nm-2000 nm wavelength 

range. The samples' electrical properties were analyzed using the Keithley 2400 source 

meter. The conductivity of the sample was measured by using the hot probe method. 

https://www.sciencedirect.com/topics/materials-science/tantalum
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3.2.2 Theoretical methodology: 

To gain a better understanding, The Density Functional Theory (DFT) calculations 

were used to investigate the electronic structure of CdTe. The projected augmented 

wave (PAW) method, as implemented in the Vienna ab initio simulation package 

(VASP) (Kresse and Furthmüller 1996b), was used. Generalized gradient 

approximation (GGA) has been used, considering Perdew- Burke- Ernzerh (PBE) 

parameterization scheme to estimate the exchange and correlation potential. The Van 

Der Waal's (vdW) interaction was introduced in the system employing dispersion 

correction for the density functional DFT-D3 method (Grimme et al. 2010a). A high 

wave function cut-off of 500 eV and force convergence criteria 0.01 eV/Å was used to 

obtain accurate results. Begin with the optimum bulk geometry of the CdTe system 

obtained. Then the (110) surface slabs were constructed from the optimized bulk 

geometry and stacked along the normal direction. A sufficient vacuum of 10Åthickness 

along the normal direction inside the unit cell has been considered during the slab and 

surface calculations to avoid the interaction between periodic images. Finally, the 

hybrid-DFT calculation using Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional 

with 25% Hartree-Fock exchange energy contribution was used to estimate the proper 

bandgap and the band edge position (Heyd et al. 2003). 

 

 3.3 Results and discussions: 

3.3.1 Experimental outcomes: 

3.3.1.1 Structural analysis: 

The XRD pattern of CdTe thin films at the elevated substrate temperatures is depicted 

in Fig.3.1. The predominant peak at a 2ϴ value of 23.74◦ for CdTethin films was 

observed. The reflection from the (111) planes of the CdTe corresponds to the value of 

2ϴ, consistent with the reported literature (Rogach 2000)JCPDS (15-0770) CdTe. At 

higher substrate temperatures, two extra peaks and the predominant peak appear for the 

films at the angular positions of 2ϴ = 39.220, 46.290, as depicted in Fig 3.1. These 

additional peaks mainly correspond to the reflection from (220) and (311) planes. It 

was confirmed that all the deposited thin films possessed cubic structures and were 

poly-crystalline in nature. 
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Figure 3.1: XRD pattern of CdTe thin films deposited at different substrate 

temperatures 

The details of the obtained XRD parameters for the deposited samples are mentioned 

in Table-1. It is observed from Table-1 that the lattice parameters of the CdTe thin films 

deposited at different Ts are increased with an increase in substrate temperature. It is 

due to the rise of internal stress in film grains that set off the expansion of the lattice. 

The average grain size in the pristine CdTe thin films deposited at different substrate 

temperatures has been measured and reported in Table-1. Note that crystallite size 

increases with the substrate temperature in the samples due to the more extensive 

mobility of the atoms at a high temperature which reduces the density of the nucleation 

centers; under these circumstances, a smaller number of centers start to grow. The 

texture coefficient (TC) was estimated from the significant peak related to the (111) 
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plane for the deposited thin films. The estimated value is more than one for all the films, 

indicating the grain's abundance in that direction. 

Table 3.1: Structural parameters of CdTe thin films at the different substrate 

temperatures 

Substrate temperature (in K) 

 300 373 423 473 523 

2ϴ (in degree) 23.74 23.73 23.72 23.67 23.62 

d (in Å) 3.74 3.74 3.74 3.75 3.77 

a (in Å) 6.48 6.48 6.49 6.50 6.54 

D (in nm) 21.69 28.55 29.76 30.61 39.25 

TC 1.45 1.52 1.69 1.72 1.85 

Average grain 

size (in Å) 

221 245 292 327 352 

 

3.3.1.2 Morphological properties: 

The surface morphology of all the deposited thin films was studied through FE-SEM. 

All the deposited samples are crack and pin-hole free, as depicted in Figure 3.2 (a) - 

(e). The average grain size of the samples increases with an increase in substrate 

temperature, as mentioned in Table 3.1. All the deposited samples show granular 

morphology. The substrate temperature promotes grain growth so that the tiny grains 

combine and realign themselves to reduce the grain boundaries, as depicted in Figures 

3.2 (d) and (e). The elemental mapping of Cd and Te for the sample deposited at room 

temperature is illustrated in Figures 3.3 (a) and (b), confirming the elements' uniform 

distribution throughout the deposition area. The EDAX spectra of Cd and Te for the 

sample deposited at different substrate temperature is depicted in Figure 3.4 (a)-(e). 

Furthermore, the atomic percentage of the deposited samples was studied and tabulated 

in Table 3.2. Note that the sample deposited at room temperature is Tellurium rich 

(Chapman et al. 2002), whereas the sample deposited at the higher Ts is Cadmium rich. 
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Figure 3.2 SEM micrograph of CdTe thin films deposited at a substrate temperature 

of a. 300 K b. 373 K c. 423 K d. 473 K e. 523 K 

 

 

Figure 3.3 Elemental mapping of a. Cd b. Te for the sample deposited at room 

temperature. 
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Table 3.2 : Composition of CdTe samples at elevated substrate temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrate 

temperature 

Cd Te 

300K 48.73  51.27 

373K 48.21 51.79 

423K 49.87 50.13 

473K 49.09 50.91 

523K 50.98 49.02 

Figure 3.4 EDAX spectra of CdTe thin films deposited at substrate temperature of a. 300 K 

b. 373 K c. 423 K d. 473 K e. 523 K 

a. b. 

c. d. 

e. 
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3.3.1.3 Optical properties: 

The optical absorbance spectra of CdTe thin films were studied using UV-Vis-NIR 

spectroscopy in the 300-1100 nm wavelength range, as shown in Figure 3.5. The optical 

absorbance increases with increased substrate temperature, possibly due to the increase 

in crystallite size. Furthermore, the optical band gaps of the deposited thin films were 

calculated by plotting the (𝛼ℎ𝜐)2versusℎ𝜐. Figure 3.6 displays the band gap of the 

deposited samples, which can be determined by extrapolating the linear portion of the 

curve to the x-axis at the point where (𝛼ℎ𝜐)2 equals zero. The transition was considered 

to be direct and allowed. The band gap of the CdTe thin films deposited at the substrate 

temperature of 300 K was found to be 1.5 eV which matches the literature finding 

(Nikale et al. 2011). The optical band gaps of the deposited films decreased with the 

increase in temperature, as charted in Table 3.3.  

 

 

 

3.3.1.4 Electrical properties: 

At the final stage of our experimental study, the electrical characterization of the 

deposited films was studied. The type of conductivity was determined by using the 

conventional hot probe method. The conductivity varies from p-type to n-type with the 

increment of the substrate temperature since CdTe thin films deposited at substrate 

temperatures 300 K, 373 K, and 423 K were Tellurium rich. In contrast, the film 

deposited at Ts = 523 K is found to be cadmium rich. It was confirmed from the EDAX 

Figure 3.5 Absorbance spectra of CdTe thin 

films at different substrate temperature. 

Figure 3.6 Band gap of CdTe thin films 

at different substrate temperature. 
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analysis (Shreekanthan et al. 2006a). The  I-V characteristics of the deposited samples 

are depicted in Fig.7. The conductivity of the films was increased with the higher 

substrate temperature. It may be due to the improvement of crystallinity and change in 

carrier concentration in the sample. Note that the current (I) changes linearly with 

respect to the applied biasing voltage (V), which confirms the ohmic nature of the 

contacts, as shown in Figure 3.7. 

Table-3.3: Change in the energy band gap of the deposited CdTe thin films: 

 

 

 

 

 

 

 

 

Substrate temperature CdTe (in eV) 

300K 1.51 

373K 1.48 

423K 1.46 

473K 1.39 

523K 1.20 

Fig 3.7: The variation of current with respect to the applied voltage for the CdTe 

thin films deposited at different substrate temperature. 
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3.3.2 Theoretical results: 

 3.3.2.1 Structural properties: 

To begin with, the optimum bulk geometry of CdTe systems was obtained. Then the 

(110) surface slabs were constructed from the optimized bulk geometry and stacked 

along the normal direction. A sufficient vacuum of 10 Å thickness along the normal 

direction inside the unit cell has been considered during the slab and surface 

calculations. The optimized geometry of the CdTe (110) is depicted in Figure 3.8. This 

II-VI semiconductor exhibits a cubic structure with a lattice constant of 6.48 Å, 

matching our experimental results. The intralayer spacing of CdTe (110) was found to 

be 2.80Å. 

3.3.2.2 Electronic properties:  

CdTe in the bulk form possesses a direct bandgap of 1.50 eV which agrees well with 

the experimental findings. (Pochareddy et al. 2021) The calculated band structure of 

the CdTe (110) is shown in Figure 3.9. Interestingly CdTe (110) also showed a direct 

bandgap of 1.60 eV at the Γ-point.  To understand the band edge character, the atom 

 

 

Figure 3.8: Optimized geometry of the CdTe (110), right side image shows the unit 

cell. 
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projected DOS for CdTe (110) was plotted and shown in Figure 3.10. The VBM 

comprises Te 5p and Cd 3d orbitals, whereas the CBM consists of Te 5p and orbitals. 

 

 

 

 

 

 

 

 

 

Figure 3.9 and 3.10: Band structure and DOS of CdTe (110) 

 

 

3.3.2.3 Work function and band edge position: 

   The band edge position was calculated to understand the application of CdTe thin 

films in the PV cells. For this purpose, we first estimated the surface work function 

from the calculated average electrostatic potentials. Note that the work function is the 

minimum energy required to transfer an electron from the Fermi energy to the vacuum 

level. Therefore it can be calculated by using the equation 2.25. The vacuum level was 

determined by considering sufficient space in the unit cell. The work function for CdTe 

(110) was 4.71 eV, as shown in Figure 3.11. A proper energetic position of the band 

edges of the photovoltaic materials may significantly enhance the efficiency of the solar 

cells. The electronegativity was 4.96 eV for CdTe (110) by employing the Mulliken 

electronegativity formula. From the equation (2.26) and (2.27), the EVB, and ECB for 

CdTe(110), were found to be 1.26 eV and -0.34eV, respectively. 
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3.4 Summary: 

In conclusion, the CdTe thin films were prepared in an ambient condition and 

thoroughly characterized using different characterization techniques. The absorption 

was found to be increased with an increase in substrate temperature. The conductivity 

was changed from p-type to n-type at higher substrate temperature, which may be 

helpful for solar cell applications. 

 

 

 

 

 

 

Figure 3.11: Average electrostatic potential of CdTe(110) 
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CHAPTER 4 

 

 

PREPARATION AND PROPERTIES OF ZnTe THIN FILMS DEPOSITED AT 

DIFFERENT SUBSTRATE TEMPERATURES 

Overview: 

This chapter explores the ideal conditions for depositing p-ZnTe thin films. Through an 

optimization process, it has been found that obtaining the desired stoichiometry 

condition is greatly dependent on the temperature of the substrate. Consequently, with 

varying substrate temperatures, an extensive analysis of the structural, morphological, 

elemental, optical, and electrical properties of the ZnTe thin films have been done. 
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4.1 Introduction: 

In addition to CdTe, Zinc Telluride (ZnTe) is another important II-VI binary 

semiconducting material that has numerous applications in optoelectronic devices such 

as photodetectors (Cao et al. 2011), LEDs (Tanaka et al. 2003), solar cells (Wolden et 

al. 2016), etc., owing to the high absorption coefficient of 104 cm-1 (Islam et al. 2017) 

and direct wide band gap of 2.26 eV (Islam et al. 2017)(Acharya et al. 2007) (Ibrahim 

et al. 2004). Additionally, due to its high electro-optic coefficient, ZnTe is useful in 

generating and detecting terahertz (THz) radiation (Guo et al. 2007).  ZnTe generally 

possesses p-type electrical conductivity. However, it is not easy to deposit the n-ZnTe 

due to the self-compensation effect. Several extrinsic doping methods are adopted to 

deposit the n-type ZnTe thin films. Due to its p-type electrical conductivity, it is 

regarded as the promising back contact material for the CdTe solar cells. Recently, the 

Cd alloyed ZnTe layer has been used as the absorber layer in tandem solar cells. 

(Sharma et al. 2023) Several methods have been used to deposit the thin films, such as 

electrodeposition (Bozzini et al. 2000) (Bouroushian et al. 2009)(Fauzi et al. 2013); 

closed space sublimation, (Park et al. 2011), molecular beam epitaxy (Wang et al. 2009) 

hydrothermal, (Wang et al. 2011) sputtering, (Gessert et al. 2013) metallo – organic 

chemical vapor deposition (MOCVD),(Shtrikman et al. 1988) and thermal evaporation 

or vacuum deposition. (Bacaksiz et al. 2009) Among all these methods, the thermal 

evaporation technique is used to deposit the thin films, which is a cost-effective and 

efficient method to obtain excellent quality thin films. The properties of the samples 

depend on the deposition parameters such as substrate temperature, annealing 

temperature, deposition rate, and source-to-substrate distance. The substrate 

temperature plays a key role as it provides a wide variety of possibilities and affects the 

composition and crystallinity of the deposited films. 

Various research groups have shown the characteristics of ZnTe thin films at different 

substrate temperatures. (Rao et al. 2009)(Amutha et al. 2006)(Seyam 2012) However, 

there has not been any comprehensive experimental and theoretical analysis of the ZnTe 

layer and its uses in solar cells. This chapter delves into the structural, morphological, 

elemental, optical, and electrical properties of the ZnTe thin films deposited at different 
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substrate temperatures. Additionally, the electronic properties and band edge position 

of the sample are thoroughly examined using DFT. 

 

4.2 Methodology: 

4.2.1 Experimental methodology: 

The thermal evaporation technique was used to deposit the ZnTe thin films on a glass 

substrate at different substrate temperatures. The pressure was maintained at less than 

5 × 10−6 Torr during the synthesis process using a diffusion pump backed by a rotary 

pump. ZnTe powder (Alfa Aeser), purity of 99.9999%, was used to deposit the thin 

films. The glass substrate was meticulously cleaned before depositing, and 

subsequently, it was air annealed at a temperature of 2000C for 5 hours. A tantalum boat 

was used as a source. The films were deposited at different TS to get the stoichiometry 

films. The deposition rate was maintained at nearly 46 nm/min. ZnTe powder was 

evaporated from a boat by applying a constant current. The thickness of the film was 

measured by the gravimetric method, and it was maintained at nearly 420nm. The 

structural properties of the films were demonstrated by the Rigaku Miniflex600 X-Ray 

diffractometer (λCuKα = 1.5402Å). The deposited films' surface morphology and 

elemental composition were studied using the Ultra 55 scanning electron microscopes. 

Absorption spectra of the deposited films were obtained by the Shimadzu MPC3600 

UV–VIS-NIR spectrometer in the wavelength range of 300 nm-900 nm. The samples' 

electrical properties were studied using the Keithley 2400 source meter. The 

conductivity of the sample was measured by using the hot probe method. 

 

4.2.3 Theoretical methodology: 

To gain a deeper understanding of the electronic structure of ZnTe, Density Functional 

Theory (DFT) calculations were employed. The Vienna ab-initio simulation package 

(VASP) using the projected augmented wave (PAW) method was utilized, along with 

Generalized Gradient Approximation (GGA) and Perdew-Burke-Ernzerh (PBE) 

parameterization scheme to estimate the exchange and correlation potential. To 

https://www.sciencedirect.com/topics/materials-science/tantalum
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incorporate Van Der Waal's (vdW) interactions, the density functional DFT-D3 method 

was applied. A high wave function cutoff of 500 eV and force convergence criteria of 

0.01 eV/Å were used to obtain accurate results. The optimum bulk geometry of the 

ZnTe system was obtained before constructing (110) surface slabs and stacking them 

along the normal direction. A vacuum thickness of 10Å was used during slab and 

surface calculations to avoid interaction between periodic images. Finally, the hybrid-

DFT calculation with Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional with 25% 

Hartree-Fock exchange energy contribution was utilized to estimate the proper bandgap 

and band edge position. 

 

4.3 Results and Discussions: 

4.3.1 Experimental results: 

4.3.1.1 Structural properties: 

The XRD pattern of ZnTe thin films deposited at the elevated substrate temperatures 

was studied, and it was found that the predominant peak at a 2θ value of 25.19◦ 

corresponds to the reflection from the (111) plane. This outcome matches with the 

JCPDS (150746). (Isik et al. 2020) Note that two additional peaks corresponding to 

(220) and (311) planes found at 2ϴ values of 42.66 and 49.36, respectively, were 

observed at higher substrate temperatures, as depicted in Figure 4.1. All the deposited 

samples were polycrystalline. It was confirmed that ZnTe thin films possess a cubic 

crystal structure.  

Table-4.1 contains the XRD parameters for the deposited samples, including their 

lattice parameters. It is worth noting that as the substrate temperature increases, the 

lattice parameters of the ZnTe thin films also increase. This is due to the internal stress 

in the film grains, which causes the lattice to expand. The average grain size of the 

pristine ZnTe thin films has also been measured and reported in Table-4.1. The 

crystallite size increases with substrate temperature as the atoms have greater mobility 

at higher temperatures, resulting in a reduced density of nucleation centers, and 

ultimately, fewer centers start to grow. The texture coefficient (TC) for the deposited 

thin films was estimated from the significant peak related to the (111) plane and is 

reported in Table-4.1. All films have a TC value greater than one, indicating an 

abundance of grains in that direction. 
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Table 4.1: Structural parameters of ZnTe thin films at the different substrate 

temperatures 

 

4.3.1.2 Morphological and elemental studies: 

The FE-SEM was used to examine the surface morphology of all the deposited films. 

As shown in Figure 4.2 (a) - (e), all the samples were free from cracks and pinholes. 

                                                 Substrate temperature (in K) 

 300 373 423 473 523 

2ϴ (in degree) 25.19 25.20 25.19 25.18 25.14 

d (in Å) 3.53 3.53 3.53 3.53 3.53 

a (in Å) 6.11 6.11 6.11 6.11 6.11 

D (in nm) 25.30 25.37 28.53 29.01 34.28 

TC 1.21 1.30 1.42 1.50 1.67 

Average grain  

size (in Å) 

410 460 487 520 577 

Fig 4.1: XRD pattern of ZnTe thin films deposited at different substrate temperatures. 
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Table 4.1 reveals that an increase in substrate temperature results in an increase in 

average grain size. Granular morphology was observed in all deposited samples, and 

an increase in substrate temperature promoted grain growth, as can be seen in Figures 

4.2 (d) and (e), where tiny grains combined, realigned themselves, and reduced grain 

boundaries. Figures 4.3 (a) and (b) illustrate the uniform distribution of Zn and Te 

elements throughout the deposition area of the sample deposited at room temperature. 

Figure 4.4 (a)-(e) shows the EDAX spectra of Zn and Te for the sample deposited at 

different substrate temperatures. 

 

 Figure 4.2 SEM micrograph of ZnTe thin films deposited at the substrate temperature 

of a. 300 K b. 373 K c. 423 K d. 473 K e. 523 K 
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Table 4.2: Elemental composition of ZnTe thin films at different substrate temperatures 

 

 

 

 

 

 

 

 

 

 

Zinc and tellurium have different vapor pressures, causing a non-stoichiometric vapor. 

Film composition depends on the number of atoms/molecules settling on the substrate 

and the sticking coefficient. (Maissel et al. 1971)The films deposited at lower substrate 

temperature resulted in excess tellurium. When the substrate temperature increases, it 

causes tellurium to evaporate and increases the sticking coefficient of zinc. This results 

in a stoichiometric condition for ZnTe thin films, as depicted in Table 4.2.  

 

 

Substrate 

temperature 

Zn Te 

300K 45.63 54.37  

373K 46.95 53.05 

423K 47.23 52.17 

473K 48.14 51.86 

523K 49.01 50.99 

a. b. 

Figure 4.3 Elemental mapping of a. Zn b. Te for the sample deposited at 300K 
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4.3.1.3 Optical properties: 

For ZnTe thin films, the absorbance was studied within the wavelength ranging from 

300 to 900 nm. The absorbance was found to be decreased with an increase in substrate 

temperature, as depicted in Figure 4.5. The graphs of (αhν)2 vs. hν (seen in Figure 4.6) 

display a linear section that indicates Eqn. (2.6) holds for ZnTe films if n = 1/2. This 

implies that ZnTe films undergo direct allowed optical transitions. The linear portions 

of the graphs were extended to determine the optical bandgap (also seen in Figure 4.6). 

The optical bandgap was reduced with an increase in substrate temperature. The optical 

bandgap shift is due to the enhanced crystallinity and stoichiometry of the films 

deposited at high substrate temperatures. The optical band gap of ZnTe thin films 

deposited at room temperature was 2.24 eV, which matches the experimental findings. 

(Maki and Hassun 2016) 

 

 

 

 

Figure 4.4 EDAX spectra of ZnTe thin films deposited at a substrate temperature of 

a. 300 K b. 373 K c. 423 K d. 473 K e. 523 K 

a. b. 

c. d. 

e. 
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Table 4.3: Change in the energy band gap of the deposited ZnTe thin films: 

Substrate 

temperature 

ZnTe (in eV) 

300K 2.24 

373K 2.18 

423K 2.07 

473K 1.93 

523K 1.89 

 

4.3.1.4 Electrical properties:  

The majority carrier type of ZnTe films deposited at varying substrate temperatures was 

determined using the conventional hot probe technique, and it was discovered that all 

films were of p-type. Even when deposited at higher substrate temperatures, which are 

nearly stoichiometric, the films were still found to be p-type, possibly due to the 

observed self-compensation effect in ZnTe and other II-VI compound semiconductor 

films. (Desnica 1998) The excess of tellurium in films deposited at lower substrate 

temperatures was responsible for their p-type nature. The I-V plots depicted ohmic 

conduction, as shown in Figure 4.7. It was observed that the electrical resistivity of the 

films reduced as the substrate temperature increased. The films deposited at higher 

substrate temperatures have improved crystallinity and stoichiometry, decreasing 

resistivity. On the other hand, films deposited at lower substrate temperatures have 

Fig 4.5 & 4.6: Absorbance spectra and band gap of ZnTe thin films deposited at different 

substrate temperatures. 
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small grain sizes and a large grain boundary region that is highly disordered, resulting 

in a significant number of defect states known as trap states. These trap states act as 

effective carrier traps that hinder the flow of majority charge carriers between the 

grains. However, films deposited at higher temperatures are nearly stoichiometric and 

have larger grains, reducing the number of defect states and increasing the conductivity 

of the films. 

 

 

 

 

 

 

4.3.2 Theoretical results: 

4.3.2.1 Structural properties: 

Firstly, the optimum bulk geometry for ZnTe systems was obtained. From this 

optimized bulk geometry, (110) surface slabs were constructed and arranged along the 

normal direction. A vacuum thickness of 10 Å was implemented within the unit cell 

along the normal direction to ensure accurate slab and surface calculations. Figure 4.8 

displays the optimized geometry for ZnTe (110). This II-VI semiconductor exhibits a 

cubic structure with a lattice constant of 6.10 Å, matching our experimental results. The 

intralayer spacing of ZnTe(110) was found to be 2.59Å.  

 

Fig 4.7: I Vs V characteristics of the ZnTe thin films deposited at different substrate 

temperatures 
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4.3.2.2 Electronic properties:  

ZnTe in the bulk form possesses a direct bandgap of 2.39 eV which agrees well with 

the experimental findings. (Mahmood et al. 2020) The calculated band structure of the 

ZnTe(110) is shown in Figure 4.9. Interestingly ZnTe(110) also showed a direct 

bandgap of 2.47 eV at the Γ-point.  To understand the atom-projected DOS for 

ZnTe(110) was plotted and shown in Figure 4.10 to understand the band edge 

character4s, 3d orbitals of Zn and 5s, 5p orbitals of Te are dominated in the valence 

band maximum (VBM) of ZnTe, whereas the conduction band minimum is made-up of 

Zn 4s and Te-5p orbitals. 

 

 

 

Fig 4.8: Optimized geometry of ZnTe(110)  

Zn 

Te 
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4.3.2.3 Work function and band edge position: 

The band edge position was calculated to explore the suitability of ZnTe thin films for 

use in PV cells. The first step was to estimate the surface work function by analyzing 

the average electrostatic potentials. The work function was calculated using equation 

2.25 and was found to be 4.81 eV, as shown in Figure 4.11.  

Fig 4.11: Average electrostatic potential of ZnTe (110)  

Fig 4.9 & 4.10: Electronic structure of ZnTe(110) 
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Proper placement of the band edges in photovoltaic materials can significantly enhance 

the efficiency of solar cells. 'χ' was found to be 5.02 eV from the Mulliken 

electronegativity formula. By using equations (2.26) and (2.27), the EVB and ECB for 

ZnTe(110) were found to be at 1.76 eV and -0.71 eV in the normal hydrogen 

electrode(NHE) scale.  

 4.4 Summary: 

To sum up, the ZnTe thin films were prepared and characterized under ambient 

conditions. It was observed that the absorbance of the films increased as the substrate 

temperature rose. The ZnTe thin film also exhibited a broad band gap of 2.24 eV. 

Moreover, its conductivity was consistently p-type, regardless of the substrate 

temperature, making it suitable as a p-type layer for solar cells. 
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CHAPTER 5 

 

 

p-ZnTe/n-CdTe HETEROSTRUCTURE PREPARATION AND PROPERTIES 

(ZnTe AS A BACK SURFACE FIELD LAYER (BSF) IN CdTe SOLR CELLS) 

Overview: 

This chapter describes the preparation and properties of p-ZnTe/n-CdTe 

heterostructure. The ambient condition to obtain the p-ZnTe and n-CdTe was discussed 

in previous chapters. Based on that, the heterointerface was obtained. The theoretical 

properties and the band bending at the interface for this heterostructure were realized 

by using the DFT. The calculation confirmed that the wide band gap and high work 

function materials such as ZnTe could be used as the back surface field layer to 

minimize the recombination losses at the back surface of the CdTe thin film solar cell. 
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5.1 Introduction: 

In the previous chapters (Chapter 3 and Chapter 4), the properties of two essential 

binary semiconductors were discussed by varying the substrate temperatures. Some 

specific properties of both the semiconductors, such as high stability in the thin film 

form (Mrinalini et al. 2019), and the direct bandgap nature of these compounds, make 

them very suitable for photovoltaic solar cell applications. (Britt and Ferekides 1993a) 

However, a higher charge separation yield in the compounds is one of the main 

requirements for their effective use in photovoltaic applications, which is expected to 

improve cell efficiency. 

    So far, CdTe-based solar cells have attained a greater power conversion efficiency 

of 22.1%.  (Poplawsky et al. 2016)(Green et al. 2021b) In this regard, type-II 

semiconductor heterojunction made of these semiconductors would be convenient as 

the photo-generated charge carriers can be spatially separated into the different parts of 

these systems. The major challenge in CdTe-based solar cells is to create good back 

contact. Enhancement of the energy conversion efficiency of the solar cell requires a 

connection with low electrical contact resistance, which is challenging to make in the 

case of CdTe thin films. Recently, two groups, Amin et al. and Gessert et al., have 

reported that the deposition of an extra ZnTe layer with high carrier concentration could 

fix the drawback mentioned earlier of CdTe solar cells. (Amin et al. 2007a; Gessert et 

al. 2009a)(Patra and Pradhan 2012)Note that CdTe is a highly resistive material. The 

buffer layer material should have high electrical conductivity and electron affinity to 

design a Schottky junction with this compound. The ZnTe in its p-type variant could be 

ideal. (Mitchell et al. 1988) Also, ZnTe has a direct bandgap of 2.2 eV, (Jiao et al. 

2015), which is higher than CdTe. Therefore, it could make a type-II heterojunction 

with CdTe. In addition, both CdTe and ZnTe have a cubic crystal structure with a very 

similar lattice parameter. Hence the interface roughness is expected to be significantly 

less, resulting in a negligible scattering at the interface. It has been experimentally 

reported that the valence band offset of the ZnTe/CdTe heterointerface is very low 

(Späth et al. 2007), which is suitable for hole transport to metal contacts. Also, ZnTe 

acts as an electron reflector(Suthar et al. 2021b)(Sites and Pan 2007), which could lead 

to a minimal recombination rate at the interface. (Oklobia et al. 2019)(Hall et al. 2021) 

In this work, the primary aim was to study the suitability of using the ZnTe/CdTe 
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interface in photovoltaic solar cells. Therefore, stoichiometric ZnTe and CdTe thin 

films and a clean interface in thin-film form have been synthesized using the vapor 

deposition technique. Detailed characterization of the synthesized films and their 

heterointerface has been done using various characterization techniques. The electronic 

structure and interface properties of the interface have been further investigated by 

using density functional theory calculation. Finally, the accurate band positions and 

their alignment has been obtained to understand photo-generated charge carrier 

dynamics in the system. 

 

5.2 Methodology: 

5.2.1 Experimental Methodology: 

To start with, glass substrates were ultrasonically cleaned. A tantalum boat was used, 

where CdTe and ZnTe powders were kept to prepare the thin films. CdTe and ZnTe, 

films of 400 nm (deposition rate of ∼ 46 nm/min), were prepared at elevated substrate 

temperatures. To prepare the ZnTe/CdTe hetero-interface, the CdTe thin films were 

deposited at 523K on top of a silver-coated (back contact material) glass substrate. Then 

ZnTe was deposited on top of CdTe at room temperature. Finally, another contact layer 

of Ag is deposited on top of the ZnTe layer. A schematic diagram of deposited different 

films for heterojunction is shown in Figure 5.1. The junction area was about 0.2 cm x 

0.2 cm. The morphological, structural, and electrical characterizations were performed 

for the synthesized film.  

5.2.2 Theoretical methodology: 

To gain a deeper insight, the electronic structure of the ZnTe/CdTe heterointerface was 

investigated by employing Density functional theory (DFT) calculation. The project 

augmented wave (PAW) method implemented in Vienna ab initio simulation package 

(VASP) was used. Generalized gradient approximation (GGA) was used, considering 

Perdew- Burke- Ernzerh (PBE) parameterization scheme to estimate the exchange and 

correlation potential. The long-range Van der-Waal interaction plays an essential role 

in these interfaces. The Van Der Waal’s (vdW) interaction was introduced in the system 

employing dispersion correction for the density functional DFT-D3 method. A high 

wave function cut-off of 500 eV was used in this calculation to obtain accurate results. 

From the optimum bulk geometry of CdTe and ZnTe systems, the (110) surface slabs 
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were constructed. For individual semiconductors, eight layers of (110) surface were 

further relaxed with a sufficient vacuum of 10 Å thickness along the normal direction 

inside the unit cell. The force convergence criteria were set to 0.01 eV/˚A.  In each case, 

a 7 ×7 ×1 Monkhorst K-point sample was used for Brillouin zone integrations.  Finally, 

the hybrid-DFT calculation was employed using Heyd-Scuseria-Ernzerhof (HSE 06) 

hybrid functional with 25% Hartree-Fock exchange energy contribution to estimate the 

proper bandgap and the band edge position for all the structures. 

 

 

Figure 5.1: (Color online) Diagrammatic representation of deposited layers for the 

heterojunction 

 

5.3 Results and Discussions: 

5.3.1 Experimental results: 

5.3.1.1. Structural properties: 

In the case of the synthesized heterojunction thin films, both the predominant peaks 

from CdTe and ZnTe are present in the XRD pattern shown in Figure 5.2, which 

corroborates the formation of the hetero-interface. 

Furthermore, in the case of ZnTe/CdTe heterostructure, the diffraction peaks slightly 

deviate towards the higher angle leading to a larger lattice which may be attributed to 

the larger ionic radius of Cd than that of Zn. (Ma et al. 2016) 

 

5.3.1.2. Optical properties: 

The absorbance was significantly improved in the ZnTe/CdTe heterojunction for low 

wavelength radiation, which was much higher than pristine CdTe and ZnTe, as shown 

in Figure 5.3. The optical bandgap of the heterojunction was estimated and compared 

with the pristine compound. The calculated band gap value of the heterojunction was 

1.89 eV which lies in between the bandgap of ZnTe (2.24 eV) and CdTe (1.2 eV), as 

shown in Figure 5.4, confirming the absorption of visible light. 
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Figure 5.2:  (Color online) The XRD pattern of ZnTe/CdTe deposited at the 

optimum condition within the 2ϴ ranging from a. 200 - 650  b. 220 - 270 

a. 

b. 

Figure 5.3 shows the absorption spectra, and Figure 5.4 depicts the band gap of 

ZnTe (black), CdTe(orange) thin films deposited in the optimized condition and 

ZnTe/CdTe hetero junction (brown) 
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The proposed hetero-junction works on the principle of segregating electrons and holes 

to opposite sides of the interface based on their unique lowest energy states. This spatial 

separation is achieved after the initial generation. Additionally, this configuration 

creates a "hidden" interface bandgap, which is smaller than either of the constituent 

semiconductors in the heterojunction. As a result, the energy required for electron/hole 

generation and recombination is reduced, allowing for an extended wavelength range 

that would otherwise not be possible. This has significant implications in 

optoelectronics applications. (Zheng et al. 2020) 

When two semiconductors with differing band edge positions are brought together, 

their Fermi levels align at equilibrium, and their band edges shift after the band 

alignment. Charges migrate from one semiconductor to another due to the built-in 

electric field at the interface of the two semiconductors. This gives an idea of band 

bending or alignment at the junction. This band alignment will be discussed in the 

theoretical results section. 

5.3.1.3 Electrical properties: 

At the final stage of the experimental study, electrical characterization of the 

heterostructure was carried out. The I-V characteristics of the p-ZnTe/n-CdTe hetero-

interface are shown in Figure 5.5, which indicates the rectifying behavior similar to a 

Figure 5.5: (Color online) I-V 

characteristics of p-ZnTe/n-CdTe 

heterojunction diode at room temperature. 

Figure 5.6: (Color online) the capacitance-

voltage characteristic for p-ZnTe/n-CdTe 

heterojunction 
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typical p-n junction. To determine the barrier height of the interface ZnTe/CdTe, It is 

necessary to do the C-V characterization. Figure 5.6 depicts the voltage dependence of 

the heterojunction inverse square of the capacitance at the signal frequencies of 300 

KHz. In an ideal abrupt junction, increasing depletion width with the voltage should 

decrease the capacitance with increasing reverse bias voltage and be frequency 

independent. In the case of ZnTe/CdTe, uniform carrier concentration exists, and the 

junction is abrupt. The junction capacitance can be expressed on a C−2-V scale. Barrier 

height can be determined by the linear extrapolation of the C-2(V) function to V=0. In 

this interface, the barrier height was 0.55V, as shown in Fig.5.6. 

 

5.3.2 Theoretical results: 

5.3.2.1 Optimized structure parameters, Electronic structures: 

In the case of the hetero-interface, the optimum interlayer spacing between ZnTe(110) 

and CdTe(110) is found to be 3.1Å which was higher than the intralayer spacing of 

ZnTe(110) and CdTe(110), i.e., 2.59 Å and 2.80 Å respectively. The optimized 

geometric structure of the hetero-junction is shown in Figure 5.7. 

Interestingly CdTe(110) and ZnTe(110) and their heterointerface also showed direct 

bandgap nature. The band gap of 2.56 eV was found for CdTe(110)/ZnTe(110) 

heterojunction at the Γ-point, as shown in Figure 5.8. The atom-projected DOS was 

plotted for the hetero-structures to understand the band edge character, as shown in 

Figure 5.9. The VBM of the interface was made up of Te 5p, Zn 4s, Cd 4s, and Zn 3p 

orbitals, whereas CBM was dominated by Zn 4s, Te 5p, and Zn 3p orbitals. The 

interaction between s-Zn and p-Te states shows a significant hybridization at -5 eV.  
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Figure 5.7: Optimized geometry of ZnTe/CdTe interface 

 

 

 

Fig 5.8 & 5.9: Electronic structure of hetero-structure 

 

The band conduction structure, starting from 2.56 eV and forming the band gap, 

primarily consists of s/p-Cd/Zn and Te states. This region contains a blend of states of 

various elements.  
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5.3.2.2 Work function, band alignment, and the Charge Carrier Dynamics: 

To understand the photovoltaic behavior and the usefulness of this hetero-interface in 

solar cells, relative band positions were studied, and their alignment in the 

heterojunctions. For this purpose, the surface work function of the heterojunction was 

estimated. The elemental work function was discussed in chapters 3 and 4. The work 

function for ZnTe/CdTe was 4.92 eV, as shown in Figure 5.10. A proper energetic 

position of the band edges of the photovoltaic materials may significantly enhance the 

efficiency of the solar cells.  

When it comes to semiconductors, single-component have limited bandgap tailoring 

due to their intrinsic properties. However, by utilizing heterojunction in semiconductor 

devices, nearly unlimited and continuous bandgap variations can be achieved.  

Therefore in the next step, the band edge positions and their alignment in each of ZnTe, 

CdTe, and ZnTe/CdTe hetero-interface was studied and tried to understand the change 

in the band edge positions due to the formation of the hetero-junction by using the 

Mulliken electronegativity rules. The position of the CBM and VBM concerning the 

vacuum was calculated. Note that the value of the work function was more for ZnTe  

 

Fig 5.10: Average electrostatic potential of ZnTe/CdTe 
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than CdTe. So during the formation of the interface, electrons will move from CdTe to 

ZnTe until the Fermi level is aligned. At the equilibrium condition, the CB and VB of 

ZnTe moved upward by 0.31 eV, whereas the CB and VB of CdTe moved downward 

by 0.21 eV. As a result, a net valence band offset of 0.02 eV and a net conduction band 

offset of 0.89 eV was formed. These band offsets will help to separate the 

photogenerated charge carriers. The details of the aligned band-edge positions are 

depicted in Figure 5.11. When light irradiates on the CdTe absorber layer, 

photogenerated holes at the valence band of CdTe will easily flow through the valence 

band of highly conducting ZnTe due to a valence band offset. As a result, the positive 

charges will be pulled out and accumulated at the ZnTe part of the hetero-junction, 

leaving the photo-generated electrons in the CdTe portion. Finally, the hole 

accumulated in the ZnTe part will smoothly reach the back contact. Therefore, 

photoexcited electrons and holes will be well separated in the different parts of the 

hetero-interface. The photoelectrons which are piled up in the CdTe can be used for 

efficient photovoltaic reactions. Therefore the overall efficiency of the solar cell is 

expected to be improved significantly. 

 

5.4 Summary: 

The ZnTe/CdTe heterojunction showed improved optoelectrical behavior suitable for 

photovoltaic solar cell applications. Detailed theoretical investigations were carried out 

for ZnTe (110), CdTe (110), and ZnTe/CdTe heterointerface using hybrid density 

functional theory calculations. The theoretical result corroborates our experimental 

findings. The photovoltaic nature of the ZnTe/CdTe interface was further investigated 

by calculating the work functions of each system and estimating the proper band edge 

positions concerning the vacuum level. The valence and conduction band offsets were 

computed by aligning band edge positions of the respective parts of the heterojunction.  
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According to the calculation, a valence band offset created at the CdTe/ZnTe interface 

permits the free flow of photo-generated holes from CdTe to the back contact through 

ZnTe. Our present work not only demonstrates that the use of ZnTe as a back surface 

field layer (BSF) in CdTe solar cells would significantly improve the efficiency of the 

cell but also provides an idea to choose the novel BSF material to form the 

heterojunction, which in turn can control the recombination process. 

 

 

 

 

 

 

 

 

Fig 5.11: Band edge position and their alignment for ZnTe, CdTe and ZnTe/CdTe 

heterojunction 
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CHAPTER 6 

 

 

INVESTIGATION OF CdSe AND ZnSe AS POTENTIAL BACK SURFACE 

FIELD LAYERS FOR CdTe-BASED SOLAR CELLS: A STUDY FROM FIRST 

PRINCIPLES CALCULATIONS 

Overview: 

In this chapter, the properties of two selenium-based materials, such as CdSe and ZnSe, 

were examined by using the DFT. Additionally, the applicability of these materials in 

CdTe solar cells was studied. Two critical parameters, i.e., charge transfer across the 

junction and proper band alignment at the interface, were explored.  
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6.1 Introduction: 

The effective charge separation from the photo-generated excitons is one of the most 

crucial parameters to achieve high efficiency (Wang et al. 2018)When the light 

irradiates the semiconductor heterojunctions, the electrons should travel toward the n-

type part of the junction, and holes should remain on the p-type part or propagate in the 

opposite direction (Husain et al. 2018). It can be achieved by employing proper band 

gap engineering and making a suitable band edge position in the thin-film 

heterojunction. In the case of CdTe-based solar cells, there exists high recombination 

of charge carriers due to the large effective masses of the charge carriers. Back surface 

field (BSF) layer material can be introduced in the CdTe-based solar cell (Amin et al. 

2007b)(Gessert et al. 2009b) to reduce the recombination process. Dey et al. proposed a 

Cu2Te BSF layer below the CdTe absorber layer and achieved a conversion efficiency 

of 22.51% (Dey et al. 2017). Ren et al. demonstrated that a buffer layer cell made of 

zinc magnesium oxide (ZMO) could improve the VOC and conversion efficiency of a 

CdTe solar cell. An efficiency of 16.76% was achieved by improving the thickness of 

the buffer layer (Ren et al. 2019). 

In the present study, ZnSe and CdSe are used separately as the BSF layer in CdTe-

based solar cells to enhance efficiency. CdSe is a II–VI semiconductor with a band gap 

of 1.7 eV (Ren et al. 2019) and is widely used in light-emitting diode and photo-

catalysis applications (Li et al. 2018)(Shenoy and Tarafder 2020). Similarly, ZnSe is a 

wide-bandgap semiconductor used to design photovoltaic cells. (Morkoç et al. 1994) 

CdSe and ZnSe have already been used as the window layer in CdTe solar cells (Li et 

al. 2018)(Khurram et al. 2017). However, up to our knowledge, the detailed electronic 

behavior of CdSe/CdTe and ZnSe/CdTe thin-film heterostructures and the charge 

transfer mechanism in these systems aiming toward their applications in the fields of 

the photovoltaic solar cell are not yet studied. In this work, using the first principle 

calculation, we investigated the detailed electronic structure of CdSe/CdTe and 

ZnSe/CdTe heterostructure. Finally, by employing the DFT, we have calculated the 

appropriate band edge position of the semiconductors and their heterostructures and 

estimated possible charge transfer mechanisms in these systems. 
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6.2 Computational Methodology: 

The electronic structures of pristine ZnSe, CdTe, CdSe, and ZnSe/CdTe, CdSe/CdTe 

heterostructures are investigated by employing the density functional theory (DFT) 

calculations, as implemented in the Vienna ab initio simulation package (Kresse and 

Furthmüller 1996a). The projected augmented wave method was used in each 

calculation. The generalized gradient approximation was used, considering Perdew– 

Burke– Ernzerhof parameterization scheme to estimate the exchange and correlation 

potential (Grimme et al. 2010b). The long-range Van der-Waal interaction has been 

considered in all the heterostructure calculations employing dispersion correction for 

the density functional DFT-D3 method. A significant energy cut-off of 520 eV for wave 

function was used in each calculation to obtain accurate results. Begin with the energy-

optimized bulk unit cell geometry of CdTe, ZnSe, and CdSe systems obtained by 

completely relaxing the cell parameters and atomic positions of the reported 

experimental structure. Next, the (110) surface slabs are constructed from the optimized 

bulk geometry. To understand the surface properties of the pure semiconductor, we 

have further relaxed the atomic positions in the surface-slab structure unit cell 

consisting of eight atomic layers (with 16 atoms). A 10 Å vacuum along the surface-

normal direction was considered inside the unit cell to avoid the interaction between 

periodic images. The heterostructures are constructed from these optimized surface 

slabs by stacking them along the surface’s normal direction. Two different 

heterostructures, ZnSe/CdTe and CdSe/CdTe, are constructed with 32 atoms in the unit 

cell. The initial separation between two different surface layers in each heterostructure 

is kept at a distance of 2.5 Å, which is the order of bond length of atoms in the interface 

region. All the atoms in the heterostructure are further relaxed inside the fixed unit cell 

by setting the force convergence criteria 0.01 eV Å−1. Finally, the hybrid-DFT 

calculation for each surface slab and heterostructure has been employed to estimate the 

proper bandgap and band edge positions. We used Heyd–Scuseria–Ernzerhof (HSE 06) 

hybrid functional (Heyd et al. 2003) with a 25% Hartree–Fock exchange energy 

contribution. A 7 ×7 ×1 Monkhorst K-point sample was used for Brillouin zone 

integrations in each case. The band dispersion was investigated along the K-path G, X, 

S, Y, and G for all the structures. 
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6.3 Results and discussion: 

6.3.1 Geometric-Structures: 

To start with, the energy-optimized geometry of the pristine semiconductors and their 

heterostructures were obtained (i.e., CdTe, ZnSe, CdSe, ZnSe/CdTe, CdSe/CdTe) and 

studied their electronic properties. The ground state geometry of CdTe, ZnSe, and CdSe 

showed the zincblende structure (F-43m space group) with nearly the same lattice 

constant. The optimized bond lengths between Cd–Te, Cd–Se, and Zn–Se were 2.55, 

2.64, and 2.20 Å, respectively. The lattice mismatch in ZnSe/CdTe and CdSe/CdTe 

heterostructures was 1.5% and 0.9%, respectively. The result showed that the scattering 

due to the formation of the interface would not be significant in the heterostructure, 

which in turn may not influence the recombination rate further (Koma 1999). The band-

gap values of the energy-optimized structures were calculated using the hybrid HSE06 

functional tabulated in Table 6.1, and they agree well with the reported experimental 

values (Pandey et al. 2005)(A. Chikwenze 2015)(Venkatachalam et al. 2007). 

Table 6.1. Band gap energy, work function, and the band edge positions for pristine 

CdTe, ZnSe, and CdSe layers 

System Eg (eV) Φ (eV) EVB (eV) ECB (eV) 

CdTe 1.6 4.71 1.47 −0.13 

ZnSe 2.56 5.11 2.19 −0.37 

CdSe 2.14 5.30 2.51 0.37 

Next, the formation energy EForm was calculated to analyze the stability of the 

heterostructure by using the following formula. 

E form = ESC1 – ESC2 (6.1) 

 Eform is the total energy of the relaxed hetero-structure, and ESC1 and ESC2 is the total 

energy of the first and second-layer semiconductor in the heterostructure, respectively. 

The formation energy per unit cell for ZnSe/CdTe and CdSe/CdTe was −0.138 and 

−0.396 eV, respectively. The negative formation energy indicates a strong interaction 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#_blank
https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#_blank
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between the layers and the stability of the interface. Optimized geometry structures of 

pristine semiconductors and their heterostructures are shown in Figure 6.1. 

 

Figure 6.1: Optimized geometry structures of a) ZnSe, b) CdTe, c) CdSe,  

d) ZnSe/CdTe, and e) CdSe/CdTe heterostructures. 

 6.3.2 Electronic Structure 

The effective charge separation and transformation of photo-generated charge carriers 

strongly affect photoconversion efficiency. To gain insight, it is necessary to analyze 

the electronic band structure of individual semiconductors layers present in the cell and 

their heterostructures (Kale and Lokhande 2000). In this work, the motivation was to 

choose a suitable BSF layer for CdTe-based solar cells to minimize the recombination 

losses at the back surface. A suitable BSF layer may significantly improve the open 

circuit voltage, short circuit current, fill factor, and hence the overall efficiency of the 

solar cells (AL-Oqla and Fares 2023). Wide band gap semiconductors are always 

preferable for BSF material because the band offset created between the BSF layer and 

the active layer help to push away the minority charge carriers from the active region, 

reducing the recombination losses at the back surface. Since CdTe is a p-type material 

(Britt and Ferekides 1993a)(Cusano 1963)(Yang et al. 2015), an ideal back surface 

layer should have a larger band gap than CdTe, and its conduction band minimum 

(CBM) should be energetically lower than that of CdTe CBM. To understand the band 

edge positions and their characters clearly, a detailed investigation of the electronic 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0001
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structure of the pristine semiconductors and their interfaces was studied using the first 

principle calculation. The band structure of ZnSe, CdSe, CdTe, and their interfaces as 

shown in Figure 6.2. The band gaps of 2.56 and 2.14 eV were obtained for pristine 

ZnSe(110) and CdSe (110) slabs, respectively, which were much higher than that of a 

pristine CdTe (110) slab, which is only 1.60 eV. The theoretical band gap values for 

pristine semiconductors agree well with the reported experimental results (Kale and 

Lokhande 2000)(Sharma et al. 2020)(Gullu et al. 2020)(Schwab et al. 

1992)(Mohammed et al. 2019). 

 

Figure 6.2: Electronic band structure of a) ZnSe, b) CdTe, c) CdSe, d) ZnSe/CdTe, and 

e) CdSe/CdTe heterostructures. Fermi energy is set at E = 0 in each graph. Red and blue 

color bands represent valence and conduction bands, respectively. 

6.3.3 Optical Properties 

In the context of solar cell application, detailed knowledge of the optical behavior of 

the semiconductors is essential as it indicates the light absorption process in the UV–

vis region. The formation of heterojunctions may alter the optical behavior of the 

material present at the active layer in the cell. Therefore, the change in optical behavior 

of the CdTe thin film due to heterostructure formation with the BSF layers was studied. 

In this regard, the optimized geometry was used, and linear response theory was applied 

to estimate the complex dielectric function (ω) for the pristine semiconductors and their 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0002
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heterostructures. Finally, the frequency-dependent absorption coefficients in the UV–

vis light region are obtained by using the following relation 

𝛼(𝜔) = √2𝜔√√𝜀1(𝜔)2 + 𝜀2(𝜔)2 − 𝜀1(𝜔) 
(6.2) 

 

Here ε1 and ε2 are the real and imaginary parts of the complex dielectric function. The 

calculated optical absorption spectra of semiconductors and their heterostructures are 

shown in Figure 6.3. An improved absorption behavior was observed in the case of 

heterojunctions compared to each of the individual semiconductors. Note that the major 

peak in the absorption spectra was shifted toward the lower frequency range when the 

heterojunctions were formed. The heterostructures had high absorption intensity in a 

wide range from 400–700 nm and 350–700 nm for ZnSe/CdTe and CdSe/CdTe, 

respectively. This indicates a better light absorption in the visible light range than the 

individual pristine semiconductors. 

 

Figure 6.3: The absorption spectrum of a) ZnSe (brown), CdTe (red), and ZnSe/CdTe 

heterostructure (black), b) CdSe (cyan), CdTe (red) and CdSe/CdTe heterostructure 

(pink). 

To understand the improved optical behavior in the heterostructure, the orbital nature 

of the band-edged positions was investigated by calculating the atom-projected partial 

density of states. In the case of pristine CdTe, the Cd-s and Te-p states contribute to the 

CBM, whereas Te-p states dominate the valance band maximum (VBM). Therefore the 

transition is mainly between s–p states. On the other hand, in the case of the ZnSe/CdTe 

heterostructure, the VBM consists of Te-p states, whereas both Cd-s and Te-p states are 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0003
https://onlinelibrary.wiley.com/cms/asset/aa6b5c15-d274-4675-87cf-d8af5f04aa85/adts202200718-fig-0003-m.jpg
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present in the CBM. Similarly, in the case of the CdSe/CdTe heterostructure, the VBM 

is composed of Te-p states, whereas the main contribution of CBM comes from the Cd-

s, Te-p, and Se-p states, as shown in the DOS plot in Figure 6.4. The absorption edge 

shift in the heterostructure was due to forming of a new hybridized electronic state near 

the band edge positions. 

 

Figure 6.4: Partial density of states of a) ZnSe, b) CdTe, c) CdSe, d) ZnSe/CdTe, and 

e) CdSe/CdTe heterostructures. The Fermi energy is set at E = 0 in each graph. 

6.3.4 Band Alignment and the Charge Carrier Dynamics 

An accurate band edge position is essential to determine the dynamics of the photo-

generated charges. The materials' work function helps to set the Fermi-energy position 

inside the semiconductor band gap region; hence, one can determine the band edge 

position concerning the vacuum level. Therefore, the work function of individual 

semiconductors and their heterostructure was investigated. For a semiconductor, the 

work function was estimated by constructing a surface with a large vacuum in the unit 

cell along the surface's normal direction and calculating the average Hartree potential. 

The work functions for ZnSe, CdSe, CdTe, ZnSe/CdTe, and CdSe/CdTe were found to 

be 5.11, 5.30, 4.71, 4.53, and 4.61 eV, respectively, as illustrated in Figure 6.5. In the 

case of interfaces, the calculated values of work functions were lower than the pristine 

semiconductors, which indicates that the formation of the interface is well-ordered and 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0005
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the charge transport process is also coherent (Peng et al. 2012). 

 

 

The ionization potential of Te is less than the Se; as a result, the work function of CdTe 

is expected to have a lower value than that of CdSe. Similarly, ZnSe shows a higher 

work function than CdTe due to the lower ionization energy of Cd than Zn. Note that 

the layer with a lower work function decides the direction of the intrinsic charge 

transportation at the interface, consistent with the differential charge distribution plot, 

as shown in Figure 6.6. Therefore, due to the formation of the ZnSe/CdTe interface, the 

lower work function of the CdTe layer will be positively charged, and the movement 

of electrons will be from CdTe to ZnSe. At the same time, the ZnSe side of the junction 

is expected to be negatively charged due to the high electrostatic induction mechanism. 

Similarly, in the CdSe/CdTe interface, the CdTe side of the heterostructure will be 

positively charged, and CdSe will be negatively charged (Mohanta et al. 

2020)(Mohanta et al. 2019). 

 

Fig 6.5: The estimated work function of a) ZnSe (110), b) CdTe (110), c) CdSe (110), 

d) ZnSe/CdTe, and e) CdSe/CdTe 
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Figure 6.6: Charge density difference plots for a) ZnSe/CdTe and b) CdSe/CdTe 

heterostructures. The yellow and cyan color indicates the charge accumulation and 

charge depletion regions, respectively. 

To understand the charge separation process at the interface, the charge density 

difference was calculated by using. 

∆𝜌 = 𝜌𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 − 𝜌𝑆𝐶1 − 𝜌𝑆𝐶2 (6.3) 

Here ρ represents the charge density of the interface and pristine semiconductors. We 

observed the accumulation of electronic charge at the ZnSe side of the ZnSe/CdTe 

interface (denoted by yellow color) and depletion of the electron on the CdTe side 

(indicated by cyan color). Similarly, in the case of CdSe/CdTe heterostructures, the 

electron accumulates on the CdSe side, which is depleted from the CdTe part of the 

heterojunctions, as shown in Figure 6.6. 

With the help of calculated work functions for different pristine semiconductors and 

their heterostructures, the band edge positions, their alignment, and the dynamics of 

photo-generated charge carriers were investigated. The valence band and conduction 

band edge position of different semiconductors were obtained using equations 2.26 and 

2.27. 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0006


 

93 
 

The χ values for the CdTe, ZnSe, and CdSe are 4.96, 4.8, and 5.14 eV, respectively. 

The 𝐸𝑉𝐵  and 𝐸𝐶𝐵 for the ZnSe were found to be at 2.19 and −0.37 eV, respectively, 

concerning the normal hydrogen electrode (NHE) scale. For CdSe, The 𝐸𝑉𝐵 and 

𝐸𝐶𝐵 were found to be 2.51 and 0.37 eV concerning NHE, and for CdTe, the 𝐸𝑉𝐵 and 𝐸𝐶𝐵 

were found to be at 1.47 and −0.13 eV, respectively. The valence band offset (VBO) 

and conduction band offset (CBO) for both the heterostructures were also estimated. 

The VBO and CBO for ZnSe/CdTe heterostructures were 0.08 and 1.04 eV, 

respectively. In the case of the CdSe/CdTe heterostructure, the VBO and CBO values 

were 0.14 and 0.68 eV, respectively. The details of the band edge position and 

calculated band offsets are shown in Figure 6.7a. 

 

Figure 6.7: Relative band edge position and alignment in ZnSe, CdTe, CdSe, a) 

ZnSe/CdTe heterostructure, and b) CdSe/CdTe heterostructure with respect to the 

vacuum level. 

Note that when the two layers come into contact, band bending of CdTe and ZnSe bands 

is expected near the interface due to realignment of the Fermi level. Since the work 

function of ZnSe is higher than CdTe, intrinsic electrons will flow from the CdTe side 

to the ZnSe side through the interface. Therefore, an intrinsic electric field will be 

generated at the interface region at the equilibrium condition. Upon light illumination, 

the internal electric field will accelerate photo-generated holes at CdTe toward ZnSe 

across the contact region. Notably, the upward bending of the CdTe CB band would act 

as a barrier for photo-excited electrons in CdTe and prevent the further diffusion of 

electrons into the CB of ZnSe. Similarly, the downward bending of ZnSe VB will help 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0007


 

94 
 

to transport the holes created at CdTe VB efficiently to the ZnSe VB. (Xu et al. 

2018)(Di et al. 2019) A similar phenomenon was observed in CdSe/CdTe 

heterojunctions, as shown in Figure 7b. A schematic representation of the process is 

shown in Figure 6.8. Therefore, both the ZnSe and CdSe can be used as the back surface 

field layer to separate the electron from the excitons and transport it to the back contact 

layer. The larger band offsets in the case of the CdSe/CdTe heterojunction indicate that 

an efficient photo-generated charge separation process can be achieved using this 

heterostructure in the solar cells. 

 

Figure 6.8: A schematic diagram for the photo-generated charge carrier separation 

process in BSF-layer/CdTe heterostructure. 

6.4 Summary: 

In conclusion, the suitability of CdSe and ZnSe thin films as back surface field layers 

in the CdTe solar cells was investigated. The hybrid- DFT calculation was used to study 

https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/adts.202200718#adts202200718-fig-0008
https://onlinelibrary.wiley.com/cms/asset/eb229d4f-0ee8-41e5-a573-38ad3b307da7/adts202200718-fig-0008-m.jpg
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the detailed electronic structure of ZnSe, CdSe, CdTe, ZnSe/CdTe, and CdSe/CdTe 

heterostructures. Both ZnSe/CdTe and CdSe/CdTe formed type-II heterojunctions 

having a band gap of 2.0 and 1.1 eV, respectively. Furthermore, both the 

heterojunctions showed improved light absorption behavior, and the absorption edge 

was red-shifted in the case of CdSe/CdTe. The proper band edge positions concerning 

NHE for the pristine semiconductors and their interfaces were estimated using the 

Mulliken electronegativity method. The obtained result showed that the band edge 

positions of the constituent semiconductors were significantly changed due to the 

formation of the hetero-structure, and a band offset both in the valence band and the 

conduction band was created. Due to the band offset at the interface, charges were 

redistributed at the interface region. In the case of ZnSe/CdTe, the intrinsic electrons 

will efficiently move from ZnSe to CdTe, and holes will move from the VB of CdTe to 

ZnSe. Similarly, for CdSe/CdTe, the intrinsic electrons will move from the CB of CdTe 

to CdSe, and holes will move from the VB of CdSe to CdTe. As a result, a local field 

will be created at the interface region, which will help to separate the photo-generated 

electrons and holes in the two different parts of the heterojunction. This field will also 

help to efficiently transport the photo-generated charges to the contacts and 

significantly reduce the recombination loss in the solar cells. 
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CHAPTER 7 

 

 

SYNTHESIS AND CHARACTERIZATION OF Cu DOPED CdTe THIN FILMS 

FOR SOLAR CELL APPLICATIONS 

Detailed theoretical, experimental studies on the pristine metal chalcogenide 

nanostructures and their application in the CdTe solar cells have been discussed in the 

previous chapters. One disadvantage of CdTe is the challenge of reaching high Carrier 

density, which is hindered by self-compensation resulting from intrinsic defects such as 

vacancies, interstitial defects, and grain boundaries. Improving the energy yield 

performance of CdTe solar cells is a major challenge, mainly due to their low acceptor 

density. To achieve higher PCE, dopants can be used. Based on this, the next aim is to 

examine the behavior of doped CdTe thin films for solar cell applications. This chapter 

describes the structural, morphological, and optical properties of the undoped and Cu-

doped CdTe thin films. 
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7.1 Introduction: 

Semiconductor-based multilayer-junction solar cell technology has become prominent 

for harvesting renewable energy from sunlight. The efficiency of solar cells can be 

improved significantly with a controlled modification of layer structures. CdTe thin-

film could be an effective material in this technology because of its interesting 

electronic and optical behavior. The laboratory framework has already reported high 

efficiency of up to 15.8% of CdTe/CdS-based multilayer solar cells (Britt and Ferekides 

1993b). The efficiency could be further improved using a multilayer of the same 

semiconductor containing different types of injected carriers. One advantage is that 

the lattice mismatch will be minimal, and the grain size is expected to be significant. 

CdTe thin films exhibit interesting optoelectronic properties. The band gap of CdTe 

and doped CdTe thin films are in the good range for photovoltaic application. 

Therefore, controlled doping of these materials with p and n-type carriers and 

multilayers of doped films in the solar cell may significantly improve cell efficiency. 

On the other hand, photo corrosion is one of the significant problems in photovoltaic 

devices. Multilayers with suitable materials that provide reasonable band offsets in 

valence and conduction bands may resolve that issue. CdS/CdSe and CdTe/CdS are 

good examples of type II semiconductors where a significant valence band offset 

suitably separates and transports the hole from the photo-generated excitons and 

reduces the photo corrosion process(Amani-Ghadim et al. 2022; Khan et al. 2020; Lu 

et al. 2020; Monika et al. 2023; Nasir et al. 2020). However, depositing a clean 

crack/pinhole-free interface is also challenging. It was reported that CdCl2 helps in the 

passivation of grain boundaries which in turn helps to improve the interface 

morphology of Cd-based semiconductor multilayers such as CdTe/CdS (Duffy et al. 

2000; Edwards et al. 2000; Ghosh et al. 2013; Moutinho et al. 1997). 

CdTe is an II-VI binary semiconductor with a direct band gap of 1.5 eV. Also, the 

absorption coefficient is very high in this material. It can be made in both p-type and n-

type semiconductors using suitable dopants (Dzhafarov et al. 2005; Gordillo et al. 

1995b; Hwang et al. 1996; Rajavel and Summers 1992; Zhao et al. 2016). Therefore 

CdTe thin film can be used as an efficient absorber layer in solar cells. According to 

commercial perception, it is also an essential thin film as the compound is highly stable 

https://www.sciencedirect.com/topics/materials-science/lattice-mismatch
https://www.sciencedirect.com/topics/materials-science/optoelectronics
https://www.sciencedirect.com/topics/materials-science/photovoltaics
https://www.sciencedirect.com/topics/materials-science/passivation
https://www.sciencedirect.com/topics/materials-science/doping-additives
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in thin-film form and has less production cost than Si PV cells. On the other hand, using 

a carrier-injected multi-layer structure of CdTe in the solar cell may provide excellent 

efficiency as the interface scattering and recombination rate can be controlled upon 

controlling the p and n doping of the system. However, a detailed investigation of p and 

n-type doped CdTe and their junction is essential. In this work, we have considered 

CdTe as a parent compound and synthesized the p-counterpart of the CdTe-based solar 

cell by doping Cu atoms in the polycrystalline CdTe films. The CdTe polycrystalline 

films can be grown by several methods such as closed space sublimation (CSS) (Albin 

et al. 2002; Bonnet 2000; Ferekides et al. 2000), chemical vapor deposition (Chou et 

al. 1986; Chu 1988), sputtering (Kulkarni et al. 2017; Potter and Simmons 

1990), pulsed laser deposition (PLD) (Pandey et al. 2005), molecular beam epitaxial 

method (Farrow et al. 1981; Ringel et al. 1991b), screen printing (Matsumoto et al. 

1984; Nakano et al. 1986), thermal evaporation (Ablekim et al. 2020; Brus et al. 2014; 

Khairnar et al. 2003). Among all these methods, thermal evaporation provides excellent 

purity of the film due to the high vacuum condition. Also, this technique provides a 

high deposition rate. Therefore we have used this technique to synthesize the Cu-doped 

CdTe system and study the effect of copper concentration on the structural and optical 

properties of the CdTe thin film. 

 

7.2. Experimental details 

The thermal evaporation technique was used to deposit the undoped and Cu-doped 

CdTe thin films on a glass substrate. The glass substrate was cleaned ultrasonically. 

Less than 5x10-6 Torr pressure was maintained during synthesis using a diffusion pump 

backed by a rotary pump. CdTe (purity 99.9999%, powder) and Cu (99.995%, powder) 

were used to make the film. A tantalum boat was used as a source. The films were 

prepared at room temperature, and air annealed at 100 °C to get the stoichiometry films. 

The deposition rate was maintained at nearly 46 nm/min. CdTe powder and Cu powder 

were co-evaporated from a boat. The thickness of the film was measured by the 

gravimetric method, and it was maintained at nearly 420nm. The structural properties 

of the films were demonstrated by the Rigaku Miniflex600 X-Ray diffractometer 

(λCuKα = 1.54Å). The surface and elemental composition of the films were studied by 

Ultra 55 scanning electron microscopes. The absorption spectra of CdTe and Cu-doped 

https://www.sciencedirect.com/topics/materials-science/chemical-vapor-deposition
https://www.sciencedirect.com/topics/materials-science/pulsed-laser-deposition
https://www.sciencedirect.com/topics/materials-science/optical-property
https://www.sciencedirect.com/topics/materials-science/optical-property
https://www.sciencedirect.com/topics/materials-science/tantalum
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CdTe films were obtained by the Shimadzu MPC3600 UV–VIS-NIR spectrometer in 

the 300 nm-2000 nm wavelength range. The thickness of the film was measured by the 

gravimetric method. In this study, the thickness of 420 nm was maintained for all the 

samples. 

 

7.3. Results and discussion: 

7.3.1. X-ray diffraction analyses:  

Figure 7.1 shows the XRD pattern of the CdTe and Cu-doped CdTe thin films. It was 

observed that all the films were polycrystalline in nature with the cubic structure of 

CdTe (JCPDS card No.-00–015-0770) and showed a predominant peak at 

2θ = 23.70 which corresponds to (1 1 1) plane. Using Bragg's law, the inter-planar 

spacing (dhkl) was estimated from the XRD data.  

 

Fig. 7.1. XRD images of the deposited films show the shifting of the 2θ value towards 

a higher angle. 

https://www.sciencedirect.com/science/article/pii/S2214785320364105#f0005
https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
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 The Debye Scherrer’s formula was used to calculate the crystallite size (D in nm) 

(Holzwarth and Gibson 2011). The Microstrain of the sample was then evaluated by 

using the following equation:       

𝜖 =
𝛽𝑐𝑜𝑠𝜃

4
                                                               (7.1) 

Where ‘β’ is the FWHM of the diffraction peak and ‘θ’ is the Bragg angle. 

The lattice parameter for the cubic crystal system was calculated by using the relation 

as (Kumar et al. 2005), 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2+𝑙2

𝑎2                                                  (7.2) 

Where h, k, l are the Miller indices,‘d’ is the interplanar spacing, and ‘a’ is the lattice 

constant. The values of all these parameters were measured for different doping 

concentrations and listed in Table 7. 1. 

Table 7.1 XRD data of Cu-doped CdTe thin films with different doping concentrations. 

Doping 

Percentage 

2θ 

(in deg) 

d 

(in A0) 

a 

(in A0) 

D 

(in nm) 

ε × 10-3 

Undoped 23.684 3.753 6.501 25.690 1.40 

1% 23.672 3.755 6.504 28.835 1.25 

2% 23.676 3.754 6.503 26.575 1.36 

3% 23.711 3.749 6.494 23.949 1.51 

5% 23.723 3.747 6.490 21.573 1.67 

  

The shift in the 2θ value towards a higher angle was observed with an increment of the 

doping concentration. However, the interlayer distance was not altered. From the XRD 

plot, it was observed that the peak intensity reduced with an increment of the Cu 

concentration, indicating that the impurity atoms are present in the system. 

The change in crystallite size with a change in doping concentration is shown in Figure 

7. 2. We observed that the crystallite size decreases almost linearly up to 3% doping 

concentration. A significant change was observed in the case of 5% doping. Since the 

crystallite sizes are reduced in higher doping concentrations, the microstrain is expected 

https://www.sciencedirect.com/topics/materials-science/crystallite
https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/science/article/pii/S2214785320364105#t0005
https://www.sciencedirect.com/topics/materials-science/crystallite-size
https://www.sciencedirect.com/science/article/pii/S2214785320364105#f0010
https://www.sciencedirect.com/science/article/pii/S2214785320364105#f0010
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to increase due to the enhancement of the surface energy, which is confirmed by the 

strain versus doping concentration plot shown in blue color in Figure 7.2.  

 

 

Figure 7.2. Change in crystallite size (black) and strain (blue) due to a change in doping 

concentration.  

 

7.3.2 Morphological studies 

Next, the surface morphology of the deposited thin films was studied by using scanning 

electron microscopy (SEM). All the deposited films were crack and pinhole-free, as 

shown in Figure 7.3. The composition analysis was performed by using EDAX, 

confirming the presence of Cd, Te, and Cu. A uniform distribution of Cu was found on 

the deposited thin films. The average grain size and elemental composition (found from 

EDAX) are tabulated in Table 7.2. In the case of Cu-doped CdTe, the Cu atom was 

expected to replace the Cd atom. Due to a significant difference in atomic radii of Cu 

and Cd, considerable microscopic strain will be experienced by the doped sample. This 

will reduce the grain size of the sample. A significant change in grain size was observed 

for the 5% Cu-doped CdTe sample. 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S2214785320364105#f0010
https://www.sciencedirect.com/topics/materials-science/crystallite-size
https://www.sciencedirect.com/topics/materials-science/surface-morphology
https://www.sciencedirect.com/topics/materials-science/chemical-composition-analysis
https://www.sciencedirect.com/topics/materials-science/energy-dispersive-x-ray-spectroscopy
https://www.sciencedirect.com/science/article/pii/S2214785320364105#t0010
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Table 7. 2. Average grain size and elemental analysis of deposited films. 

Doping 

percentage 

Cd Te Cu Average grain size 

(in nm) 

Undoped 49.87 50.13 0 61.430 

1% 47.74 50.73 1.5

3 

82.007 

2% 46.89 50.91 2.2

0 

69.047 

3% 46.82 49.93 3.2

5 

61.132 

5% 48.71 45.72 5.5

7 

51.185 

 

Figure 7.3. SEM images of undoped CdTe thin film (A), 1% Cu doped CdTe thin Film 

(B), 2% Cu doped CdTe thin film(C), 3% Cu doped CdTe thin film (D), and 5% Cu 

doped CdTe thin film. (E). 

 

7.3.3 Optical properties: 

7.3.3.1 Transmittance:  

The deposited film’s transmittance was decreased with increasing Cu content, shown 

in Figure 7.4. This is mainly because of the enhancement of the scattering process. In 

https://www.sciencedirect.com/topics/materials-science/elemental-analysis
https://www.sciencedirect.com/topics/materials-science/thin-films
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the case of 5% Cu-doped film, the transmittance reduced drastically. Note that the grain 

sizes significantly decreased in the 5% Cu-doped sample. Therefore the scattering due 

to the grain boundary dominated in this case which affects the transmission process, 

and the transmittance was reduced significantly. 

7.3.3.2 Optical band gap calculation: 

The absorption spectra of the deposited films were plotted in Figure 7.5. The optical 

band gap of semiconductor thin films can be calculated from Tauc’s relation. The 

optical band gap of undoped and doped CdTe thin films was analyzed by plotting the 

graph of photon energy versus (αhν) 2, considering the direct transition. The value of 

the bandgap was then estimated by extrapolating the linear portion of the spectra where 

(αhν) 2 = 0. The band gap of the undoped CdTe thin film was 1.52 eV. The band gap 

was decreased with an increase in the doping percentage. Replacing a Cd with a Cu 

atom in the lattice produces electron deficiency. The acceptor level due to these doped 

Cu atoms should appear inside the band gap near the valence band, which reduces the 

optical band gap of the system. On the other hand, no significant change in the bandgap 

with higher doping concentrations assures the control of the trap states and impurity 

scattering. The optical band gap for undoped and doped films is tabulated in Table 7.3.   

 

Figure 7.4. Transmittance plot of undoped and Cu-doped CdTe thin films. 

 

https://www.sciencedirect.com/science/article/pii/S2214785320364105#f0035
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Fig. 7.5 Tauc’s plot for undoped and Cu-doped CdTe thin films shows that the band 

gap decreases with increased doping percentage. This is maybe due to defect states. 

 

Table 7.3. Band gap and average transparency of the deposited films 

Doping 

Percentage 

Band Gap 

(in eV) 

Average 

Transparency (%) 

Undoped 1.52 82 

1% 1.50 81 

2% 1.48 79 

3% 1.45 60 

5% 1.40 21 

 

7.4 Summary: 

CdTe and Cu-doped CdTe thin films were prepared using PVD. Characterization of 

deposited films was done by using XRD, SEM, and EDAX analysis that assured the 

quality of the sample. The optical properties of the synthesized sample showed that the 

band gap and the carrier concentration of the CdTe thin film could be effectively 

controlled while making the p-counterpart of the CdTe-based p-n junction solar cell. 

https://www.sciencedirect.com/topics/materials-science/physical-vapor-deposition
https://www.sciencedirect.com/topics/materials-science/energy-dispersive-x-ray-spectroscopy
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The band gap is slightly decreased with the increase of doping concentration. However, 

these films can be used to absorb light for longer wavelengths. 

The optoelectronic behavior of the doped CdTe sample can be improved by up to 3% 

Cu doping. Therefore, up to 3% Cu-doped CdTe is suitable for the p-counterpart of 

highly efficient CdTe-based p-n junction solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/materials-science/optoelectronics
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CHAPTER 8 

 

 

SULFUR ALLOYED Sb2Se3 AND A NEW 2D MATERIAL FOR SOLAR CELL 

APPLICATIONS 

Overview: 

In the previous chapter, the effect of doping on the CdTe absorber layer was discussed. 

Cadmium is one of the top 6 deadliest and most toxic materials known.  The cadmium 

telluride films are typically recrystallized in a toxic compound of cadmium chloride. In 

CdTe, Cadmium is relatively abundant; but the Tellurium (Te) is a scarce element (1-5 

parts per billion in the Earth's crust). In this chapter, the properties of Sb2Se3 and S 

alloyed Sb2Se3 systems were studied with the aim of using them as an absorber layer in 

the next generation solar cells. Additionally, a two-dimensional Mxenes, ScHfNNOH, 

has been investigated and found to be suitable for the application in solar cell. Finally, 

using Sb2Se3 and ScHfNNOH, a heterostructure junction was constructed, and 

thoroughly investigated from the first principles calculation, aiming to its application 

in solar cell.  
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8.1 Introduction: 

Recently, Sb2Se3 has gained significant attention in solar cell technology due to its 

magnificent optoelectrical behavior. It is a non-toxic, earth-abundant compound with  a 

band gap of 1.2 eV (Patrick and Giustino 2011b) and a high absorption coefficient 

(>105cm−1)(Zhou et al. 2014) and would be very appropriate to use as an absorber layer 

in the solar cell.  (Chen et al. 2017b; Li et al. 2016a; Tumelero et al. 2016). High carrier 

mobility of about 10cm2/V· s was estimated in this material (Chen et al. 2017a). In 

2009, Messina et al.  synthesized the first Sb2Se3-based solar cell synthesized and 

achieved a PCE of 0.66% (Messina et al. 2009). Recently, the PCE achieved by the 

Antimony selenide solar cell is 7.48% (Wen et al. 2018). AS OF NOW, the PCE of 

Sb2Se3 solar cells falls short of the theoretical value of 23.8% (Filip et al. 2013).  It is 

generally accepted that the band gap of the absorber layer is a significant factor in 

establishing the PCE (Yang et al. 2016). With control over the band gap, the open-

circuit voltage (Voc) and short-circuit current density (Jsc) can be optimized for 

maximum power conversion efficiency (PCE). When there's an increase in Voc, it 

usually comes with a decrease in Jsc because of the rise in band gap and vice versa.  

A class of 2D materials called MXenes has been successfully synthesized, showing 

potential for various applications in materials science and engineering, including 

transparent conducting layers in solar cells (Bai et al. 2021; Kumar et al. 2021a)(Tang 

et al. 2019), electrodes in Li-ion batteries (Du et al. 2018; Kim et al. 2015; Li et al. 

2019),    Field effect transistors (Liu et al. 2020; Xu et al. 2016, 2022),  photo-

catalysts(Guo et al. 2016; Kuang et al. 2020; Xu et al. 2022; Zubair et al. 2022), and 

optical nanodevices (Hasan et al. 2021; Michael et al. 2019). Therefore, Mxenes 

attracted many researchers to study the experiment and the theoretical observations. 

Most of the mxenes are metallic in nature. However,  a few of them, such as Ti2Co2, 

Hf2Co2, Sc2Co2, and Sc2CF2, possess semiconducting behavior (Khazaei et al. 2013). 

Mxene based on transition metal nitrides, exhibit exceptional thermal stability and are 

ideal for preparing absorber layers at high temperatures (Fleming et al. 2007; Hou et al. 

2010). Additionally, they possess excellent barrier properties (Lingwal and Panwar 

2005). Gao et al. first reported the preparation of titanium nitride nanotubes and the 

interface with the Ti by following the nitridation (Jiang et al. 2009). In 2016, researchers 
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successfully synthesized a two-dimensional Ti4N3 nitride MXene (Urbankowski et al. 

2016). This success has inspired further scientific efforts to study the family of 2D 

TMNs, with a particular focus on nitride MXenes. 

This chapter discussed the detail investigation of electronic structure and optical 

properties of different Sulphur doped Sb2S3 layers, a new ScHfNNoH – Mxene and 

their heterostructures, from first principles calculations. Interestingly, this particular 

Mxene showed semiconducting properties with a wide band gap, therefore could be 

used as a window layer in the Sb2Se3 based solar cell. Finally, considering Sb2(S0.7Se 

0.3)3 as the optimal absorber layer, the optical absorbance of the absorber layer, window 

layer, and their heterostructure was studied using the density functional theory. 

8.2 Theoretical methodology: 

The electronic structures of pristine Sb2Se3, Sb2S3, and S alloyed Sb2Se3 were 

investigated using the density functional theory (DFT) calculations, as implemented in 

the Vienna ab initio simulation package. (Kresse and Furthmüller 1996a) The projected 

augmented wave method was used in each analysis. The generalized gradient 

approximation was used, considering Perdew– Burke– Ernzerhof parameterization 

scheme to estimate the exchange and correlation potential (Grimme et al. 2010b). A 

significant energy cut-off of 520 eV for wave function was used in each calculation to 

obtain accurate results. Begin with the energy-optimized bulk unit cell geometry of the 

pristine and alloyed systems obtained by completely relaxing the cell parameters and 

atomic positions of the reported experimental structure. Next, the (130) surface slab 

(which is energetically most stable surface) of different S dopped Sb3Se2 was 

constructed from the optimized bulk geometry. To understand the surface properties, 

the atomic positions in the surface-slab structure unit cell consisting of 40 atoms were 

further relaxed. A 10 Å vacuum along the surface-normal direction was considered 

inside the unit cell to avoid the interaction between periodic images. Finally, the hybrid-

DFT calculation for the surface slab was employed to estimate the proper bandgap. 

Heyd–Scuseria–Ernzerhof (HSE 06) hybrid functional (Heyd et al. 2003) with a 25% 

Hartree–Fock exchange energy contribution was used. A 7 ×7 ×1 Gamma K-point 

sample was used for Brillouin zone integrations in each case. The band dispersion was 
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investigated along the K-path G, X, S, Y, G, and S for S4(130). Furthermore, The 2D 

Mxenes ScHfNNOH with the vacuum, consisting of 48 atoms, was relaxed by 

considering the energy convergence criteria of 520 eV. For the energy optimization, the 

Ueff of 3 eV was used for the Sc and Hf atoms. The heterostructures were constructed 

from these optimized surface slabs by stacking them along the surface’s normal 

direction. All the atoms in the heterostructure were further relaxed inside the fixed unit 

cell by setting the force convergence criteria 0.01 eV Å−1. Finally, the DFT+U 

calculation was used for the surface slab and heterostructure to estimate the proper band 

gap.  

 

8.3 Results and discussion: 

8.3.1 Crystal structure of S alloyed Sb2Se3:  

Physical properties are intricately linked to overall energy. For instance, a crystal's 

equilibrium lattice constant is the constant that reduces the total energy to a minimum. 

By calculating the total energy, it is possible to determine any physical property that is 

associated with it. Here the Sb2Se3 crystal structure was considered and optimized using 

the density functional theory. The experimental data are consistent with the conclusion 

that Sb2Se3 has a pnma space group orthorhombic structure (Lokhande et al. 2002; El 

Radaf 2019). The lattice parameter was found to be a = 4.03 Å, b = 11.53Å, c = 12.84 

Å, α = β = γ = 900. The main aim was to tune the band gap of Sb2Se3 for solar cell 

applications. To achieve this, the first attempt was to alloy with different materials. 

Modifying the dopant content can significantly impact the band gap and band 

dispersion, resulting in a lower effective mass of the carriers and increased electrical 

conductivity and mobility. The content of the S in Sb2Se3 was changed from 50% to 

100%. Furthermore, all the structures were optimized and allowed to attain the 

minimum energy state. The optimized structures are depicted in Figure 8.1.  

 

 

 



 

111 
 

The samples were named as follows,  

Pristine Sb2Se3 S1 

𝑆𝑏2(𝑆0.5𝑆𝑒0.5)3 S2 

𝑆𝑏2(𝑆0.6𝑆𝑒0.4)3 S3 

𝑆𝑏2(𝑆0.7𝑆𝑒0.3)3 S4 

𝑆𝑏2(𝑆0.8𝑆𝑒0.2)3 S5 

𝑆𝑏2(𝑆0.9𝑆𝑒0.1)3 S6 

Pristine Sb2S3 S7 

In the case of pristine Sb2Se3, the bond length, Sb-Se, was 3.03 Å, whereas for Sb2S3, 

the bond length, Sb-S, was 2.87 Å. The reason for the stronger bonding between S and 

Sb compared to Se and Sb is likely due to S having a smaller atomic radius and a higher 

electronegativity than Se. This leads to a more optimal bonding arrangement between 

S and Sb.  

 

  

  

S1. S2. 

S3. S4. 
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Figure 8.1: Optimized bulk geometry of Sb2(SxSe1-x)3 for x = (S1) 0,  (S2) 0.5, (S3) 0.6, 

(S4) 0.7, (S5) 0.8, (S6) 0.9, (S7) 1.0. 

 

8.3.2 Electronic properties of S alloyed Sb2Se3: 

8.3.2.1 Band structure: 

The optical and electrical properties are essential in checking the material’s suitability 

for application in solar cells. The electronic properties of all the samples were studied. 

The electronic band structures of the samples are shown in Figure 8.2 along the high 

symmetry points. GGA underestimated the band gap for all samples (Caracas and 

Gonze 2005; Carey et al. 2014). Therefore, hybrid functional HSE 06 was used to 

calculate the accurate band gap of the structures. The band gap for Sb2Se3 and Sb2S3 

was 1.22 eV and 1.85 eV, respectively, which matches the experimental findings 

(Kumar et al. 2021b)(Ghosh and Varma 1979). Note that all the samples possess an 

indirect band gap, as shown in Figure 8.2. It is possible that the increased covalence of 

Sb2Se1-xSx is a result of higher S-dopant concentrations. This is due to the smaller 

atomic radius of S compared to Se, resulting in stronger S-Sb covalent bonds than Se-

S5. S6. 

S7. 
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Sb bonds. Consequently, there is an increase in the band gap. The bandgap and the 

position of VBM and CBM for all the samples are charted in Table 8.1.  

 

Table 8.1: Band gap and the position of VBM and CBM for S alloyed Sb2Se3  

X 0 

(S1) 

0.5 

(S2) 

0.6 

(S3) 

0.7 

(S4) 

0.8 

(S5) 

0.9 

(S6) 

1.0 

(S7) 

Eg (eV) 1.22 1.29 1.42 1.50 1.57 1.68 1.85 

VBM (eV) -0.20 -0.23 -0.20 -0.22 -0.22 -0.23 -0.24 

CBM (eV) 1.01 1.06 1.22 1.28 1.34 1.44 1.61 

High symmetry 

points 

Y-Z Z-B Z-B Y-G Z-G Z-G Y-G 

 

 

8.3.2.2 Density of states: 

To understand the change in band gap for different compositions of S and Se, the PDOS 

of all the structures were studied and depicted in Figure 8.3. All the major peaks were 

located in the energy interval -6 to 0 eV (VB). In the case of Sb2Se3, the VB was 

dominated by Se-p and Sb-p, and Sb-s states. In contrast, the CB was dominated by the 

Sb-p and Se-p. 
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Figure 8.2: Band structure of Sb2(SxSe1-x)3 for x = (S1) 0,  (S2) 0.5, (S3) 0.6, (S4) 0.7, 

(S5) 0.8, (S6) 0.9, (S7) 1.0 using HSE06 functional.  

S1. 

S7. 

S5. S6. 

S4. S3. 

S2. 
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Figure 8.3: DOS of Sb2(SxSe1-x)3 for x = (S1) 0,  (S2) 0.5, (S3) 0.6, (S4) 0.7, (S5) 0.8, 

(S6) 0.9, (S7) 1.0 using HSE06 functional 

The change of DOS with the increase in S content was studied and shown in Figure 8.3 

(S2) – (S6). Slight broadening in the peak was observed in the energy range -6 – 0 eV, 

which may be attributed to the covalence in the alloyed compounds (Sb2 (SxSe1-x)3), 

S1. S2. 

S7. 

S6. S5. 

S4. S3. 
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and was consistent with the band gap calculation. The VB of S2-S6 was composed of 

Se-p, Sb-p, Sb-s & S-p, and the CB was made of Sb-p, S-p, and Se-p orbitals. Figure 

8.3 shows that the VB of pure Sb2S3 is comprised of Sb-p, S-p, and S-p orbitals, while 

the CB is comprised of Sb(p) and S(p) states (S7). 

   From the above analysis, it was confirmed that there exists a graded band gap from 

1.22 eV to 1.85 eV by changing the S content from 0 to 1 (0, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0) 

in Sb2SxSe1-x samples. The aim of tuning the band gap was achieved, but all were 

indirect. In the case of indirect band gap material (for example, Si), the absorption 

coefficient is less, and to fabricate a solar cell few hundred micrometers will be required 

instead of 1 or 2 micrometers. The next aim is to search for a material with a direct band 

gap as CdTe. To achieve that, the structure which showed the indirect band gap of 

nearly 1.5 eV (same as the CdTe band gap) sample S4 was considered for further 

studies. 

To begin with, the optimized structure of the S4 was obtained, depicted in Figure 8.1 

(S4). Then, the (130) surface was constructed from the optimized structure, as (130) 

shows the minimum energy. Further, the unit cell structure of S4(130) was allowed to 

relax. Then the electronic properties of the system were studied by using the density 

functional theory. In this case, to get the accurate band gap, HSE06 functional was used. 

The optimized geometry, band structure, and DOS for the S4 (130) are depicted in 

Figure 8.4. The VB of the sample was composed of S-p, Se-p, whereas the CB was 

made up of Sb-p, Se-p, and Sb-s. As can be seen in the figure, the sample exhibited an 

intriguing direct band gap at the Gamma point of 1.80 eV. Whenever there is a change 

in the dimension of the system, i.e., from bulk to surface (3D to 2D), the density of 

states of the material changes. As the density of states fluctuates, the lowest occupied 

energy level may undergo a shift towards higher energies (or lower energies for holes), 

resulting in an increase in the gap. The magnitude of this shift is contingent on the 

effective mass, with a lower mass leading to a stronger shift. For instance, when the 

mass of the direct band is larger than the indirect band, then there is a possibility of 

energy states crossing. From the electronic properties calculation, it can be concluded 

that this S4 sample (Sb2(S 0.7 Se 0.3 )3) (130) can be used as the absorber layer in solar 

cells for visible light absorption.  
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Figure 8.4: a. Optimized geometry, b. Band structure, and c. DOS of S4 using HSE06 

functional. 

 

8.3.3 Introduction to mxenes and S4(130)/mxenes interface: 

It is widely recognized that MXenes possess exceptional conductivity. However, as 

demonstrated in Figure 8.5, a number of semiconducting MXenes have also been 

discovered. One of these is ScHfNNOH, a double transition metal MXene with a 

significant wide band gap. To confirm the structural stability of the recently predicted 

MXenes, an initial calculation of geometry optimization and the DOS was done and 

depicted in Figures 8.5 a and b. The optimized bond length Sc-N and Hf-N was 2.09 Å 

and 2.06 Å, respectively.  

a. 

b. c. 
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Figure 8.5: a.Optimized geometry of ScHfNNoH 

DOS gives a deeper knowledge of the electronic properties of the materials. From 

Figure 8.5 b, it can be concluded that the VB of the Mxenes was made of Sc-d, Hf-d, 

N-p, and Sc-p orbitals, whereas the CB was mainly composed of Hf-d, Sc-d orbitals. 

Furthermore, the band structure of the proposed Mxenes was studied and depicted in 

Figure 8.5 c. The material possesses an indirect band gap of 2.11 and which was 

indirect.  

  

 

Figure 8.5: b and c: Electronic properties of ScHfNNOH 

a. 

c. b. 
 

  

 b. 
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As this material is a wide band gap material, It can be used as the window or buffer 

layer in photovoltaic cells.  

It is necessary to study the interface behavior to understand the material’s applicability 

in solar cells. From the above discussion, it was observed that S4(130) is the potential 

candidate for the absorber layer in the solar cell. The interface was constructed by 

taking the S4 (130) along with the ScHfNNOH (2D mxenes) and introducing the 

vacuum in the z direction to restrict the interaction between the periodic images. Then 

the structure was allowed to attain the minimum energy, and the optimized geometry is 

shown in Figure 8.6 a. To gain a deeper insight into the electronic properties of the 

material, the DOS of the interface was studied and depicted in Figure 8.6 b. From this, 

it can be noted that the VBM was dominated by the Se-p orbitals. On the other hand, 

the CBM was composed of the Sb-p, S-p, and Hf-d orbitals. As can be seen in Figure 

8.6 c, the interface exhibits an indirect band gap of 0.95 eV. 

 

 
 

Figure 8.6: a. Optimized geometry of the heterostructure b, c. Electronic properties of 

the heterostructure. 

a. 
 

a. 

b. 
 

b. 

c. 
 

c. 
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Optical absorption was calculated to realize the application of these materials and their 

heterostructure. Linear response theory was used to calculate the absorbance of the S4 

(130), Mxenes, and their heterostructure. The absorbance spectra of the samples are 

depicted in Figure 8.7. The optical absorption analysis found that the S4(130) sample 

can be used as the visible light absorption layer in the solar cells. The Mxenes, 

ScHfNNOH being the wide band gap semiconductor, can be used as the window layer, 

which this study introduced for the first time. The heterostructure showed the 

absorbance peak within the energy range of 1 eV to 3 eV, which indicates that it will 

absorb light from the UV- Visible to near IR regions of the solar spectrum. Moreover, 

these materials are suitable for the fabrication of solar cells. 

 

Figure 8.7: The optical absorbance spectra of S4 (130), mxenes, and their 

heterostructure were estimated using the DFT. 

8.4 Summary: 

The S alloyed Sb2Se3 was studied, and the sample Sb2(S 0.7 Se 0.3)3 can be used as the 

potential absorber layer in the solar cells in place of CdTe (as it is toxic in nature) as it 

possesses the direct band gap and nearly identical as the CdTe. It was reported for the 

first time that this specific S alloyed sample (130) surface has a direct band gap.  Direct 

band gap materials are typically preferred because they only require the photon energy 
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to match the band gap energy without interacting with phonons. This enables the use of 

thinner PV cells with less absorbing material, resulting in a lighter weight. Then another 

essential 2D material, mxenes, ScHfNNOH, was introduced, and this material was also 

studied and reported for the first time, which showed the semiconducting behavior. This 

is a wide band gap mxenes and can be used as the window layer for the solar cells. 

Interestingly, the heterostructure showed an indirect band gap of 0.95 eV, which can 

absorb sunlight in a wide range of wavelengths near the IR region. In the future, many 

parameters related to the interface, such as carrier concentration, band bending, and the 

suitability of these materials in other applications, can be studied. Furthermore, the 

functional group can be changed and studied for the better performance of the solar cell 

in future studies.  
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CHAPTER 9 

ZnSXSe1−X THIN FILMS: A STUDY INTO ITS TUNABLE ENERGY BAND GAP 

PROPERTY USING AN EXPERIMENTAL AND THEORETICAL APPROACH 

Overview: 

In Chapter 8, Sb2 (SxSe1-x) 3 /mxene was introduced in place of the CdTe absorber layer 

to make a Cd-free solar cell. CdS is generally used as the window layer in CdTe solar 

cells. The next step is to replace the CdS layer with another alloyed chalcogenide 

nanostructure, i.e., ZnSxSe1-x. Recently, ZnS and ZnSe thin films have been drawing 

tremendous attention towards optoelectrical devices due to their optimal wide band 

gap energy. By alloying ZnS and ZnSe films to obtain ZnSxSe1−x thin films, the band 

gap of the ZnSxSe1−x film can be tuned to a value according to the device’s 

requirements. This chapter includes the deposition and characterization of the 

ZnSXSe1−X thin films by changing the x value, i.e., 0, 0.10, 0.25, 0.50, 0.75, 0.90, 1. 

Furthermore, the detailed theoretical analysis based on density functional theory 

calculation has also been provided. 
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9.1 Introduction: 

In the current years, the Ⅱ–Ⅵ compound semiconductors are extensively studied for 

thin film photovoltaics because of their attractive properties. In a thin film solar cell, 

the buffer layer enhances its overall cell efficiency. Among the various Ⅱ–Ⅵ group 

members such as ZnSe, ZnS, and CdS, CdSe is generally favored due to its highest cell 

efficiency (Contreras et al. 2005).  But because of its small optical band gap of 

∼2.42 eV, photons with energy more significant than its band gap get absorbed in the 

CdS layer(Ashraf et al. 2009). Moreover, the toxicity of CdS has driven research in 

finding Cd-free materials such as Zn1−xMgxO, ZnTiO (Hwang et al. 2018), ZnS 

(Bhattacharya and Ramanathan 2004), ZnO, and ZnSe (Xin et al. 2016). Among these 

materials, ZnSe and ZnS are generally preferred due to their non-toxicity nature, wide 

band gap, and vast availability in the earth’s crust. ZnS and ZnSe have a variety of 

applications, especially in heterojunction devices such as LEDs (Jin et al. 

2018), lasers with short wavelengths (Vasilyev et al. 2016), and thin film 

electroluminescent devices (Lee et al. 2014). Both ZnS and ZnSe are n-type 

semiconductors and have a wider band gap than that of CdS. A variety of techniques 

are available to deposit ZnS and ZnSe thin films, such as chemical bath deposition 

(Bhattacharya et al. 2004; Lokhande et al. 1998), spray pyrolysis (Lohar et al. 2014; 

Zeng et al. 2013), sputtering (Shao et al. 2003; Yudar et al. 2017), thermal evaporation 

(Benyahia et al. 2015; Zedan et al. 2016), etc. As both these compounds have almost 

the same crystallographic structure (i.e., zinc blende and a variation of less than 5% in 

their lattice constants), therefore, it is relatively easier to form their alloys. 

  Recently, the preparation of the ternary alloy of ZnSxSe1−x has gained much interest 

due to its tunable optical properties (Agawane et al. 2014). By alloying ZnS and ZnSe 

thin films, band gap modification of the ZnSxSe1−x thin films is possible by modulating 

the composition, i.e., by varying the composition’s,’ the band gap of the films can be 

altered, which can be useful for solar cell application. Numerous techniques like 

molecular beam epitaxy (MBE) (Shen et al. 2003), atomic layer epitaxy (ALE) (Song 

et al. 2000), selenisation (Agawane et al. 2014), chemical vapor transport (CVT) 

(Kannappan et al. 2013), spray pyrolysis (Patil et al. 2018), chemical vapor 

deposition (CBD) (Agawane et al. 2014), sputtering (Ganguly et al. 2001), and thermal 

https://www.sciencedirect.com/topics/engineering/photovoltaics
https://www.sciencedirect.com/topics/engineering/buffer-layer
https://www.sciencedirect.com/topics/engineering/heterojunctions
https://www.sciencedirect.com/topics/materials-science/laser
https://www.sciencedirect.com/topics/engineering/pyrolysis
https://www.sciencedirect.com/topics/engineering/ternary-alloy
https://www.sciencedirect.com/topics/materials-science/optical-property
https://www.sciencedirect.com/topics/materials-science/epitaxy
https://www.sciencedirect.com/topics/engineering/atomic-layer
https://www.sciencedirect.com/topics/engineering/selenisation
https://www.sciencedirect.com/topics/engineering/vapor-deposition
https://www.sciencedirect.com/topics/engineering/vapor-deposition
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evaporation (Chuo et al. 2014) are available to deposit ZnSxSe1−x films. Among these 

techniques, the thermal evaporation technique is quite a more straightforward method 

to grow high-quality films with good crystallinity and uniformity. Hence, in the present 

study, thin films of ZnSxSe1−x (x = 0, 0.10, 0.25, 0.50, 0.75, 0.90, 1) were grown on 

well-cleaned glass substrates via vacuum thermal evaporation technique. The various 

properties of the obtained ZnSxSe1−x thin films were then analyzed as a function of their 

compositions, ’x.’ In addition, the Density Functional Theory (DFT) analysis was 

carried out on the proposed compositions using Vienna Ab-initio Simulation Package 

(VASP). The obtained properties of the films were then compared with their theoretical 

counterpart. 

9.2 Methodology 

9.2.1 Experimental details 

The pristine ZnS, ZnSe, and their alloyed films with different compositions (ZnSxSe1−x) 

were deposited on pre-cleaned glass substrates using a thermal evaporation system. The 

substrate was placed at a vertical height of 13 cm from the evaporation source, and an 

average deposition rate of 20 nm/min was maintained throughout the deposition. A 

homogenous mixture of ZnS (99.995%, Sigma Aldrich) and ZnSe (99.999%, Alpha 

Aesar) powder was used to deposit the ternary thin films. During the deposition process, 

a substrate temperature of 373 K was fixed, and a vacuum pressure of 2 × 10−6 Torr 

was maintained. All the films were then subjected to annealing at 373 K for 60 mins 

duration and, thereby, leading to the formation of stoichiometric films. Using the 

gravimetric method, the films’ thickness was determined and fixed at ∼350 nm for the 

various compositions. An X-ray diffractometer (Rigaku MiniFlex 600) with Cu 

Kα radiation was employed to obtain the structural information of the thin films. The 

morphological studies of the films were determined by an FE-Scanning electron 

microscope (Carl Zeiss). The composition of the ZnSxSe1−x thin films was determined 

using an energy dispersive spectroscopy (EDS) attached to the FE-SEM system by 

analyzing the emitted X-rays from the sample that occurred during the bombardment of 

an electron beam with the samples. The optical characteristics of the ZnSxSe1−x films 

https://www.sciencedirect.com/topics/engineering/crystallinity
https://www.sciencedirect.com/topics/engineering/glass-substrate
https://www.sciencedirect.com/topics/engineering/glass-substrate
https://www.sciencedirect.com/topics/engineering/deposition-rate
https://www.sciencedirect.com/topics/engineering/deposition-process
https://www.sciencedirect.com/topics/engineering/substrate-temperature
https://www.sciencedirect.com/topics/engineering/gravimetric-method
https://www.sciencedirect.com/topics/engineering/bombardment
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were analyzed in the wavelength range of 330–800 nm by a double beam UV–Vis–NIR 

Spectrometer (UV-3600, Shimadzu). 

9.2.2 Computational technique 

The Density Functional Theory (DFT) calculation was employed to calculate the 

structural and electronic properties of binary and ternary compounds using the 

Projected Augment Wave (PAW) method implemented in the Vienna Ab-initio 

Simulation Package (VASP) (Blöchl 1994; Jung et al. 2006; Kresse and Furthmüller 

1996b). To describe the exchange and correlation potential, a generalized gradient 

approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) scheme was utilized. A 

cut-off frequency of 500 eV was set for the expansion of the plane wave. The geometry 

optimization was carried out in each case by setting the convergence criteria to be 

1 × 10−5 eV for energy and 0.01 eV Å−1 for force. To accurately calculate the 

optical energy band gap of the various compositions, the hybrid DFT calculations were 

carried out using the Heyd-Scuseria-Ernzerhof (HSE 06) hybrid functional with 25% 

Hatree-Fock exchange energy contribution as PBE underestimates the bandgap due to 

the presence of Artificial Self Interaction (Perdew and Wang 2018). The optical 

properties were studied using the Quantum ATK (Smidstrup et al. 2020). 

9.3 Results and Discussion 

The interplanar spacing‘d’ and lattice parameter ‘a’ of the thermally grown 

ZnSxSe1−x films were calculated using the equation 2.4. The average crystallite size ‘D’ 

was estimated using equation 2.3. The X-ray diffractograms of thermally deposited 

ZnSxSe1−x thin films are shown in Figure 9.1. All the films are found to 

be polycrystalline in nature and have a cubic (zinc blende) structure with a preferential 

orientation along the (1 1 1) plane. The diffraction peak at 2θ = 27.11° (Fig. 1a) can be 

attributed to undoped ZnSe (JCPDS no. 00-037-1463) films, whereas the peak at 28.50° 

can be assigned to pure ZnS (JCPDS no. 00–005-0566) films. No additional peak(s) 

corresponding to both ZnS and ZnSe phases was observed from 

the XRD diffractograms. From Figure 9.2, it can be observed that as the composition 

‘x’ increases, the predominant (1 1 1) diffraction peak shifts towards higher 2θ values. 

https://www.sciencedirect.com/topics/engineering/electronics
https://www.sciencedirect.com/topics/engineering/ternary-compound
https://www.sciencedirect.com/topics/engineering/generalized-gradient-approximation
https://www.sciencedirect.com/topics/engineering/generalized-gradient-approximation
https://www.sciencedirect.com/topics/engineering/geometry-optimization
https://www.sciencedirect.com/topics/engineering/geometry-optimization
https://www.sciencedirect.com/topics/engineering/band-gap-energy
https://www.sciencedirect.com/topics/materials-science/optical-property
https://www.sciencedirect.com/topics/materials-science/optical-property
https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/topics/engineering/crystallite-size
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0005
https://www.sciencedirect.com/topics/engineering/polycrystalline
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0005
https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0010
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This confirms the incorporation of ‘S’ atoms into the ZnSe lattice and, thus, th,e 

formation of ternary ZnSxSe1−x thin films. The various structural parameters calculated 

for the films are presented in Table 1. The decrease in ‘lattice constant’ and ‘interplanar 

spacing’ is due to dissimilar ionic radii of Se2- (198 pm) and S2− (184 pm). Therefore, 

as the sulfur content increases, the interplanar distance, as well as the lattice constant, 

decreases. The lattice constant and interplanar spacing parameters obtained for undoped 

ZnSe and ZnS thin films are similar to the reported JCPDS card data. 

 

Fig. 9.1 XRD diffractograms of ZnSxSe1−x films for x = (a) 0, (b) 0.10, (c) 0.25, (d) 

0.50, (e) 0.75, (f) 0.90, and (g) 1. 

https://www.sciencedirect.com/science/article/pii/S0038092X22003504#t0005
https://www.sciencedirect.com/topics/engineering/ionic-radius
https://www.sciencedirect.com/topics/engineering/sulphur-content
https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
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Fig. 9.2. Variation of the (1 1 1) peak position of the ZnSxSe1−x thin films for x = (a) 0, 

(b) 0.10, (c) 0.25, (d) 0.50, (e) 0.75, (f) 0.90, and (g) 1. 

Table 9. 1. Structural parameters of ZnSxSe1−x films. 

Sample Compositio

n 

2θ 

(degree) 

Crystallite 

size, D 

(nm) 

Interplanar 

spacing, 

dhkl (Å) 

Lattice 

constant, 

a (Å) 

a ZnSe 27.16 33.76 3.2806 5.6822 

b ZnS0.10Se0.90 27.20 29.98 3.2759 5.6740 

c ZnS0.25Se0.75 27.41 22.79 3.2513 5.6314 

d ZnS0.50Se0.50 27.69 28.70 3.2190 5.5755 

e ZnS0.75Se0.25 28.12 18.02 3.1708 5.4919 

f ZnS0.90Se0.10 28.37 19.92 3.1434 5.4445 

g ZnS 28.51 21.97 3.1283 5.4183 

Using VASP, the geometry of the ZnSxSe1−x films was obtained, and the structural 

parameters were calculated and compared with the experimentally acquired data. The 

https://www.sciencedirect.com/topics/materials-science/thin-films
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optimized structures of pure ZnS, ZnSe, and their respective alloys are represented 

in Fig. 9.3. The energy-optimized ZnSe and ZnS exhibit zincblende structure with a 

lattice parameter of ‘a’ = 5.66 Å and 5.40 Å respectively, which is in good agreement 

with the experimental value. 

  
 

 

 

 

 

 

Fig. 9.3. Optimized geometry of ZnSxSe1−x films for x = (a) 0, (b) 0.10, (c) 0.25, (d) 

0.50, (e) 0.75, (f) 0.90, and (g) 1. 

The FE-SEM micrographs of the ZnSxSe1−x thin films are displayed in Figure 9. 4. 

Even at 1 µm resolution, no cracks or pinholes are observed on the ZnSxSe1−x films, 

a. b. 

c. d. 

e. f. 

g. 

https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0015
https://www.sciencedirect.com/topics/engineering/micrograph
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0020


 

130 
 

and all the films are uniformly deposited throughout a large area. In addition, it can also 

be noticed that sulfur incorporation changes the morphology of the films. Initially, at 

lower sulfur concentrations, the films tend to be granular, and as the composition ‘x’ 

increases, the granular features of the films disappear, as shown in Fig. 9.4 insets. 

 

Fig. 9.4. FESEM images of ZnSxSe1−x films for × = (a) 0, (b) 0.10, (c) 0.25, (d) 0.50, 

(e) 0.75, (f) 0.90, and (g) 1. 

The EDAX spectra associated with the ZnS0.50Se0.50 thin film is illustrated in Figure 

9.4h, and the presence of Zn, S, and Se in respective quantity was verified. The various 

atomic composition of the films obtained from EDAX analysis is charted in Table 2. 

The obtained elemental composition of the films matches well with the expected 

values. The EDAX mapping of Zn, S, and Se elements of the ZnS0.50Se0.50 film is 

depicted in Figure 9.5, and it can be observed that all the elements are homogeneously 

distributed across the surface area, and no individual agglomeration of the elements was 

witnessed on the surface of the films. 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0020
https://www.sciencedirect.com/topics/materials-science/energy-dispersive-x-ray-spectroscopy
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0020
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0020
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#t0010
https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0025
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Table 9.2. Composition and energy band gap of ZnSxSe1−x thin films. 

Sample Composition Atomic percentage 

(%) 

Band gap, 

Eg (eV) 

Theoretical 

Band gap, 

Egt (eV) Zn S Se 

a ZnSe 48.81 – 51.19 2.59 2.28 

b ZnS0.10Se0.90 48.63 04.92 46.45 2.64 2.36 

c ZnS0.25Se0.75 48.02 12.37 39.61 2.73 2.38 

d ZnS0.50Se0.50 47.11 23.48 29.41 2.82 2.49 

e ZnS0.75Se0.25 47.68 36.50 15.82 3.04 2.77 

f ZnS0.90Se0.10 47.97 44.71 7.32 3.21 3.02 

g ZnS 51.14 48.86 – 3.38 3.28 

 

Figure 9.5. Elemental mapping images of ZnS0.50Se0.50 thin films (a) Zn, (b) S, and (c) 

Se. 

To study the optical properties of the ZnSxSe1−x films, the optical transmittance and 

absorbance spectra of the films were determined in the wavelength range of 330–

800 nm at room temperature. The transmittance spectra of the ZnSxSe1−x thin films are 

displayed in Figure 9.6. From the transmittance plot, it can be observed that the 

transmittance of the films increases with an increase in the sulfur content. 

https://www.sciencedirect.com/topics/materials-science/thin-films
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0030
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Fig. 9.6. Transmittance plot of ZnSxS1−x films for x = (a) 0, (b) 0.10, (c) 0.25, (d) 0.50, 

(e) 0.75, (f) 0.90, and (g) 1. 

The band gap (Eg) of ZnSxSe1−x thin films was obtained using Tauc’s relation (Tauc 

1972). Figure 9.7 depicts the variation of photon energy (hν) with (αhν)2. The linear 

extrapolation of the plot in Figure 9.7 to the intercept at (αhν)2 = 0 provides the optical 

band gap of the material. This verifies the occurrence of direct band gap transition for 

the thermally obtained ZnSxSe1−x thin films. The band gap values obtained for x = 0 

and x = 1 corresponds to that of undoped ZnSe and ZnS thin films (Barman et al. 2019; 

Kale and Lokhande 2004), respectively. 

To understand the optical properties of ZnSxSe1−x films via theoretical investigation, 

the band structure of pristine ZnSe, ZnS, and their alloys, as depicted in Figure 9.8, was 

studied. A direct band gap of 2.28 eV for ZnSe agrees well with the experimental value 

of 2.59 eV at the gamma point. Similarly, for pristine ZnS, the band gap of 3.28 eV at 

the gamma point agrees with the experimental value of 3.38 eV. The energy band gap 

values obtained using the proposed theoretical model are comparable to the 

experimentally obtained values, as mentioned in Table 9.2. The incorporation of S in 

ZnSe broadens the band gap of the semiconductor and thereby extends the light 

https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0035
https://www.sciencedirect.com/topics/engineering/photon-energy
https://www.sciencedirect.com/topics/engineering/linear-extrapolation
https://www.sciencedirect.com/topics/engineering/linear-extrapolation
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0035
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#f0040
https://www.sciencedirect.com/science/article/pii/S0038092X22003504#t0010
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absorption from the visible light region to UV territory leading to the potential 

application in optoelectronic devices (Kumar et al. 1998). 

 

 

Figure 9.7. Tauc's plot of ZnSxSe1−x films for x = (a) 0, (b) 0.10, (c) 0.25, (d) 0.50, (e) 

0.75, (f) 0.90, and (g) 1. 

Further, to comprehend the orbital character at band edges, the atom-projected density 

of states is plotted for the ZnSxSe1−x films, as shown in Figure 9.9. The valence band of 

ZnSe (figure 9.9a) offers the highest contribution of Zn 3p, Zn 3d, Zn 4s, and Se 4p 

states, whereas the conduction band comprised of Zn 4s, Zn 3p, Zn 3d, and Se 4p states. 

In the case of ZnS (Figure 9.9 g), the valence band is comprised of Zn 4s, Zn 3p, Zn 

3d, and S 3p states, whereas the conduction band is of Zn 4s, Zn 3p, Zn 3d, S 3s, S 3p 

states. In the ternary system, the valence band shows the highest contribution from Zn 

4s, Zn 3p, Zn 3d, S 3p, Se 4p states, and the conduction band from Zn 4s, Zn 3p, Zn 3d, 

S 3p, Se 4s, Se 4p states. The increase in band gap energy with increasing S 

concentration may be attributed to the decrease in peak from Se 4p states present in the 

valence band, as displayed in the DOS plot. The peak from S 3p state increases steadily 

with the increase in S concentration, while the Se 4p states peak decreases. 

https://www.sciencedirect.com/topics/engineering/conduction-band
https://www.sciencedirect.com/topics/engineering/ternary-system
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Figure 9.8. Calculated band structure of ZnSxSe1−x thin films for x = (a) 0, (b) 0.10, (c) 

0.25, (d) 0.50, (e) 0.75, (f) 0.90, and (g) 1 using HSE06 functional 

a. b. 

c. d. 

e. f. 

g. 
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 Figure 9.9. PDOS of ZnSxSe1−x thin films for x = (a) 0, (b) 0.10, (c) 0.25, (d) 0.50, (e) 

0.75, (f) 0.90, and (g) 1  

c. d. 

e. f. 

g. 

a. b. 
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The absorbance spectra of all the structures were acquired using Quantum ATK and 

analyzed. The calculated result is illustrated in Figure 9.10. The presence of multiple 

peaks in the absorbance plot depicts the transition of electrons from the filled valence 

band to the empty conduction band of the ZnSxSe1−x films (Homann et al. 2006). The 

value of α(ω) for ternary alloys increases gradually and shows the maximum absorption 

in the energy range of 3.0–4.0 eV, confirming the formation of ZnSxSe1−x alloy. 

 

Figure 9.10. Theoretical absorption co-efficient of ZnSxSe1−x films for x = (a) 0, (b) 

0.10, (c) 0.25, (d) 0.50, (e) 0.75, (f) 0.90, and (g) 1. 

Figure 9.11 depicts that the energy band gap of ZnSxSe1−x thin films varies non-linearly 

with the composition ‘x.’ The degree of the non-linear variation can be addressed by 

the below quadratic equation (Jana et al. 2007). 

𝐸𝑔(𝑥) = 𝑎 + 𝑏𝑥 + 𝑐𝑥2 (9.1) 

 

In the above equation, the parameter ‘b’ represents the characteristics of a 

particular alloy system known as the “bowing parameter” (Barman et al. 2020). A 

https://www.sciencedirect.com/topics/engineering/ternary-alloy
https://www.sciencedirect.com/topics/engineering/quadratic-equation
https://www.sciencedirect.com/topics/engineering/alloy-system
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polynomial fitting of the experimental energy band gap (Eg) and theoretical band gap 

(Egt) values can be expressed as: 

𝐸𝑔(𝑥) = 2.61 + 0.41𝑥 + 0.59𝑥2 (9.2) 

𝐸𝑔𝑡(𝑥) = 2.33 + 0.21𝑥 + 1.13𝑥2 (9.3) 

 

The values of the bowing parameter reported in the present study are close to the 

reported values (Chuo et al. 2014; Homann et al. 2006). Similar non-linear variation in 

the optical band gap was also reported in CdxZn1−xS and CdxZn1−xSe alloy systems 

(Azizi et al. 2016)(Borse et al. 2007)(Sutrave et al. 2000). In addition, the experimental 

bowing parameter closely resembles the theoretical counterpart value. 

 

Figure 9.11. Variation of the energy band gap of ZnSxSe1−x thin films with composition 

‘x.’ 

9.4: Summary: 

A thermal evaporation technique was employed to deposit ternary ZnSxSe1−x films on 

glass substrates successfully. The films were investigated using both experimental and 

theoretical approaches. The formation of ZnSxSe1−x thin films was confirmed by XRD 

https://www.sciencedirect.com/topics/engineering/band-gap-energy
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analysis. The optimal geometry of the films was determined using VASP. The films 

were found to be polycrystalline and have a cubic structure with preferential orientation 

along the (1 1 1) plane. No pinholes or cracks were observed from the SEM studies. 

EDAX analysis confirmed the presence of Zn, S, and Se in appropriate quantities. 

Optical studies suggest that sulfur incorporation enhances the transmittance of the 

ZnSxSe1−x films, i.e., more the sulfur concentration, the higher the transmittance in the 

visible wavelength region; this material can be used as the window layer in solar cells. 

The electronic structure of ZnS, ZnSe, and their alloys were investigated using the 

hybrid-DFT method. The contribution of different states in ZnSxSe1−x was studied 

carefully. The band gap of the ZnSxSe1−x films was tweaked from a value of 2.59 eV to 

3.38 eV by altering the composition of the film and thereby, concluding a successful 

band gap engineering of the thermally evaporated ZnSxSe1−x thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/optimal-geometry
https://www.sciencedirect.com/topics/engineering/polycrystalline
https://www.sciencedirect.com/topics/engineering/electronics
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CHAPTER 10 

 

 

SUMMARY, CONCLUSION, AND FUTURE SCOPE OF THE WORK 

Overview: 

In this chapter, a succinct summary of the thesis is presented, along with an exploration 

of potential future directions for the work. 
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10.1 Summary of the work: 

The thesis comprises nine comprehensive chapters covering a vast array of topics 

concerning thin films, compound semiconductors, and solar cells. Chapter 1 introduces 

these topics, including an in-depth literature survey, significant materials used in PV 

cells, and the extensive scope and objectives of the current work. Chapter 2 details the 

experimental techniques employed to deposit thin films and various methods for 

analyzing their properties. Chapter 3 presents a thorough discussion on the preparation 

and properties of CdTe thin films at different substrate temperatures, while Chapter 4 

elucidates on ZnTe thin films. Furthermore, Chapter 5 thoroughly examines the 

preparation and properties of the p-ZnTe/n-CdTe heterostructure, while Chapter 6 

focuses on potential BSF materials for CdTe solar cells. Chapter 7 delves deep into Cu-

doped CdTe thin films and their properties, whereas Chapter 8 explores Cd-free 

absorber layers and Mxenes (2D materials). Finally, Chapter 9 conclusively describes 

the preparation and properties of a Cd-free window layer, ZnSxSe(1-x). 

10.2 Conclusion: 

• CdTe thin films prepared under ambient conditions showed increased 

absorption rates as substrate temperature increased. Higher temperatures also 

caused a switch from p-type to n-type conductivity, which could be helpful for 

solar cell applications. 

•  ZnTe thin films under ambient conditions were prepared, and found that the 

substrate temperature has an impact on the absorbance of the films. It is worth 

noting that ZnTe thin film has a wide band gap of 2.24 eV and shows consistent 

p-type conductivity, making it an attractive option for solar cell applications. 

This exciting discovery could lead to the development of sustainable energy 

solutions. 

•  The properties of the ZnTe/CdTe heterojunction were studied, and it was found 

that the interface is ideal for photovoltaic solar cells. Along with this, the 

theoretical calculations investigated the interface properties and found that 

using ZnTe as a back surface field layer in CdTe solar cells can improve 

efficiency and control recombination. 
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• The use of CdSe and ZnSe thin films as back surface field layers for CdTe solar 

cells was studied. Hybrid-DFT calculations showed that ZnSe/CdTe and 

CdSe/CdTe heterojunctions had improved light absorption behavior and created 

a local field that separates photo-generated electrons and holes, reducing 

recombination loss in the solar cells. 

• CdTe and Cu-doped CdTe thin films were produced using PVD and analyzed 

with XRD, SEM, and EDAX methods. The optical properties of CdTe films 

were controllable, and Cu doping improved optical behavior. From the 

absorbance point of view, thin films using up to 3% Cu-doped CdTe thin film 

were recommended for highly efficient p-n junction solar cells. 

• A study found Sb2(S0.7Se0.3)3 to be a promising alternative to toxic CdTe for 

solar cells, with its direct band gap allowing for thinner, lighter PV cells. 

ScHfNNoH (Mxenes) was also studied for its semiconducting behavior and can 

serve as a window layer with a wide band gap. Further research can improve 

solar cell performance by exploring interface parameters and functional groups. 

• ZnSxSe1−x films were deposited on glass substrates using thermal evaporation. 

The films had a polycrystalline cubic structure and were suitable for solar cell 

window layers. The band gap values ranged from 2.59 eV to 3.38 eV, depending 

on the film composition. The electronic properties of all the samples were 

studied by using the DFT. Furthermore, the absorbance properties were studied. 

 

10.3 Scope for future work: 

     The current highest laboratory cell efficiency record, held by NREL, has plateaued 

at 22%. The potential to increase current has been nearly exhausted, as challenges 

related to junction quality, CdTe properties, and contacts have proven more difficult to 

overcome. By comprehending the deterioration that certain CdTe devices experience at 

their contacts, the devices can be redesigned to mitigate this occurrence. Introducing 

the back surface field layer is one of the best ways to fix the problem. Extensive 

research on the 2D metal chalcogenide nanostructures was done and presented in this 

thesis. Apart from this, several other materials can also be explored in the context of 

the BSF layer.  
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Furthermore, both p-type and n-type CdTe thin films can be prepared by choosing the 

suitable dopant material. This investigation was carried out for Cu, and the conductivity 

was found to be p-type. The heterojunction can be fabricated with this doped layer, and 

the junction properties can be studied. 

 

      Finally, an attempt has been made to design the Cd-free solar cell absorber layer; S 

alloyed Sb2Se3 was introduced in this thesis. Nevertheless, there is an enormous scope 

to study the heterostructure's defect density, junction properties, and charge carrier 

dynamics. To our knowledge, the detailed study of junction properties of different 

layered materials associated with Sb2Se3 solar cells using first-principles calculations is 

yet to be done. Additionally, there is potential for exploring other 2D materials, such as 

Mxenes, for use in solar cell applications, beyond just Ti3C2Tx. 
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