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Abstract 

   

  Solar cells exhibit high performance using a thin semiconducting film with superior light-

harvesting ability. Though a variety of thin-film solar cells have shown promise, they suffer 

from long-term stability, strenuous processing, and high cost. This study evidence the 

capabilities of cheap and stable copper bismuth oxide or CuBi2O4 (CBO) as an efficient light 

absorber for thin-film photovoltaics. Solar Cell Capacitance Simulator-1D (SCAPS-1D) 

software is used to optimize the performance of CBO-based kusachiite solar cells with 

various n-type metal sulfide (MS) buffer layers (CdS, WS2, SnS2, and ZnS). The variation in 

the thickness of CBO light absorber and MSs buffer layers film had the highest control over 

power conversion efficiency (PCE) and other solar cell parameters. The effect of the work 

function of metal back contact and operating temperature on the performance of solar cells 

is also analyzed to assess the real-time application of the proposed metal sulfide and CBO-

based kusachiite solar cells. The highest efficiency of 27.73 % is observed for 

ITO/SnS2/CBO/Au solar cell device structure; however, the optimized solar cell device 

structure of ITO/WS2/CBO/Au showed a theoretical PCE of 22.84% in terms of thickness 

and doping density. CBO is synthesized by the hydrothermal route and characterized for 

phase purity, morphology, bandgap, and elemental composition through XRD, FESEM, UV-

Vis, and XPS techniques. 
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Chapter 1  

Introduction 

 

1.1   Energy Framework till date 

The energy powering the world seems unseen yet felt. A few examples of 

energy production are using fossil fuels like petroleum and coal. These processes 

use fossil fuels to generate heat and impart the same to a prime mover (Water) to 

generate electricity; as globalization proceeds, energy demands increase, bringing 

pressure on energy requirements. The depletion rate of fossil fuels is rising due to 

energy consumption. Researchers are investigating alternate energy sources for 

offsetting the world's energy balance. Renewable energy sources are bountiful 

sources and can be employed for electricity generation. Solar, wind, hydro, tidal, 

and geothermal energy belong to this category. India's current renewable energy 

scenario is shown in the picture below. The Indian government is keen on increasing 

dependence on renewables soon. 

 
Figure 1.1 Cumulative Installed Power Capacity in India as of 31/3/2020 [1] 

 The Terawatt challenge is a call for renewable energy production. It 

involves harvesting renewable energy sources to offset energy demands. Richard E 
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Smalley coined the Terawatt challenge to view renewable energy dependence 

increase [2]. He emphasized that harvesting renewable energy sources is the way 

forward for fulfilling the world's energy needs. The challenge became a big part of 

the green initiative and paved a direction to begin a quest to harness alternate 

sources of energy. Solar energy is in the limelight because of its abundance. 

Researchers laid basic principles for direct and indirect harvesting of solar energy. 

Some indirect solar energy harvesting processes include heating purposes, storing 

the solar energy in molten salts, Trombe walls, etc. Solar concentrators focus 

incident solar energy on water-carrying pipes. The concentration of light on 

pipelines will heat the water. This water heating method is used in the residential 

environment by eliminating conventional heaters or geysers. Industrial use of the 

same phenomenon involves heating molten salts, which hold energy much more 

efficiently than steam from a thermodynamic standpoint. Trombe walls are built 

into houses to achieve temperature management. They are walls facing maximum 

sun painted with black color as it absorbs solar energy best. Effective operation 

includes thermal insulation and air gap between glass and wall. In the process, the 

wall absorbs sunlight during daytime due to thermal lag introduced between outside 

and inside walls by high heat capacity materials heat seeping takes time. The timing 

of heat seeping is calibrated such that heat seeps in the nighttime, warming the room 

without any external heaters [3]. 

A solar cell is a device that transforms light incident on it into electricity 

based on the photovoltaic effect. The basis of the photovoltaic effect is that the 

incident photon will impart the necessary energy to the electron. The electron then 

gains the power to move about the bulk of the material. The electron, when it flows 

through metal contact, generates electricity.  

1.2   Generations of Solar Cells 

Research on solar cells started approximately 45 years ago. Researchers 

investigated many materials, developed many methods of fabrication, and classified 

solar cells on the grounds of absorber materials. There are four generations named 

First, Second, Third, and emerging solar cells. Pictorial representation is attached 

below [4]. 
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 Figure 1.2 Classification of Solar cells based on generations. 

 1.2.1 First generation solar cell 

 First-generation cells consist of single-crystal wafer-based solar cells. 

Researchers investigated the stability and performance of these cells. A large area 

of operation is essential for reliable results. Fabrication of single-crystal silicon 

involves elevated temperature and immense effort to make the most of the 

production cost [5]. Researchers compromised crystallinity for efficiency and 

employed amorphous silicon for solar cells. Disorder in structure hinders carrier 

movement, causing a drop in efficiency compared to single-crystal cells [6]. 

1.2.2 Second-generation solar cell  

 These cells are famously known as thin-film flexible solar cells. Their 

flexibility does not affect their functioning [7]. This nature makes them easier to 

employ in complex shapes for power generation. These performed better than first-

generation ones at a lesser material weight and a lesser thickness. Fabrication of 

these cells does not require complex production methods or stricter requirements 

like single crystallinity. The downside of these cells is the toxicity of cadmium, a 

principal element/material. Even arsenic falls in this classification. Some examples 
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are CdTe, CIGS, GaAs, and others. The cost of these cells varies with the elements 

employed. Indium and arsenic increase the cost of the cell [8].  

1.2.3 Third generation solar cell 

 This generation uses organic materials as an absorber layer. Electrolytes are 

employed to transport the electrons to metal contacts. These types of cells are Dye-

Sensitized Solar cells (DSSC). Generally, dye is the conducting medium for the cell. 

Polymer solar cells fall in the same category apart from these Perovskite solar 

cells[9]. The overall cost of the cell decreases due to organic replacements. Hybrid 

organic-inorganic perovskites achieved high efficiency; however, instability has a 

low market value. Research into fabrication methods of these cells revealed simple 

processes. Spin coating, drop-casting, and doctor blading are a few methods to 

name, and these are scalable [10]. 

1.2.4 Tandem solar cell 

A Tandem indicates more than one junction in a single cell. This concept 

uses a bandgap of separate junctions to increase absorption efficiency. Exploration 

into combinations of the same is in PV Community. Bandgap plays a vital role in 

selecting the absorber materials. Researchers are experimenting with combining 

first-generation and second-generation solar cells on a bandgap basis to absorb the 

said spectrum completely. Research on choosing a suitable bandgap for complete 

solar spectrum absorption is rising [11]. 

1.2.5 Challenges 

 Although solar cells show promising results, a few limitations cropped up, 

ranging from practicality, fabrication, and toxicity to name a few. Some of these 

limitations apply to each generation, mostly one at a time. Fabrication methods for 

synthesizing first-generation solar cells are costly. Though second-generation solar 

cells offer less complex fabrication methods, they come with toxicity due to their 

material choice. Take the example of cadmium in CdTe solar cell, which is high on 

a toxic ladder, particularly for humans [12]. Indium increases the cost of solar cells 

in CIGS. Perovskite solar cells employ organic and inorganic absorbers, making 

them susceptible to degradation through ambient moisture [13]. DSSC has its fair 

share of concerns in terms of electrolytes working. A new type of material choice 

that averts the current predicament is the way researchers are investigating [14-16].   
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1.3 Components of solar cells 

 Solar cells possess a transparent conducting oxide substrate, ETL, HTL, 

absorbing layer, and metal contacts. All generations of solar cells follow the same 

dogma; however, PV Community obtained new architectures by omitting either 

transport layer. Transport layer-free solar cells are the coined name for these cells.  

1.3.1 Transparent Conducting Oxide (TCO) 

 TCO is a thin film grown on a glass substrate. It is optically transparent, 

allows light, and is electrically conductive. It acts as back contact to complete the 

circuit most of the time. FTO and ITO are ever-present oxide layers in solar cell 

fabrication. TCO should possess a more than 3.2 eV bandgap value to allow sunlight 

to pass through them without obstruction. Flexible substrates find their use in 

second-generation solar cells. Polyamide materials are tested apt for this application 

[17]. 

1.3.2 Electron transport layer (ETL) 

 As the name suggests, ETL allows electrons to pass through, i.e., acts as a 

pathway for electrons generated in the absorber layer. Electrons thus generated 

reach FTO through ETL, eventually an external circuit. ETL also blocks hole 

movement and effectively stops recombination[18]. Materials used for ETL are n-

type. ETL should always be transparent to visible light for the functioning of a 

photovoltaic device. Pre-requisites for material to function as ETL are high mobility 

in comparison with that of absorber layer to avoid charge accumulation[19]. 

Recombination length should be more than the thickness of the layer to ensure 

carriers reach FTO or ITO without undergoing recombination during transport.  

1.3.3 Absorber Layer 

 The absorber layer absorbs the incoming visible light, and the light frees 

electrons forming electron-hole pairs. In principle, this layer should possess a high 

diffusion length to allow a flexible thickness, good carrier mobility to allow carrier 

movement, less trap density, or defects present in the materials serving as trap 

states/ defect sites. An essential aspect of this layer is to show good absorption over 

the visible spectrum to generate carriers upon photon incidence [20, 21]. CuBi2O4 

(CBO) belongs to the spinel family of structure AB2O4. Metals mostly occupy A 

and B sites. Spinel structures are divided into normal and inverse types based on 
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occupation sites of A and B materials in the structure's classification [22]. The 

theoretical crystal structure is a simple cubic structure with oxygen occupying 48e 

Wyckoff positions, B-site material occupying 16d Wyckoff positions, and A-site at 

8c Wyckoff positions. Attributes of spinel structure are cubic close-packed 

structures with eight tetrahedral and four octahedral sites in the unit cell [23]. The 

intent of choosing this material is to maximize resistance against atmospheric 

degradation while retaining visible light absorption and offering a simple synthesis 

method. 

1.3.4 Hole Transport Layer (HTL) 

 HTM transports hole-generated holes in the absorber layer to metal contact. 

It allows holes exclusively, extraction, and blocks electrons, thereby preventing a 

short circuit of the device. For absorber material, both transport layers should satisfy 

the bandgap alignment. HTM-free devices are possible if the absorber material is 

amphoteric or designed as a p-n junction device [24]. The overall cost of the device 

reduces in terms of materials used and cost per watt. 

 

Figure 1.3 Different architectures of perovskite solar cells [25] 

1.4 Solar cell parameters 

 Solar cells are evaluated by four parameters like Open circuit voltage (Voc), 

Short circuit current (Jsc), Fill Factor (FF), and Power Conversion Efficiency 
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(PCE). I-V characteristics and the above parameters determine efficiency. Solar cell 

simulation is done at room temperature and standard test conditions, i.e., total 

irradiance on the cell should be 1000 W/m2, and the spectrum resembles the 

traditional AM1.5G spectrum [26].  

1.4.1 Open Circuit Voltage (Voc) 

 This voltage is the maximum amount that the circuit can maintain and 

occurs at zero current. It represents the quantity of forwarding bias on the p-n 

junction (diode) when the incident visible light generates a photocurrent. Forward 

bias in the solar cell occurs when voltage is applied to reduce the electric field or 

depletion region formed by the junction. The reduced gap leads to higher diffusion 

of carriers and diffusion current. 

1.4.2 Short Circuit Current (Jsc) 

 The maximum value of current assuming trough at zero voltage is short 

circuit current. Absorbed photons through the material contribute to electron-hole 

pairs generating a photocurrent. Short circuit current may be the most considerable 

amount collected from the solar cell. Jsc differs by the following parameters: light-

exposed area, light intensity, absorption coefficient, and collection probability. The 

light intensity translates to the quantity of photons incident on the surface per unit. 

The absorption coefficient is the parameter determining the photon translation rate 

into the electron-hole pair. Collection probability is when the generated carrier will 

be collected by the p-n junction and contributes to the photocurrent. Diffusion 

length and cell thickness play an essential role in deciding collection probability. 

Diffusion length limits the distance of carrier movement, and a cell thickness 

beyond diffusion length invariably leads to undesirable recombination. Jsc is area 

dependent. current density (Jsc) is used per unit area to eliminate area dependence 

1.4.3 Fill Factor (FF) 

 FF is the next essential element in the characterization of the solar cell. It is 

the ratio of maximum power generated to the product of Voc and Jsc. The power 

generated is zero at points of Voc and Jsc. Power extraction should happen at an 

optimum point from an efficiency point of view. It represents the squareness of the 

I-V curve. The fill factor shows nearness to the ideal solar cell. 
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1.4.4 Efficiency 

 All power generation devices are characterized by efficiency. It is the ratio 

of power generated by the cell to the power available in the form of incident light. 

It is a measure of light converted into electricity by the cell. Efficiency depends on 

parameters like Voc, Jsc, and FF. These parameters are dependent on the fabrication 

process, and efficiency is, in turn, dependent on them. 

1.4.5 Series Resistance (Rs) 

 Series resistance is a parasitic resistance caused by contact of the metal 

electrodes towards movement inside the cell. As series resistance increases, the drop 

in voltage also increases and causes a decrease in the efficiency. Series resistance 

and fill factor are in inverse relations; an increase in series resistance moves cell 

behavior away from solar cells. 

1.4.6 Shunt Resistance (Rsh) 

 Shunt resistance is due to the improper design of solar cells. It refers to the 

short-circuiting of the cell. Due to faulty design, electrons have another to move 

around and complete the circuit. This results in a loss of efficiency of the cell. This 

happens when pinholes or defects are present on the layers making up the solar cell. 

These pinholes provide a shortcut for the electrons to move about instead of the 

power generating. This will reduce the total current flowing in the circuit. 

1.4.7 Recombination Losses 

 Recombination is the phenomenon where an excited electron falls back into 

its original place and emits the absorbed energy. Recombination decreases the 

number of free carriers present, thereby reducing photocurrent, i.e., short circuit 

current. The type of recombination is specific to the material. They have been 

classified into three types Radiative, Non-Radiative, and Auger recombination. 

Radiative recombination is predominant in direct bandgap semiconductors. The 

electron from the conduction band recombines with a hole in the valence band, and 

the excess energy is released in the form of a photon. Next is the Shockley-Read-

Hall recombination, which happens when defects are present in the material. 

Excited electrons stuck in the forbidden region fall into defects present in the same 

region. This type of recombination is a twofold process where electrons fall back 

into the trap state and then into the valence band. Effective recombination defect 
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level must be at the center of the forbidden energy gap. The next type of 

recombination is Auger recombination, which is a three-step process. Electron and 

hole recombine, releasing the energy in the form of heat or photons are taken up by 

the third carrier, another electron in the conduction band. The third electron falls 

back after losing energy thermally. This recombination becomes important at high 

carrier concentrations caused by either degeneracy of carriers or high photon 

incidence when a solar cell is placed under a concentrator [27].  

1.4.8 Optical losses 

 These losses occur when light is not absorbed by the cell. Solar cells may 

reflect some of the light incident on them from the top and rear surface of the cell. 

Texturing or Anti-reflective coatings reduce the light reflected by the material. 

Anti-reflective coatings are made based on the refractive index. Light passes 

through the coating present on the solar cell, and as per the coating present, it can 

either undergo constructive or destructive interference [28]. The type of coating can 

preset the type of interference. Texturing induces a pattern on the surface of thin 

film to absorb more amount of light and reflect less. Photon optical path is also a 

crucial factor in photocurrent [29]. Photon optical path is the distance traveled until 

the photon loses its energy. The photon cannot effectively excite the carriers if a 

solar cell thickness is insufficient with the incident photon optical path [30].  

1.5 Working Principle  

 When a visible light incident on the solar cell, the photons enter through 

either hole transport layers or FTO depending on cell architecture. As FTO is 

transparent to visible light, it will allow light to pass through. Light is absorbed into 

the absorber layer, and excitons are generated. These electron-hole pairs are only 

generated when photons possess enough energy to impart to electrons. The extent 

of photon energy is determined by the bandgap of absorber material. Once energy 

is imparted to electrons, they gain the energy to move freely around the bulk of the 

metal. Electrons that gain energy from photons leave empty space in their place. 

This is called a hole or vacant space. This is a meta-stable state and only exists for 

a small amount of time. Ideally, electrons and holes should cross the interface and 

move into respective transport layers during this period. The electrons move 

through the transport layer, FTO, and contribute to electricity in the external 

circuit[31]. Post electricity contribution electrons recombine with holes establishing 
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continuity. Each layer contributes to the functioning of the cell, so making the layers 

defect-free and uniform films is of paramount importance. Accessories like anti-

reflective coatings, concentrators, and others are provided to enhance device 

efficiency by minimizing the losses in the cell. Anti-Reflective coating is applied to 

the cell as it helps to minimize the incident light getting reflected off the front and 

rear device and traps the light inside the solar cell [32]. Solar concentrators are 

devices used to concentrate the incident light onto solar cells, which has a 

probability of increased efficiency [33].  

 1.6 Literature Review and Problem Formulation     

The efficient utilization of solar energy to produce electricity has been the 

subject of intensive research because of the rapid increase in global energy demands 

and the need to reduce the emission of greenhouse gases from electricity generation 

by fossil fuels. [34] Solar energy conversion to electricity is an utterly clean energy 

source that can fulfill global energy demands with minimal detrimental impact on 

the environment. [35] Therefore, tremendous efforts have been made to develop 

cost-effective high PCE solar cells. Though the implementation of environmentally 

benign first-generation crystalline Si solar cells, with excellent charge transport 

properties and stability, is worthwhile with recently reduced cost, long pay pack 

time with modest PCE is demanding to look for a better alternative. The second-

generation thin-film solar cells, i.e., CIGS, CZTS, CdTe, etc., [36] fabricated over 

flexible or rigid transparent substrates are found to be prolific alternatives to deliver 

promising efficiencies. Their ease of packaging, high power to weight ratio, 

flexibility, and roll to roll processing [37, 38] lead to implementation in building-

integrated photovoltaics, portable power sources, powering of drones, etc.[39] 

However, to achieve desired photovoltaic properties, the synthesis of thin-film 

absorbers in required phases without other secondary phases is a skilled task. 

However, the PCE of single-junction thin-film solar cells is a mere ~23 % despite 

endless efforts from various research groups for the last three decades. [36] 

Moreover, third-generation solar cells such as dye-sensitized solar cells, [40] 

organic-inorganic halide perovskite solar cells, [41] polymer solar cells, etc., deliver 

the significantly higher efficiency and lower cost [42] mimicking the natural 

photosynthesis process have posed a challenge to replace first-generation Si solar 

cells.[43] Nevertheless, these perovskite solar cells suffer from thermal, moisture, 
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and UV interference instability.[44, 45] Consequently, diverse processes like the 

use of protective coatings, [46] lower-dimensional perovskites, [47] double 

perovskites, [48] and molten ionic salts in synthesis, [49], etc. are employed by 

various research groups, but interface alteration and complex fabrication processes 

restricted the cost-effective efficiency and long-term stability, hence require 

cautious optimism. Therefore, a cheap/stable alternate light absorber layer with 

desired photovoltaic properties is essential to overcome the drawbacks of the halide 

perovskite absorber layer. 

On scrutinizing panchromatic visible light absorbers, p-type CBO of AB2O4 

(Kusachiite) spinel structure with tetragonal crystal system, lately studied for its 

implementation in solar-driven water splitting, [50] photocatalytic dye degradation, 

[51], and antimicrobial applications, [52] shall be an excellent choice as an absorber 

layer. Furthermore, CBO, a ternary metal oxide, is non-toxic, cheap, and ambient 

friendly and can be synthesized using various techniques ranging from solution 

processing to vacuum deposition. Moreover, the solar cell utilizing CBO light 

absorber can achieve a higher side of Shockley-Queisser limit than that of 

perovskite, CIGS, CZTS, and c-Si (Figure 1.4(a)). On the other hand, owing to the 

valence electron shell structure of the 3d orbitals, MSs have shown promise as an 

n-type material or emitter or buffer layer in thin-film solar cells.[53] The synthesis 

of MS thin films exhibiting stable physical and chemical properties and high carrier 

mobility is feasible from lower temperature solution or vacuum processes (even 

over flexible substrates) utilizing cheaper and readily available sources (Figure 

1.4(b)).[54] Unlike widely used oxide buffer layers, wide bandgap MSs do not 

contain oxygen vacancies and facilitate high optical stability.[55] Recently, Hosen 

et al.[56] simulated the capabilities of CBO as absorber layer in thin-film solar cells 

combined with CdS in Al/FTO/CdS/CBO/Ni device architecture and estimated 26 

% PCE for optimum thickness (i.e., 2000 nm) of the CBO light absorber. However, 

to our best knowledge, the device architecture comprising other sulfides and metal 

contacts has not been explored to realize the upper PCE limit of MSs/CBO.  

Therefore, this study is focused on evaluating the potential of the CBO 

absorber layer and exploring suitable n-type MS with CBO to form efficient p-n 

junction thin-film solar cells shown in Figure 1.4(b). The experimental investigation 

to find suitable MS for CBO is a myriad task; therefore, researchers usually employ 

various software packages to identify the appropriate materials and analyze the 
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variation in solar cell performance depending on the changes in their optoelectronic 

properties.[57] In general, finite difference time domain method (FDTD), 

SILVACO ATLAS, wxAMPS, AFORS-HET, etc., are employed to simulate solar 

cells. However, among these software packages, SCAPS-1D, developed at Gent 

University, Belgium, offers a simulation of heterojunction and multi-junction solar 

cell devices.[58] Therefore, the suitability of n-type MSs and CBO in thin-film solar 

cells is analyzed based on SCAPS-1D simulations for the device structure 

consisting of FTO as transparent conducting oxide, n-type MS buffer layer, CBO 

kusachiite light absorber, and counter electrode, as shown in Figure 1.4(b). The 

theoretical studies on the performance of Cadmium sulfide (CdS), Tin sulfide 

(SnS2), Tungsten sulfide (WS2), and Zinc sulfide (ZnS) as n-type materials in 

combination with CBO light absorber for kusachiite solar cells are discussed 

comprehensively. The simplified device structure adopted in this study 

(FTO/MS/CBO/counter electrode) can be implemented experimentally analogous 

to third-generation solar cells (perovskite solar cells). The performance of solar cell 

parameters for simplified device structure of FTO/MS/CBO/counter electrode is 

evaluated for variation in thickness, accepter/donor defect, and doping density of 

subsequent thin-films, counter electrodes, and operating temperature.  

 

Figure 1.4 (a) Comparison of Shockley-Queisser efficiency limits of various light 

harvesters. (b) Schematics of proposed CBO and metal sulfide based Kusachiite 

solar cells.  
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Objectives 

 This work intends to fabricate an oxide-oxide solar cell using CuBi2O4 as 

an absorber layer. A transport layer is chosen, which aligns with the band structure 

of the absorber. Therefore, the objective of the present work are: 

1. To simulate a solar cell with CBO as the absorber. 

2. To Optimize different layers of the solar cells 

3. To synthesize pure CuBi2O4 phase 

4. To study morphology, phase purity, and optical properties  

 We have employed hydrothermal methods for the optimized synthesis of 

CBO. The synthesis parameters such as concentration, reaction time, and 

temperature are optimized. Surface morphological, crystalline, optical, and 

chemical properties are examined from FESEM, XRD, UV-Vis, and XPS 
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Chapter 2 

Experimental Section 

 

2.1 Hydrothermal Synthesis 

 Hydrothermal synthesis involves subjecting precursors to heat in a closed 

airtight container. It is a solution-based reaction method. The mode of reaction is 

forced hydrolysis of precursors to the final product. The formation of nanoparticles 

can happen in a range of room temperature to moderate temperature. The vapor 

pressure of the main composition in the reaction determines the morphology of 

synthesized nanoparticles. Nanoparticles that need higher temperatures in other 

routes can also be synthesized at moderate temperatures because of high pressure. 

As the name suggests, hydro suffix involves DI Water as a solvent to synthesize 

nanostructure. This reaction involves a steel container specially designed to sustain 

high pressures called Autoclave. It is usually made of stainless steel. The precursor 

solution is transferred into the autoclave. The reaction parameters like time, 

temperature, and concentration can be easily controlled. Hot air ovens have a built-

in function to calibrate time and temperature. The concentration of precursor 

solutions is controlled while preparing the solution. The level of contamination and 

non-uniformity is high in hydrothermal methods. Physical deposition like CVD and 

PLD happens in a vacuum, not the case for hydrothermal synthesis. This work 

employs the hydrothermal method in synthesizing the material. 

Synthesis Procedure: Firstly, 25 mM of Copper (II) Nitrate Trihydrate was 

dissolved in water and stirred until complete dissolution. 50 mM of Bismuth (III) 

Nitrate pentahydrate was entirely dissolved with the help of a magnetic stirrer in 2 

M nitric acid. Both solutions were mixed and stirred for 30 minutes. The stirring 

was continued while 2 M NaOH solution was added to affect the reaction process. 

The solution changes color from transparent liquid to sky blue colored liquid. The 

solution was transferred to an autoclave and subjected to a hydrothermal process. 

The autoclave is heated to 120𝑜C for 5 hours. The products were subjected to 

centrifugation and washed several times alternatively with solvents like ethanol and 

DI water. Then the solution was dried overnight to obtain a black-colored powder. 
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2.2 Simulation Methodology 

  

Figure 2.1 Energy band diagram of p-type CBO light absorber and various n-type 

metal sulfide buffer layers utilized for p-n junction solar cell. 

SCAPS-1D is a solar cell simulator developed by Marc Burgelman and his 

associates at the University of Gent, Belgium. It has the capacity of computing 

characteristics of a solar cell with a maximum of 7 layers. It was developed to 

simulate second-generation solar cells, but modifications were made so that it can 

be used for other structures as well. The effect of CBO light absorber and MSs (i.e., 

CdS, SnS2, WS2, and ZnS) buffer layer on the performance of kusachiite solar cells 

is analyzed using SCAPS-1D. The simulations are carried out under AM 1.5G with 

an incident power density of 100mW/cm2. The energy position of CBO with respect 

to the MS buffer layer is shown in Figure 2.1. The conduction band offsets between 

CBO absorber films and CdS, WS2, SnS2, and ZnS transport layer are 0.39, 0.33, 

0.45, and 0.32 eV, respectively, which offers smooth charge transportation at 

CBO/MS interface. [59] The barrier between the valence band maximum of CBO 
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and WO3, SnO2, ZnO, and TiO2 buffer layer is 1.41, 0.95, 0.83, and 1.38 eV, 

respectively, which is sufficiently high to restrict the flow of positive carriers 

towards MSs, thus, minimizes recombination at the CBO/MO interface. 

The solar cell performance parameters are evaluated by solving fundamental 

semiconductor equations mentioned below, which dictate the charge transport in 

the semiconductor, 

Poisson Equation (Equation 1): 

𝑑𝑦

𝑑𝑥
= −

𝑑2𝛹

𝑑𝑥2 =  
𝑞

𝜀
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
− + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)]   (1) 

Electron (Equation 2) and hole (Equation 3) continuity equations: 

𝑑𝑛𝑝

𝑑𝑡
=  𝐺𝑛 −  

𝑛𝑝−𝑛𝑝0

𝜏𝑛
+  𝑛𝑝𝜇𝑛

𝑑𝐸

𝑑𝑥
+ 𝜇𝑛𝐸

𝑑𝑛𝑝

𝑑𝑥
+  𝐷𝑛

𝑑2𝑛𝑝

𝑑𝑥2     (2) 

𝑑𝑝𝑛

𝑑𝑡
=  𝐺𝑝 −  

𝑝𝑛−𝑝𝑛0

𝜏𝑝
+  𝑝𝑛𝜇𝑝

𝑑𝐸

𝑑𝑥
+  𝜇𝑝𝐸

𝑑𝑝𝑛

𝑑𝑥
+  𝐷𝑝

𝑑2𝑝𝑛

𝑑𝑥2     (3) 

The carrier transport occurring by drift and diffusion for electrons (Equation 4) and 

holes (Equation 5) is expressed as: 

𝐽𝑛(𝑥) = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
= 𝑛𝜇𝑛

𝑑𝐸𝐹𝑛

𝑑𝑥
      (4) 

𝐽𝑝(𝑥) = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
= 𝑝𝜇𝑝

𝑑𝐸𝐹𝑝

𝑑𝑥
      (5) 

The physical and defect parameters used in the simulation of PSCs are tabulated in 

Tables 1 and 2.  

Table 1: The physical parameters used to analyze and optimize solar cell properties.  

Parameter ITO CdS ZnS SnS2 WS2 CBO 

Thickness (nm) 350 Variable 

Bandgap Eg (eV) 3.5 2.4 2.6 1.85 2.1 1.5 

Electron affinity χ 

(eV) 
4 4.18 3.74 4.26 3.95 3.72 

Dielectric constant 

ε 
9 10 12 17.7 13.6 34 

CB effective 

density of states 

Nc (cm-3) 

2.2×1018 2.2×1018 2.2×1018 7.32×1018 2×1018 1.2×1019 
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VB effective 

density of states 

Nv (cm-3) 

1.8×1018 1.9×1019 1.8×1019 1×1019 2×1018 5×1019 

Thermal velocity 

of electrons Vth,e 

(cms-1) 

1×107 1×107 1×107 1×107 1×107 1×107 

Thermal velocity 

of holes Vth,p (cms-

1) 

1×107 1×107 1×107 1×107 1×107 1×107 

Electron Mobility 

µn (cm2 V-1s-1) 
20 100 200 50 100 1.1×10-3 

Electron mobility 

µp (cm2 V-1s-1) 
10 25 40 25 25 1.2×10-3 

Ref. [60] [61, 62] [63] [64, 65] 
[66, 

67] 
[56] 

Table 2 The defect parameters used to analyze and optimize solar cell properties. 

Parameters CdS ZnS SnS2 WS2 CBO 

Defect Type 
Single 

Acceptor 

Single 

Acceptor 

Single 

Acceptor 

Single 

Acceptor 

Single 

Donor 

Capture cross 

section of electrons 

(cm2) 

1×10-15 1×10-15 1×10-15 1×10-15 1×10-15 

Capture cross 

section of holes 

(cm2) 

1×10-15 1×10-15 1×10-15 1×10-15 1×10-15 

Reference for defect 

energy level Et 
Above Ev Above Ev Above Ev Above Ev Above Ev 

Energy level with 

respect to Reference 

(eV) 

0.6 0.6 0.6 0.6 0.6 

Defect Energy 

Distribution 
Gaussian Gaussian Gaussian Gaussian Gaussian 
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Characteristic 

Energy (eV) 
0.1 0.1 0.1 0.1 0.1 

Total defect density 

(cm-3) 
1×1014 1×1014 1×1014 1×1014 variable 

 

2.3 Characterization Techniques 

2.3.1 Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 SEM is one of the most common characterization techniques used to 

determine morphology when the material is synthesized. Components in SEM are 

an electron gun, sample chamber, lenses, scanning coil, and detector. Carbon tape 

is attached to the holder to act as a ground mechanism. Electrons are emitted from 

the electron gun by either thermionic process or field emission. The filament is 

heated at a high temperature to emit electrons called thermionic emissions. The 

filament is heated to elevated temperatures in field emission, and the electric field 

is applied to the filament. Electrons are pulled from the filament due to the electric 

field. This is called thermionic emission. In this method, the temperature at which 

filament is heated can be reduced because the electrons are subjected to both heating 

effect and electric pull. The material used for cathode should sustain heat and have 

a high melting point. Electrons are accelerated by the anode. Condensing of the 

electron cloud is achieved by using a condenser lens. The objective lens focuses the 

beam to a fine point enabling a raster scan. The scan coils that produce a magnetic 

field deflect the beam horizontally or vertically to raster scan a rectangular sample 

surface area.  

 Electrons condensed and focused impinge on the specimen in a teardrop 

shape. Upon impinging the specimen, the incoming electron transfers its energy to 

electrons in the specimen inelastically. This energy is enough to eject electrons from 

the specimen surface, called back scattered electrons. These electrons are detected 

by the detector to generate the morphology of the specimen. SEM gives not only a 

top view but also a cross-sectional view of the specimen. These images are also 

helpful in estimating structure dimensions, e.g., the diameter of rods from the top-

view and length of the rods from the cross-section view in the specimen.  
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EDS or Energy Dispersive Spectroscopy is a technique used in conjunction 

with FESEM apparatus to measure elemental composition present in the sample. 

When electrons from the emitter hit the sample, if they are energized to a high level 

capable of displacing core electrons of the sample, the ejected core electron is 

picked up by the detector. It records the intensity of each element separately and 

can be expressed as a percentage of total elements. The beam of electrons is focused 

on a particular area of the sample, and the apparatus will detect the composition of 

the sample. 

 

Figure 2.2 Schematic of SEM [68] 

2.3.2 XRD Measurements 

 X-Ray Diffraction (XRD) is used to study the phase crystallinity and 

crystallite size. The apparatus is called a diffractometer. X-Rays are produced by 

impinging an electron beam on target copper material. Inelastic collisions between 

copper material and Copper atom give rise to X-rays. These X-rays are filtered and 

focused on the specimen at specifically chosen angle. Target materials can be Cr, 

Fe, Co, Cu, and Mo but Cu is usually the option because the wavelength of X-rays 

produced (~1.54 A) is like unit cell dimensions. Bragg’s Law is the working 
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principle behind XRD. If the path difference of the reflected waves between two 

consecutive crystal lattice points is equal to the integral multiple of the incident 

wavelength, then constructive interference will occur between the reflected beams, 

and the intensity of the peaks for that plane will increase. Mathematically, Bragg's 

law is defined as  

   𝑛𝜆 = 2𝑑 sin 𝜃 

Where θ is the incident angle at which the X-ray impinges the specimen, is the 

wavelength of the incident X-ray, n is the whole number indicating the order of 

diffraction peak, and d is the crystal lattice spacing. Here, Cu K(alpha) is used as 

an incoming X-ray. The angle is varied between 15o to 800 with a scanning rate of 

0.5°/min. The reflections are plotted on a graph with 2θ versus the intensity of 

reflections. The graph is matched with the database to determine the purity of the 

sample. Lattice parameters were extracted from the graph with the help of FullProf 

software. The Rietveld method uses the least-squares method to compare the graphs 

of simulated patterns based on input data from the literature and graphs of 

experimental data.  

 

Figure 2.3 Schematic of X-ray Diffraction apparatus [69] 

2.3.3 UV-Vis Spectroscopy  

 

Figure 2.4 Schematic of UV-Vis Spectrophotometer [70] 
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Visible light is part of the electromagnetic spectrum, which is the cause of 

phenomena like reflection, refraction, transmission, and absorption. Keeping aside 

the wave nature of light, the particle nature of light shows that light is made of 

photons with specific energy (hυ). Photons interact with matter by imparting the 

energy it contains to the atom/molecule photon is interacting with. The material will 

absorb the photons whose energy corresponds to the bandgap of the material or is 

greater than the bandgap of the material.  

 When light is irradiated on the material, some of its part is absorbed or 

reflected, and remaining is transmitted. The amount of light absorbed by the 

material is the difference between incident radiation and transmitted radiation. 

Quantitively, absorbance can be defined as the logarithmic ratio of transmitted 

intensity to incident intensity. When optically active molecules are subjected to 

visible light, the electrons present take in the energy and move up the energy levels 

called electronic transitions. The electrons cannot maintain the position longer and 

fall back to the original state. The difference between the states is proportional to 

the energy emitted, attributed to the energy gap. The energy required by the 

molecules depends on their band structure and can be used to estimate the band gap. 

Shorter bandgaps typically correspond to the absorption of shorter wavelengths of 

light.  

 Tauc's plot is used to determine the sample's bandgap using the results of 

UV-Vis spectrophotometer absorbance spectra. The Kubelka Munk equation is 

utilized in another method called Diffuse Reflectance Method to estimate bandgap. 

Inhomogeneity, internal scattering variables in the sample, refractive index of the 

sample, and mismatch of the refractive index of the sample and immediate medium, 

to mention a few, are all grouped together as a semi-empirical term called Scattering 

Co-efficient. According to theory, the scattering co-efficient should fluctuate slowly 

with wavelength and considerably as packing density changes.[71, 72] 

2.3.4 X-ray Photoelectron Spectroscopy 

XPS realizes the photoelectric effect with the help of x-rays, thereby giving 

out more information about the sample. As X-rays possess high energy, they can 

kick off electrons from core shells and impart some kinetic energy to the core 

electrons. The energy of core electrons and their kinetic energy are bound by the 

equation, 
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𝐸binding =  𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +  ∅) 

Where Ebinding is the binding energy of the core electron, Ephoton is the energy of X-

ray, Ekinetic is kinetic energy imparted to the electron after it is kicked out from the 

orbit and ∅ is the like work function for the specific surface of the material. The 

binding energy of the electron is unknown, whereas the energy of the photon or X-

ray is known, the instrument measures kinetic energy, and the work function is a 

correction factor that involves factoring minimum energy needed to kick out an 

electron from the atom. The binding energy of the electron is measured by the 

equation above, and the oxidation state of the element is also mapped out. 

Subsequently, the composition of the material is also worked out. A major 

drawback of the XPS is that the working principle allows the instrument to measure 

only the core electrons coming from the sample. Elements such as Hydrogen and 

Helium cannot be detected with this instrument. Only electrons that have escaped 

from the sample into the vacuum of the instrument are detected by XPS. A 

photoelectron must travel through the sample in order to escape from it. Inelastic 

collisions, recombination, sample excitation, recapture, and confinement in various 

excited states inside the material can diminish the number of photoelectrons 

escaping. As the depth of the sample increases, these effects manifest as an 

exponential attenuation function, making the signals obtained from analytes at the 

surface much stronger than those detected from analytes deeper below the specimen 

surface. As a result, the XPS signal is exponentially surface-weighted, which can 

then be used to estimate analyte depths in layered materials. 
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Figure 2.5 Schematic of X-ray photoelectron spectroscopy 
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Chapter 3 

Results and Discussion 

 

3.1 Simulation Results 

3.1.1 Absorbance  

The high optical absorption coefficient of the light absorbers in a thin-film 

format is one of the prerequisites for fabricating efficient solar cells. Therefore, the 

optical absorption coefficient of CBO absorbers is simulated to understand the 

optical absorption behavior (Figure 3.1). 

  

Figure 3.1 Simulated absorption coefficient of CBO light absorber layer. 

 Apart from the broad absorption range in the visible spectrum, the 

absorption coefficient of ~105 cm-1 is measured for the CBO film at 550 nm, which 

is relatively equivalent to high-efficiency GaAs and perovskite solar cells.[73] 

Another key determinant of solar cell performance is the charge-carrier diffusion 

length (LD). A longer LD generally means a thicker absorber layer for greater light 

harvesting.[74] An increase in the thickness of CBO absorber film beyond the 

charge diffusion length will lead to charge recombination resulting in low short 

circuit current density (JSC), subsequently restraining the PCE.[75] Importantly, the 

CBO thin films deposited by spin-coating and PLD showed the carrier diffusion 

length of  ~50 nm [76, 77]. Moreover, the thickness of the absorber layer controls 
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the carrier absorption of short-wavelength photons and considerably reduces the 

electrical losses associated with charge carrier recombination at the interface. As 

the light absorption takes place throughout the thickness of the absorber, blue light 

or other high energy light is absorbed at the interface, whereas the low energy light 

like red light will be absorbed when the thickness of absorber is on the higher side 

[78]. Therefore, the thickness of CBO absorber films requires precise optimization 

to achieve maximum PCE. 

3.1.2 Absorber Layer Thickness Variation 

 

Figure 3.2 The effect of CBO light absorber thickness on the performance of solar 

cells comprising 100 nm thick buffer layers of various sulfide films.  

With a constant thickness of 100 nm for n-type MSs films, variation in the 

solar cell parameters is estimated for CBO absorber films of various thicknesses (in 

the range of 100 to 1500 nm), as shown in Figure 3.2. The PCE value for the solar 

cells consisting of n-type MSs under study (i.e., CdS, WS2, SnS2, and ZnS) 

increased with the thickness of CBO films due to a corresponding increase in JSC. 

The maximum PCE of 22.09 %, 23.6 %, 21.56 %, and 23.1 % is observed for the 

CdS, WS2, SnS2, and ZnS buffer layers, respectively, used with a 1500 nm thick 
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CBO absorber layer. However, JSC and PCE are marginally saturated beyond the 

CBO thickness of 900 nm for all the MSs buffer layers. Although a similar trend 

has been observed for the fill factor (FF) and open-circuit voltage (VOC) after 

varying the CBO film thickness, the MS buffer layer has administered the actual 

gain in FF and Voc. The marginal change in FF should be addressed mostly as bulk-

induced changes, or losses, rather than conventional parasitic changes.[79] The 

marginal increment in the VOC is observed with increase in absorber thickness 

because the band offset between CBO/MSs is independent of the thickness of the 

absorber layer and does not contribute to the increment in the PCE. [80-82]. The 

solar cells consisting of n-type WS2 showed maximum efficiency of 22.84 %, 

followed by ZnS (22.30 %), CdS (21.30 %), and SnS2 (20.90 %) at the CBO film 

thickness of 900 nm. 

3.1.3 Absorber Layer Doping Variation 

 

Figure 3.3 The effect of acceptor doping density of 900 nm thick CBO light 

absorber film on the performance of solar cells comprising various sulfide buffer 

layers of 100 nm thickness.  
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Considering the marginal enhancement in the PCE beyond 900 nm thick 

CBO film, the acceptor doping density in CBO films is tuned in search of further 

improvement in the PCE. Figure 3.3 shows the acceptor doping density-dependent 

variation of different solar cell parameters in the CBO films. As the acceptor doping 

density in the CBO film increased from 1017 to 1022 cm-3, the corresponding PCE 

has increased for all MSs buffer layers. The highest efficiency of 27.73 % observed 

for SnS2 might be because of its high visible light photoactivity, followed by WS2 

(26.99 %), CdS (26.48 %), and ZnS (26.24 %). The Voc and FF have improved 

with the increase in acceptor doping density, which can be ascribed to an increase 

in built-in potential due to modified band offset between MSs and CBO films and 

charge conductivity in CBO films, respectively. [83] The improved VOC and FF are 

the significant contributors to a substantial rise in PCEs. However, the slight 

decrease followed by saturation in JSC can be due to the higher recombination rate 

and a reduction in charge carrier mobility with varying acceptor doping density.[83] 

3.1.4 Absorber Defect density  

The solution processing or vacuum deposition techniques inculcate the bulk 

defect in the deposited film. Therefore, the bulk defect density of the CBO absorber 

film shall influence the overall solar cell performance. Figure 3.4 shows the effect 

of bulk defect density variation in the CBO light absorber film on solar cell 

performance comprising various sulfide buffer layers. The increase in the bulk 

defect density in the CBO layer has reduced the PCE for all distinct n-type MSs 

buffer layers. Even though PCE values reduced (21.32 to 2.95 %, 22.84 to 5.08 %, 

and 22.33 to 2.22 % for CdS, WS2, and ZnS, respectively) with increased bulk 

defect density, a lesser reduction is observed for SnS2 (i.e., 20.9 to 7.56 %). 

Likewise, a reduction in JSC and VOC is observed with an increase in defect density 

in CBO film, but the FF remained reasonably identical. The reduction in JSC and 

VOC can be attributed to defect-assisted recombination in CBO absorber films and 

change in band offsets between MS and CBO films resulting from the modification 

in conduction and valence band levels of CBO films with increased bulk defect 

density, respectively.[84] The reason behind identical values of FF is not well 

understood. 
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Figure 3.4 The effect of bulk defect density of 900 nm thick CBO light absorber 

film on the performance of solar cells comprising various sulfide buffer layers of 

100 nm thickness.  

3.1.5 Donor thickness Optimization 

 Further, to evaluate the optical and electrical properties of the n-type MSs, 

the optimized CBO film of 900 nm thickness is considered for the solar cell. Figure 

3.4 shows the effect of MS buffer layer thickness on the performance of kusachiite 

solar cells. The thickness of MS buffer layers is varied independently from 30 to 

400 nm to avoid blinding irradiation striking over the CBO absorber films. The PCE 

and JSC marginally increased with increasing thickness of the MS buffer layer for 

all MSs due to their reasonable visible light photovoltaic activity.[53] However, 

VOC and FF have remained constant as the band offset between the MS and CBO 

films remain stable irrespective of the increase in the MS film thickness. The VOC, 

and FF depend on the band offset energy level and the internal parasitic resistance, 

which is independent of the buffer layer thickness.[79]However, considerable 
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variation in FF for the SnS2 buffer layer can be assigned to the high intrinsic charge 

conductivity. Moreover, the PCE of kusachiite solar cells consisting of the SnS2 

buffer layer is relatively higher than that of CdS, ZnS, and WS2, which has also 

linearly enhanced with increased thickness due to its high intrinsic visible 

photovoltaic activity, which further added up with the CBO absorber layer. 

However, an increase in metal sulfide buffer layer thickness beyond 400 nm will 

prevent irradiation from striking the CBO light absorber and insignificantly 

improve the PCE. Therefore, 100 nm thickness of all buffer layers is considered for 

further optimizations due to the relatively significant PCE values observed for solar 

cells consisting of 900 nm CBO absorber layer and 100 nm thick MSs buffer layers. 

However, for the SnS2 buffer layer with 400 nm thickness, we were able to achieve 

maximum efficiency of ~ 30 % at a higher acceptor doping density of 1022 cm-3.  

 

Figure 3.4 The effect of thickness of MSs buffer layers on the performance of solar 

cells comprising 900 nm thick CBO absorber layer.  

3.1.6 Donor density Optimization 

Figure 3.5 shows the donor doping density-dependent variation (i.e., 1015 to 

1022 cm-3) in the parameters of CBO/MSs kusachiite solar cells. The increased 
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donor doping density in the MS films has not significantly altered the PCE, VOC, 

FF, and JSC. Thus, unlike CBO light absorber films, the increase in doping density 

of MS films had a negligible influence on solar cell performance, and hence, doping 

of MSs buffer layers has shown not much improvement in increasing the charge 

conductivity and boost the efficiency of CBO solar cells. Nevertheless, the PCE and 

JSC have substantially enhanced with an increase in donor doping density in buffer 

layers. 

 

Figure 3.5 The effect of donor density of 100nm thick MSs buffer layers on the 

performance of solar cells comprising CBO absorber layer of 900 nm thickness.  

 

3.1.7 Work Function Optimization 

The metals like Ag, Au, Al, Pt, etc., exhibiting distinct work functions, have 

been explored as the counter electrode or metal back contacts for the commercial 

solar cells. Their conductivity, cost, and physical and chemical reactivity directly 

impact the cost and performance of solar cells. Therefore, the effect of the work 

function of the metal back contact on the overall performance of solar cells is 
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explored and shown in Figure 3.6. The work function of electron-rich metal back 

contact has revealed a direct influence on the performance of solar cells. The VOC 

increased sharply up to a work function of 5.1 eV (i.e., Au metal) and saturated 

thereafter as the holes are easily extracted to metal surfaces with a work function 

greater than 5.1 eV. The increase in JSC with work function can be associated with 

the variable charge extraction due to the difference in the work function of the metal 

counter electrodes. Moreover, the FF and PCE have significantly increased at work-

function of 5.1 eV and thereafter remained relatively perpetual up to 5.7 eV (i.e., Pt 

metal). The higher PCE and FF values at the work function of 5 eV (i.e., Au metal) 

indicate the effective hole transfer at the interface of the back metal contacts and 

CBO absorber layer. Moreover, the WS2 has delivered a higher PCE of 22.84 % 

among all other MS buffer layers when combined with the CBO absorber layer and 

Au metal contact.  

 

Figure 3.6 The effect of work-function of metal back contact on various parameters 

of solar cells consisting of optimized CBO and MSs thin layers.  
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3.1.8 IPCE Variation 

 Analyzing the spectral response of the CBO and metal sulfide-based 

kusachiite solar cells is imperative to interpret the overall quantum efficiency. 

Figure 3.7 shows the incident photon to current efficiency (i.e., IPCE) curves of the 

kusachiite solar cells made of different thicknesses of CBO absorber film while 

retaining optimized thickness of 100 nm for CdS, WS2, ZnS, and SnS2 buffer layers. 

For all the MS films, with increasing thickness of CBO absorber film, the quantum 

efficiency of solar cells has increased with the CBO absorber thickness generating 

larger photoelectrons, irrespective of the kind of metal sulfide used as the buffer 

layer. However, further increase in thickness of CBO (i.e., > 900 nm) restrict the 

photons from reaching deep inside and progressively generate the photoelectrons, 

as noticed in CBO absorber thickness-dependent studies (Figure 3.2). The 

distinctive bandgap and band-alignment of MSs and CBO have reflected in two 

distinct dips in IPCE, assigned to the MSs buffer layer and CBO absorber, 

respectively. The improved IPCE for the SnS2 buffer layer compared to other MSs 

reflected through the border curve indicates its better photovoltaic activities with 

the CBO buffer layer. Moreover, the perfect band alignment of SnS2 and CBO has 

shifted this dip to a high wavelength (~ 826 nm), indicating excellent transfer of 

photogenerated electrons at the interface producing higher IPCE.  

 

Figure 3.7 IPCE curves of the kusachiite solar cells for different CBO absorber 

thicknesses with optimized thickness of various (a) CdS, (b) WS2, (c) SnS2, and (d) 

ZnS buffer layers. 

3.1.9 Optimum efficiency and Temperature Dependence 

 Figure 3.8 shows the J-V curves of kusachiite solar cells constituted of 

spinel CBO absorber and distinct n-type buffer layer of CdS, WS2, SnS2, and ZnS 

in the dark and under illumination. The kusachiite solar cells consisting of CBO 
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absorber layer jointly with n-type WS2 buffer layer delivered higher efficiency of 

22.84 %, which is followed by ZnS (21.94 %), CdS (21.3 %), and SnS2 (20.9 %). 

However, it is to be noted that a PCE of 23.15 % can be achieved from 100 nm thick 

n-type WS2 buffer layer if one can increase the donor doping density up to 1022 cm-

3 (Figure 8). Higher efficiency, around 27 %, is observed when varied the acceptor 

doping density. During the real-time application of solar cells, elevated operating 

temperatures increase stresses associated with thermal expansion and hence play a 

prominent role in influencing the performance of the cells. Therefore, the effect of 

the operating temperature is investigated for the temperature ranging from 300 to 

380 K, and the corresponding simulated J-V curve is shown in Figure 3.9. The rise 

in temperature from 300 to 380 K scale down the relative VOC by increasing the 

reverse saturation current, and hence the corresponding PCE decreases. [85] 

Though the PCE declines with the rise in temperature, reasonable higher efficiency 

of 21.14 % (at 380 K) is still achieved theoretically for kusachiite solar cells 

bringing together the 900 nm thick CBO absorber layer and n-type WS2 buffer layer 

of 100 nm thickness.  

  

Figure 3.8 J-V curves of kusachiite solar cells comprising spinel CBO absorber and 

n-type CdS, WS2, SnS2, and ZnS buffer layer. 

 

Figure 3.9 Temperature-dependent J-V curves of the kusachiite solar cells 

containing spinel CBO absorber and n-type MSs buffer layer. 
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3.2 Experimental Results 

3.2.1 FESEM Images and EDS Spectroscopy 

FESEM analysis was performed using JEOL JSM-6500F to check the 

morphology of the obtained nanostructure. Figure 3.10 shows the top view FESEM 

image of the as-synthesized CBO nanostructure. Figure 3.10 (a and b) show the low 

and high magnification FESEM images of the CBO nanostructure, respectively. 

Formation of microsphere kind morphology is obtained for CBO nanostructure with 

a diameter ~15 𝜇m. The micrographs revealed that the CBO microspheres consist 

of nanorods projecting outside.  The size of the nanorods is in the range of 100 nm. 

These microspheres of hierarchically grown nanorods are highly porous and, 

therefore, provide a higher surface area for photocatalytic applications.   

    

                            (a)                                                      (b) 

Figure 3.10 FESEM images of hydrothermally synthesized CuBi2O4 powder 

EDS analysis was performed using Oxford instrument INCA, X-sight 7557, 

to find the elemental composition of the as-synthesized CBO microsphere. Figure 

3.11 shows the EDS spectra of the as-synthesized CBO microsphere. The peaks 

obtained in EDS spectra at different energy level confirms the presence of Cu, Bi, 

and O in our material. The absence of unidentified peaks indicating any other 

material excludes the possibility of any impurity present in our material. Thus, we 

have synthesized the CBO microsphere without any impurity.  
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Figure 3.11 EDS spectrum of hydrothermally synthesized CuBi2O4 powder 

3.2.2 X-ray Diffraction spectra 

 

Figure 3.12 Rietveld Refined Pattern of Pure phase of CBO 

X-ray diffraction studies were performed using D2-phase Bruker XRD 

equipped with a Cu Kα radiation (λ = 1.5405 Å) to confirm the crystal structure and 

phase purity of the obtained nanostructure. Figure 3.12 shows the Rietveld refined 

XRD spectra of the as-synthesized CBO nanostructure. XRD spectra confirm the 

formation of a highly crystalline CBO microsphere with a tetragonal crystal 

structure. The obtained pattern is well-matched with ICDD reference no. 96-001-
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6031. Rietveld analysis of the nanostructure was performed, and the obtained 

parameters are listed below (Table 3). The refined spectra are well fitted with space 

group P4/ncc of CBO nanostructure. 

Table 3: Parameters obtained from Rietveld Refinement are given below 

Goodness of fit  3.19 

R-Factors 5.12,6.84 

(𝑅𝑝) 7.38 

(𝑅𝑤𝑝) 8.72 

(𝑅𝑒𝑥𝑝) 4.88 

𝑎 = 𝑏 8.510825 

𝑐 5.812498 

𝛼 = 𝛽 = 𝛾 900 

Chi-squared (𝜒2) 𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
= 1.7868852459 

Bragg Factor (𝑅𝑏) 3.15 

Structure Factor (𝑅𝑓) 2.2 

3.2.3 UV-Vis Spectroscopy 

UV-Visible diffuse reflectance spectroscopy was performed using 

Shimadzu UV-2600 and shown in Figure 3.13. The corresponding kubelka-Munk 

curve was plotted to calculate the bandgap of the CBO nanoscture shown in Figure 

3.14. The as-synthesized CBO microsphere is highly photoactive in nature and is 

confirmed by the obtained bandgap of 1.7 eV, which lies in the visible region. 

Kubelka-Munk method was used to determine bandgap through DRS setup 

by integrated sphere assembly with pure BaSO4 powder as a reference. The sample 

is in powder form; the experiment is carried out in reflection mode.  

𝐹(𝑅) =
(1 − 𝑅)2

2𝑅
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F(R) is the function proposed to estimate bandgap through DRS setup. The 

numerator in the equation is the absorption co-efficient (K), and the denominator is 

the scattering co-efficient (S). 

 

Figure 3.13 UV-Vis diffuse reflectance spectroscopy of CBO nanostructure 

 

Figure 3.14 Kubelka-Munk plot of as-synthesized CBO nanostructure 

3.2.4 X-ray Photoelectron Spectroscopy  

XPS (Thermo Scientific Inc. K-alpha) was used to determine the chemical 

composition and element state of the prepared samples. Figure 3.15 shows core 

level XPS spectra of Bi, O, and Cu. For Bi, the two peaks observed at a binding 
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energy of 158.6 eV and 163.9 eV, corresponding to Bi(4f7/2) and Bi(4f5/2), 

respectively, indicating the presence of Bi3+. For Cu, the peak at a binding energy 

of 955.5 eV and 935.6 eV, along with the satellite peak at 964.8 eV and 932.8 eV 

was assigned to Cu(2p1/2) and Cu(2p3/2), respectively, which confirms that Cu is 

present in Cu2+. [86, 87] For O(1s) spectra, the peak present at the binding energy 

of 529.4 eV corresponds to the lattice oxygen in the CBO sample. 

 

Figure 3.15 XPS Plots of the powder sample 
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Chapter 4 

Conclusions and Future Scope 

 

4.1 Conclusions 

In conclusion, an oxide spinel CBO and metal sulfide-based kusachiite solar 

cells are theoretically scrutinized for their best performance as a visible light 

harvester. Various n-type MS buffer layers (CdS, WS2, SnS2, and ZnS) are analyzed 

with p-type kusachiite CBO light absorber to evaluate theoretically (using SCAPS-

1D) the performance of CBO based solar cells. All these MSs buffer layers used 

with CBO have shown efficiencies greater than 20 %. Still, comparatively, the 

optimized CBO light absorber of the thickness of 900 nm and acceptor doping 

density of 2×1018 cm-3 with n-type WS2 buffer layer of 100 nm thickness and 2×1018 

cm-3 donor doping density showed the highest PCE of 26.99 %. Therefore, synthesis 

of CBO light absorber using the cost-effective chemical method and further spin 

coating or doctor blading it along with the widely employed MSs buffer layer in 

second and third-generation solar cells, to form kusachiite solar cells, has 

tremendous potential to gain higher PCE experimentally and compete with 

perovskite solar cell technology. Overall, the methodology and approach provided 

here to scrutinize environmentally friendly, cost-effective, easy to manufacture, and 

packaging visible light absorber and metal sulfide buffer layers can be extended to 

other optoelectronic devices. Therefore, CBO is synthesized by the hydrothermal 

method and is subjected to both XRD and spectroscopic measurements. Those 

experiments revealed that the as-synthesized CBO shows the morphology of rods 

projecting out from a sphere are of tetragonal phase with space group P4/ncc. The 

CBO microspheres revealed a bandgap of around 1.7eV.  XPS studies confirm the 

formation of CBO with oxidation states Bi3+, Cu2+, and O2
-. 

4.2 Future scope 

The CBO absorber is observed as good absorber with bandgap on 1.7 eV so 

it shall be explored with metal sulfides and metal oxides for the fabrication of the 
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solar cell. Such solar cell will have better lifetime and has capability to compete 

with perovskite solar cells in terms of efficiency. 
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