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ABSTRACT 

Currently, Copper Indium Gallium Sulphide (CIGS) is the most efficient thin film material 

used as an absorber layer in photovoltaic solar cells. Unfortunately, the material poses a 

challenge in the future sustainability because some of its constituent elements are toxic and 

scarce on the earth crust (Indium and Gallium). Therefore, there is dire need to replace Indium 

and Gallium with Zinc and Tin which are abundant on the earth crust and environmentally 

benign in order to form Copper Zinc Tin Sulphide (CZTS) as an alternative absorber layer for 

thin film based photovoltaic device. CZTS also has an ideal direct band gap of 1.5 eV as an 

absorber layer, high absorption coefficient, and suitable optical and electrical properties for 

thin films solar cells.  

 

In this study, a two-stage combinatorial process that involve deposition of the Cu-Zn-Sn-S thin 

film using SILAR technique followed by a sulphurisation process in  sulfur rich tube furnace 

is presented. The Copper Zinc Tin Sulphide (CZTS) thin film was deposited onto a Transparent 

Conducting Oxide (TCO) glass substrate using Successive Ion Layer Adsorption Reaction 

(SILAR) coating machine with stirrer at room temperature of 27±1oC and the number of cycles 

was varied between 20 and 70 cycles at an interval of 20, 40, 60 and 70 cycles. The samples 

were then annealed in a tube furnace at a temperature of 450oC and 550oC for 30 minutes each. 

 

The effects of annealing temperature and film thicknesses on the optical, electrical and 

structural properties of the film samples before and after annealing were investigated. The 

electrical properties of the CZTS thin film samples were measured using four-point probe, 

while optical properties UV-VIS- IR spectrophotometer. It was observed that, the resistivity of 

the film samples decreases with an increase in annealing temperature and also with an increase 

in the thin films’ thickness. Samples annealed at 550oC had the lowest resistivity with optical 

band gap ranging from1.49eV to1.54eV. The calculated absorption coefficient of all the 

samples, both as-deposited and after annealing, was ≥104 cm-1. The phase purity of the film 

sample was determined using Raman spectroscopy which confirmed the formation of quality 

CZTS film after annealing at 550OC. Elemental composition of the film sample was carried out 

using X-ray Fluorescence (XRF) instrument which confirmed that the formed CZTS film was 

nearly stoichiometric. 

 

  



iv 
 

TABLE OF CONTENTS 

DECLARATION .......................................................................................................... ii 

ACKNOWLEDGEMENT .......................................................................................... iii 

DEDICATION ........................................................................................................... xvi 

LIST OF SYMBOLS .................................................................................................. vii 

LIST OF ABBREVIATIONS ..................................................................................... ix 

LIST CHEMICAL COMPOUNDS AND FORMULAE ......................................... xi 

LIST OF FIGURES ................................................................................................... xiii 

LIST OF TABLES ...................................................................................................... xv 

ABSTRACT ................................................................................................................. iii 

CHAPTER ONE:  INTRODUCTION ........................................................................ 1 

1.1 Introduction .................................................................................................................... 1 

1.2 Need for Solar Energy.................................................................................................... 2 

1.3 Photovoltaic Thin Film .................................................................................................. 3 

1.3 Current trends in PV technology .................................................................................. 4 

1.4 CZTS Compounds as an Alternative to CIGS Alloys ................................................. 5 

1.5 Problem of statement ..................................................................................................... 6 

1.6 Objectives ........................................................................................................................ 6 

1.6.1 General Objective ...................................................................................................... 6 

1.6.2 Specific objectives ..................................................................................................... 6 

1.7 Justification and Significance of the Study .................................................................. 7 

CHAPTER TWO:  LITERATURE REVIEW .......................................................... 8 

2.1 CZTS(Se) CRYSTAL STRUCTURE ........................................................................... 8 

2.2 Electrical and Optical Properties of CZTS .................................................................. 9 

(b) Optical Properties......................................................................................................... 10 

2.3 CZTS Thin Film Deposition Technique ..................................................................... 10 

2.3.1 Vacuum-Based Techniques ..................................................................................... 11 

2.3.2 Solution-Based Techniques ..................................................................................... 17 

2.4: Fabrication of films using successive ionic layer adsorption and reaction process

 .............................................................................................................................................. 24 

2.4.1 Advantage of SILAR comparing other methods: .................................................... 24 

CHAPTER THREE: THEORETICAL BACKGROUND ..................................... 26 

3.1: Solar spectrum ............................................................................................................ 26 



v 
 

3.2: Raman Spectroscopy .................................................................................................. 27 

3.3: X-Ray Fluorescence Theory ....................................................................................... 29 

3.4: Spectrophotometry ..................................................................................................... 31 

3.5: Optical and Electrical Characterization ................................................................... 32 

CHAPTER FOUR: MATERIALS AND METHODS ............................................ 37 

4.0 Overview ....................................................................................................................... 37 

4.1 Sample Preparation and Thin Film Deposition Process ............................................. 37 

4.1.1 Cleaning of glass substrate .............................................................................................. 37 

4.1.2 Preparation of precursor ................................................................................................. 37 

4.2  Fabrication of CZTS using SILAR technique ........................................................... 38 

4.2.1 Annealing of CZTS thin film. ............................................................................................ 40 

4.3 Sample Characterization ............................................................................................. 41 

4.3.1 Film Thickness Measurement .................................................................................. 41 

4.3.2 Electrical Characterization ...................................................................................... 42 

4.3.3 Optical Characterization .......................................................................................... 43 

4.3.3.1 Transmittance and Reflectance Measurement .............................................................. 43 

4.3.4 Raman Characterization of CZTS thin films ........................................................... 44 

4.3.5: Compositional Analysis using XRF ....................................................................... 44 

CHAPTER FIVE: RESULTS AND DISCUSSION ................................................ 45 

5.1 Optical Properties of CZTS films ............................................................................... 45 

5.1.1 Effect of Dipping cycles on  film Thickness ........................................................... 45 

5.1.2 Effect of Dipping Cycles on Transmittance and Reflectance .................................. 46 

5.1.2.1  As-Deposited ................................................................................................................ 46 

5.1.2.2  Annealed at 450OC ....................................................................................................... 48 

5.1.2.3 Annealed at 550OC ........................................................................................................ 50 

5.1.3 Effect of Annealing on Film Thickness ................................................................... 53 

5.1.4 Effect of Dipping cycles on Transmittance and reflectance for annealed samples . 53 

5.1.5 Optical Absorption Coefficient ............................................................................... 55 

5.1.6 Optical Band Gaps as a function of Post-Deposition Treatment ............................. 58 

5.2 Elemental and Structural Characterisation .............................................................. 62 

5.2.1 X-Ray Flouresence Analysis (XRF) ........................................................................ 62 

5.2.2: Raman Spectra Analysis ......................................................................................... 63 

5.3 Electrical Properties of CZTS ..................................................................................... 66 

CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS...................... 71 



vi 
 

6.1 Conclusion ..................................................................................................................... 71 

6.2 Recommendations ........................................................................................................ 72 

REFERENCES ........................................................................................................... 73 

 

  



vii 
 

LIST OF SYMBOLS 

A  Cross sectional area 

α           Absorption coefficient  

𝜀∞  High frequency optical dielectric constant 

𝜀0  Static dielectric constant 

𝜎  Electrical conductivity 

E  Illumination intensity 

Eg        Band gap energy    

eV         Electron volts 

g  Gram 

I  Current 

Imp  Maximum Power Current 

Isc  Short circuit current 

J  The ideal current density 

Jsc  Short circuit current density 

M Molarity 

𝑛 Refractive index 

𝜌 Electrical resistivity 

Pin Power in 

Pout Power output 

Pm Maximum power 

Pmp Maximum Power Point 

Rs Series Resistance 

Rsh Shunt Resistance 

S Seconds 

t  Thickness 

VH Hall voltage 

Vmp  Maximum Power Voltage 

Voc  Open Circuit Voltage 

w  width 

λ  Wavelength 

η  Solar to electricity conversion efficiency 

Ω  Ohm 



viii 
 

O  Degree 

OC  Degrees centigrade 

%  Percentage 

  



ix 
 

LIST OF ABBREVIATIONS 

a-Si  Amorphous Silicon 

atm.  Atmosphere 

CBD  Chemical Bath Deposition 

CCG  Constant Current Generator 

CuInGaS(Se) 

CIGS  Copper Indium Gallium Diselenide 

CdTe  Cadmium telluride 

cm  Centimetre 

c-Si  Crystalline Silicon 

CVD  Chemical Vapor Deposition 

CZTSSe Copper zinc tin sulphur selenium 

CZTS  Copper zinc tin sulphur 

EDX  Energy dispersive x-ray 

EMPA Eidgenössische Materialprüfungs- und ForschungsAnstalt (Swiss Federal 

Laboratories for Materials Testing and Research) 

ETA  Extremely thin absorber 

eV  Electron Volt 

FF  Fill Factor 

GW                  Gigawatt 

IBM International Business Machines 

IEA International Energy Agency 

IEEE Institute of Electrical Electronic Engineering 

KrF laser  Krypton fluoride laser 

KCN  Potassium cyanide etchant 

mAcm-2 Milliamperes per Square Centimetre 

min   Minute 

mm  Millimetre 

Mo  Molybodenum 

M.Sc.  Master of Science 

mV  Millivolts 

MW  Megawatt 

NCs  Nanocrystals  

nm   Nanometre 



x 
 

n-type  Negative type 

O-Kα Oxygen Kalpha 

PLD  Pulsed Laser Deposition 

PMT  Photomultiplier 

p-type  Positive type 

PV  Photovoltaic 

PVD   Physical Vapor deposition 

RFMS  Frequency Magnetron Sputtering 

Rpm  Revolutions per minute 

SCCM  Standard Cubic Centimetre per Minute 

SILAR  Successive Ion Layer Adsorption Reaction 

SLG  soda- lime glass 

SEM  Scanning electron microscopy 

TAC  Technology and Application Center 

 TCO    Transparent Conducting Oxide  

TFPV  Thin Film Photovoltaic 

TiO2  Titanium Oxide 

TW  Terawatt 

USA  United States of America 

XRD      X-ray diffraction 

ZWS  Zeitschrift für Wirtschafts- und Sozialwissenschaften (Centre for Solar Energy 

and Hydrogen Research) 

μm   Micrometre 



xi 
 

LIST CHEMICAL COMPOUNDS AND FORMULAE 

Al  Alluminium 

Ar  Argon gas 

Cd  Cadmium 

CdI2  Cadmium Iodide 

CdS  Cadmium Sulphide 

CdSO4  Cadmium Sulphate 

CdTe  Cadmium Telluride 

Cu  Copper 

CuCl  Copper chloride 

CuSO4  Copper (II) Sulphate 

Cu3S                 Copper (III) Sulphide 

Cu6Sn5  Copper-Tin Alloy 

Cu2SnS3 Copper tin sulphide 

Cu2ZnSnS4  Copper Zinc Tin Sulphide 

CuZn  Copper-Zinc Alloy 

Ga  Gallium 

H2O  Water 

H2S  Hydrogen sulphide 

In  Indium 

MoS2  Molybodenum Sulphide 

N2  Nitrogen gas 

Na  Sodium 

NaOH  Sodium Hydroxide 

Na2S Sodium Sulphide  

Na2S2O3 Sodium Thiosulphate 

S  Sulphur 

Sn  Tin 

SnS  Tin sulphide 

SnSO4 Tin (II) Sulphate 

SnSe Ti Selenium 

Te Tellurium 

Zn Zinc 

ZnO Zinc Oxide 



xii 
 

ZnS Zinc Sulphide 

ZnSO4 Zinc (II) Sulphate 

  



xiii 
 

LIST OF FIGURES 

Figure 1.1: Examples of solar cells applications: (a) building integration, (b) Car, (c) Space 

cell (d) solar cooker. ........................................................................................................... 3 

Figure 1.2: Abundance on earth’s crust and cost of constituent elements for CIGS, CdTe, and 

CZTS(Se) absorber materials for thin film solar cells (Das et al., 2016) ........................... 6 

Figure 2.1: Schematic representation of kesterite and stannite structures [(a) and (b) Minlin 

and Xingzhong, 2013; (c) adapted from Hall et al., 1978. ................................................. 8 

Figure 2.2: Schematic diagram of thermal evaporation. .......................................................... 13 

Figure 2.3: Schematic diagram of a Sputtering unit. ............................................................... 15 

Figure 2.4: Schematic diagram of the high-pressure pulsed-laser deposition system ............. 16 

Figure 2.5: Schematic diagram of a typical tube-furnace chemical vapor deposition system . 17 

Figure 2.6: Schematic diagram of a typical spray pyrolysis deposition system ...................... 19 

Figure 2.7: Schematic diagram of a typical electrochemical deposition system ..................... 20 

Figure 2.8: Schematic diagram of SILAR technique ............................................................... 24 

Figure 3.1: Solar irradiance spectrum above atmosphere and at Earth surface (Iqbal, 2012) .. 27 

Figure 3.2: Different solar radiation spectrum labeled AM0 in space, AM1 at the earth’s 

surface for normal incidence and AM1.5 at earth’s surface, where 𝜃 = 48. 2𝜊 .............. 27 

Figure 3.3: An illustration of energy transfer model of Rayleigh scattering, Stokes Raman and 

anti-Stokes Raman scattering. .......................................................................................... 29 

Figure 3.4: Bohr model of an atom. ......................................................................................... 30 

Figure 3.5: A schematic diagram of x-ray fluorescence process ............................................. 30 

Figure 3.6: The direct (a) and indirect (b) band gap transitions in semiconductors ................ 33 

Figure 3.7: Regular 3-D conductor .......................................................................................... 34 

Figure 3.8: Schematic of 4- point probe configuration ............................................................ 35 

Figure 4.1. Schematic representation of successive ionic layer adsorption and reaction 

(SILAR) method. .............................................................................................................. 38 

Figure 4.2: SILAR coating equipment ..................................................................................... 39 

Figure 4.3: Labtech tube furnace ............................................................................................. 41 

Figure 4.4: KLA tencor alphastep surface profilometer .......................................................... 41 

Figure 4.5: Jandel sheet resistance equipment ......................................................................... 42 

Figure 4.6: Shimadzu UV-VIS-NIR double beam 3700 DUV spectrophotometer ................. 44 

Figure 5.1: variation in film thickness with number of dipping cycles for as deposited CZTS 

thin film samples .............................................................................................................. 45 

Figure 5.2: variation of Transmittance and reflectance spectra for as-deposited CZTS thin 

film samples with dipping cycles (a) Transmittance and (b) Reflectance ........................ 47 

Figure 5.3: Variation of Transmittance and reflectance spectra with different film thickness at 

650nm and 826nm for as deposited CZTS thin film samples (a) Transmittance and (b) 

Reflectance ....................................................................................................................... 48 

Figure 5.4: Transmittance and reflectance spectra showing the different number of cycles of 

CZTS thin film samples annealed in sulfur rich atmosphere at 450oC (a) Transmittance 

and (b) Reflectance. .......................................................................................................... 49 



xiv 
 

Figure 5.5: Variation of Transmittance and reflectance spectra with different film thickness at 

650nm and 826nm for CZTS thin film samples annealed at 450oC (a) Transmittance and 

(b) Reflectance .................................................................................................................. 50 

Figure 5.6: Spectral transmittance showing the different number of cycles of CZTS thin film   

samples annealed in sulfur rich atmosphere at 550oC (a) Transmittance and (b) 

Reflectance. ...................................................................................................................... 51 

Figure 5.7: Variation of Transmittance and reflectance spectra with different film thickness at 

650nm and 826nm for CZTS thin film samples annealed at 550oC (a) Transmittance and 

(b) Reflectance .................................................................................................................. 52 

Figure 5.8: Thickness variation with the number of cycles for CZTS thin film samples As-

deposited, annealed in sulfur atmosphere at 450oC and at 550oC .................................... 53 

Figure 5.9: Change in transmittance for CZTS thin film samples As-deposited, annealed in 

sulfur atmosphere at 450oC and at 550oC (a) deposited with 20 cycles and (b) deposited 

with 70 cycles. .................................................................................................................. 54 

Figure 5.10: Change in reflectance for CZTS thin film samples as-deposited, annealed in 

sulfur atmosphere at 450oC and at 550oC (a) deposited with 20 cycles and (b) deposited 

with 70 cycles. .................................................................................................................. 55 

Figure 5.11: Absorption coefficient of the as-deposited CZTS thin film samples .................. 56 

Figure 5.12: Absorption coefficient of the CZTS thin film samples annealed in sulfur 

atmosphere at (a) 450oC and (b) 550oC ............................................................................ 57 

Figure 5.13: Variation of absorption coefficient with the number of cycles at 826nm for 

CZTS thin film samples of As-deposited, annealed in sulfur atmosphere at 450oC and at 

550oC ................................................................................................................................ 58 

Figure 5.14: Optical band gap for as deposited CZTS thin film samples with different number 

of dipping cycles ............................................................................................................... 59 

Figure 5.15: Optical band gap for CZTS thin film samples annealed in sulfur rich atmosphere 

at 450oC ............................................................................................................................ 60 

Figure 5.16: Optical band gap for CZTS thin film samples annealed in sulfur rich atmosphere 

at 550oC ............................................................................................................................ 61 

Figure 5.17: Raman spectra of CZTS thin film sample As-deposited ..................................... 65 

Figure 5.18: Raman spectra of CZTS thin film sample annealed in a sulfur rich atmosphere at 

450oC ................................................................................................................................ 66 

Figure 5.19: Raman spectra of CZTS thin film sample annealed in a sulphur rich atmosphere 

at 550oC ............................................................................................................................ 66 

  



xv 
 

LIST OF TABLES 

Table 4.1: SILAR coating parameters used ............................................................................. 39 

Table 5.1: Band gaps of CZTS thin film samples at different temperatures ........................... 62 

Table 5.2: Elemental composition of Cu2ZnSnS4 film sample with 70 cycles as-deposited, 

annealed at 450OC and annealed at 550OC ....................................................................... 63 

Table 5.3: Sheet resistance and resistivity of film samples annealed at 450oC ....................... 67 

Table 5.4: Sheet resistance and resistivity of film samples annealed at 550oC ....................... 68 

Table 5.5: Refractive index (𝑛) and dielectric constant (𝜀∞) values of the as deposited CZTS 

thin films ........................................................................................................................... 69 

Table 5.6: Refractive index (𝑛) and dielectric constant (𝜀∞) values of the CZTS thin films 

annealed at 450oC ............................................................................................................. 69 

Table 5.7: Refractive index (𝑛) and dielectric constant (𝜀∞) values of the CZTS thin films 

annealed at 550oC ............................................................................................................. 70 

 

  



xvi 
 

DEDICATION 

I dedicate this piece of work to my beloved parents, George and Rosemary who sacrificed a lot 

of their scarce resources to lay down the foundation of my education and their constant prayers 

and encouragement that brought me this far. To Rosemary Ida Atieno and Shirlene Stacy 

Anyango who have been the source of my inspiration. 

 

  



xvii 
 

ACKNOWLEDGEMENT 

First and fore most I would wish to give praise to the Almighty God for the good health both 

in mind and body and for having brought me this far. Words can never be enough in expressing 

how thankful I am to those incredible people in my life who made this thesis possible. I would 

like to thank them for making my time during my research in the University of Nairobi, a period 

I will treasure. 

 

I wish to pass my heartfelt gratitude to my research supervisors; Dr. Alex A. Ogacho, Dr 

Robinson J Musembi and Dr. Francis W. Nyongesa who were always there to extend moral 

support at that hour of need. Thanks for supporting my research ideas, for giving me the leeway 

to do independent work and for teaching me.  

 

The skillful technical assistance of Mr. Boniface Muthoka and Ms Evelyne Odera of 

Condensed Matter Research Group, University of Nairobi is highly appreciated.  I don’t forget 

to thank those who ensured my well-being while I was working on this thesis. In a special way 

I would wish to thank Emily, Sr. Mary, Patrick, Newton, Isaac, Hellen and Simon for their 

friendship and stress releasing stories. I am very grateful to my colleague Josephat Mogusu for 

his enthusiastic support and pleasant co-operation. Special thanks to my life partner Godwin 

Asiimwe for encouraging me and constantly being there for me during my frustrating moments. 

 

I would like to thank my parents for always encouraging me to pursue my education and for 

always providing wisdom, love, support and guidance throughout my life. I thank my siblings 

for encouraging and supporting me throughout my life and career and for being a constant 

presence during my many times of stress, excitement, frustration and celebration. Last but not 

least, I would like to thank University of Nairobi for the scholarship and International Science 

Program (ISP) Uppsala, Sweden for financial support.   



1 
 

 

 

CHAPTER ONE:  INTRODUCTION 

1.1 Background of the Study 

Energy is very vital component in the life cycle of humankind and it is being used in many 

ways to improve the living standards of human being. The increasingly growing population has 

seen the world energy consumption being on the rise. The modern world has encountered a lot 

of challenges with the traditional energy sources such as fossil fuels because of their limited 

resources and they are non-renewable. From the environmental point of view, burning of fossil 

fuels results in production of carbon dioxide and sulphur dioxide which are responsible for 

global warming and acidic rain hence causing air and water contamination. The emergence of 

renewable energy such as solar energy, wind energy, bio gas, hydropower, tidal waves were as 

a result of these problems with conventional fossil fuels (Asif and Muneer, 2007).  

 

The utilization of solar energy and wind energy are the current trend of the world energy in the 

area of non-renewable energy sources. This is because these categories of renewable energy 

are widely available and easier to use. Wind energy has not been extensively utilized compared 

to solar energy due to the geographical limitation.  Solar cell is a type of device that directly 

converts the solar energy to the electrical energy and is also known as photovoltaic (PV) device. 

Today’s market is dominated by crystalline silicon based PV technology (Deligianni et al., 

2011). This is mostly due to a well- established knowledge on silicon material science and 

engineering, available abundant supply of silicon raw material and the advantages of low 

ecological impact but high efficiencies (Goetzberger et al., 2003). However, the low optical 

absorption (~102 cm-1) and a complicated manufacturing process has led to a high installation 

cost for silicon-based PV technology (Miles et al., 2005; Sagadevan, 2013).  

 

Currently, in addition to crystalline silicon, there are other several materials available in the 

market which have potentials to generate appreciable electrical energy from the solar energy. 

These materials are amorphous silicon (a-Si), cadmium telluride (CdTe), copper indium 

(gallium) diselenide (CI(G)S), TiO2 based dye-sensitized, copper zinc tin selenide (CZTS) 

etc.(Sagadevan, 2013)  
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1.2 Need for Solar Energy 

According to the current trending energy sources, solar energy is seen as one of the options 

which will be of great importance in future production of energy (Ananthan and Mahalaksmi, 

2014). This source has the capability to meet all the energy needs in the universe in the 

foreseeable future (Solangi et al., 2011). From the previous reports (Solangi et al., 2011), the 

sun deposits ~ 120,000 TW of electromagnetic radiation on the surface of the Earth annually 

and this exceeds human needs by far even in the most aggressive energy demanding situations. 

Harvesting of 20 TW of this solar power would be realized if only 0.16% of land on Earth is 

covered with a solar system device with a power efficiency of 10%. This is equivalent to almost 

twice the current rate at which fossil energy is being consumed globally (Eisenberg and Nocera, 

2006). From the comparison, the illustration clearly indicating that solar energy as a source has 

a great potential to provide energy of greater magnitude than any current human technology 

can achieve.  

 

Energy from solar is clean, self-contained, reliable, quiet, long-term, needs little maintenance 

where necessary, year-round continuous and unlimited operation at moderate costs (Saxena et 

al., 2011; Farahbod et al., 2014). Unfortunately, nearly 57 years after its invention, solar 

photovoltaics still contributes merely 1 % of the world’s on-grid electricity despite all the above 

mentioned benefits. This can be attributed to high initial cost of purchase of solar cells which 

makes them unaffordable to most of the needy consumers. According to a statistical review of  

world energy resources in 2016,results showed that 40 % of the electrical energy is generated 

from coal, 22 % comes from natural gas, 16.4 % is fueled by water generators, 11% is generated 

from nuclear reactors and only 1 % of electricity is generated from solar cells (Conti et al., 

2016). 

Currently, countries like the United States, Germany, Brazil, Italy and Spain are turning to 

solar energy for the production of electricity. This is because the mineral based energy is 

associated with high capital investments, radiation and greenhouse gas emissions. Photovoltaic 

being a renewable energy, it is one of the best alternatives to the “conventional” energy such 

as nuclear, hydro, and coal. 15% of the world production of electricity is by nuclear (IAEA, 

2007). Countries like France, Japan, and USA depend on nuclear power plants which 

contributing an equivalent of 75%, 30%, and 19% respectively in their whole energy resources 
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(Altomonte, 2012). Many countries including Germany and Japan, are gradually switching to 

renewable energy such as photovoltaic in order to reduce risk factor of nuclear energy.  

Total energy capacity of the world in 2010 was 4742 GW in which the share of the solar energy 

was 37 GW, an equivalence of 0.78% (Altomonte, 2012). In 2009, the new installation of solar 

energy was 7.1 GW and it increased to more than double in 2010 (17.5 GW). The top 10 

companies which share the almost total market are as follows: Q- cells, Sharp, Suntech, 

Kyocera, First Solar, Motech, Solar World, Jasolar, Yingli, and Sanyo. PV power plants of 

several hundred MW can be designed for different applications. Some examples are shown in 

Figure 1.1 below.  

          

                       
Figure 1.1: Examples of solar cells applications: (a) building integration, (b) Car, (c) Space cell 

(d) solar cooker.  

1.3 Photovoltaic Thin Film 

Photovoltaic (PV) solar cells are emerging as some of the most promising technology in 

providing alternative sources of energy. These types of solar cells are classified broadly into 

the following types of technologies: thin film solar cells, multifunction solar cells, quantum dot 

solar cells, extremely thin absorber (ETA) solar cells, and organic/polymer type of solar cells 

a b 

c d 
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(Wu et al.,2015). Thin film is a promising technology for mass production of low cost 

photovoltaic (PV) solar cell. This is because thin film technology translates to minimal material 

usage in the fabrication requirement; photo-generated carriers also traverse short paths thus 

minimizing bulk recombination losses. Additionally, thin film technology may also lessen the 

stringent material quality (purity) requirements. Thin film technology therefore offers a 

promising technology that can deliver electric energy that is comparable to those from fossil 

fuels (Pawar et al., 2010). 

 

Present thin film PV technologies include amorphous silicon, CuInGaS(Se) (CIGS), CdTe, dye 

sensitized solar cell technologies among others (Wu et al., 2015). A US company known as 

SunPower have recently developed a silicon module claiming a world efficiency of 24.1% 

(SunPower, 2016).  A Swiss Federal Laboratories for Materials Science and Technology 

(EMPA), have developed CIGS thin film solar cells on flexible polymer foils with a new record 

efficiency 20.4% (EMPA, 2013). A team working in the Japan’s Solar Frontier in a partnership 

with the Japan’s New Energy and Industrial Technology Development Organization have 

recently attained the CIGS new record efficiency of 22.3% (Solar Frontier, 2015) while a team 

working in the Centre for Solar Energy and Hydrogen Research (ZSW) have claimed the 

present CIGS highest efficiency world record of 22.6% (ZWS, 2016). CdTe recorded efficiency 

stands at 21.5% achieved by First Solar certified at the Newport Corporation's Technology and 

Applications Center (TAC) PV Lab (First Solar, 2015). Despite their success and potential, 

these technologies require an indispensable constituent In, Ga and Te all of which are rare earth 

metals. Additionally, Cd used in CdTe solar cell is highly toxic and hence not environmentally 

friendly (Pawar et al., 2014).  

1.3 Current trends in PV technology  

Thin film photovoltaics (TFPV) technology is faced with several major challenges since its 

emergence:  competing with silicon based PV in terms of power conversion efficiency 

manufacturing costs and the need to contain only earth-abundant and non-toxic materials 

without severe degradation in the long term (Bremaud, 2009). Moreover, TFPV solar cells will 

remain in the small minority as long as crystalline silicon (c-Si) solar PV manufacturing costs 

decreases. In recent years, TFPV technology has experienced rapid growth and achieved 

significant technological advances hence consolidating its place in the solar market. From a 

physical aspect, TF solar cells are more advantageous on the grounds that they have a direct 
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band gap, a high absorption coefficient which enables the absorption of most of the solar 

spectrum using only few microns of materials as well as reduction in sensitivity to 

recombination at grain boundaries (Bremaud,2009). Technologically, TF solar cells’ cost of 

fabrication can be reduced by exploiting manufacturing actions like roll-to-roll or allow the 

usage of flexible substrates and monolithic interconnections (Bremaud, 2009).  

1.4 CZTS Compounds as an Alternative to CIGS Alloys 

There is a growing demand for alternative materials to the well-established CdTe, CIGS and 

Si-variants despite thin film solar cell (TFSC) technology’s current encouraging advantage. It 

is estimated that the abundance of Indium, Cadmium and Tellurium in the earth crust to be 0.16 

ppm, 0.15 ppm and 0.001 ppm respectively (Das et al., 2016). This is significantly lower 

compared to the abundance values of copper, zinc, tin and sulphur which is estimated to be 68, 

79, 2.2 and 420 ppm respectively. Furthermore, Zinc and Tin are much more available 

compared to Indium (Das et al., 2016). It is estimated that the availability of Zinc and Tin is 

about 500 and 14 times higher and also the annual global production of these elements is 20 

and 340 times more compared to the scarce and expensive Indium (Das et al., 2016). On the 

other hand, cadmium metal is well known for its toxicity issues and in some countries it has 

experienced legislative action forcing industries to restrict or completely refrain from its use 

(Tickner et al., 1999). It goes without question that there is a great need for the identification 

of a new thin film material compounds which comprise more sustainable and non-toxic 

elements coupled with excellent device performance. Device performance is very vital in 

reinforcing the development and commercial viability of thin film technology. Extensive 

research has been ongoing seeking alternative thin film materials to potentially substitute 

current materials in order to address and meet the growing urge for the above issues. It emerges 

that CZTS is the best alternative choice for thin film solar cell absorber material because of its 

direct band gap of 1.4-1.6 eV with a large optical absorption coefficient (≥104 cm-1) and p-type 

conductivity. The constituent elements of CZTS thin film material are earth abundant, cheap 

and environmentally friendly compared to its counterpart elements like Indium, Cadmium, 

tellurium and Sellenium. Figure 1.2 shows the abundance and cost of constituent elements for 

CIGS, CdTe and CZTS(Se). It is evident from the figure below that the price of Indium, 

Tellurium, Gallium and Sellenium are high compared to Copper, Zinc, Tin and Sulphur. 

Sulphur is the most abundant on the earth crust and least costly. 
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Figure 1.2: Abundance on earth’s crust and cost of constituent elements for CIGS, 

CdTe, and CZTS(Se) absorber materials for thin film solar cells (Das et al., 2016) 

1.5 Statement of problem  

Enormous research studies have been carried out on CZTS solar cells using different techniques 

in the world and the reports attests to CZTS remains a promising, as abundant and non-toxic 

alternative to high performing CIGS based technology. However, key issues related to carrier 

transport, absorber quality and interface recombination or interface buffer layers need 

additional attention to be optimized for this technology to remain competitive compared to 

CIGS.   

1.6 Objectives 

1.6.1 General Objective 

The overall objective of the study is to optimize the deposition parameters and investigate the 

optical and electrical characteristics of CZTS thin films deposited using the SILAR technique.  

1.6.2 Specific objectives 

The specific objectives of this study were: 

a) To optimize the deposition parameters of CZTS using low cost SILAR technique 

b) To evaluate the optical and electrical properties of CZTS thin films deposited by SILAR 

method 
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c) To determine the effect of annealing temperatures and thin film thicknesses on the 

optical and electrical properties of CZTS thin films. 

1.7 Justification and Significance of the Study 

Human development and survival highly depends in the availability of clean energy which is 

key for healthier living and necessary for mitigation of the negative climatic change. The world 

is struggling to maintain constant supply of energy and according to the current reports, energy 

from fossil fuels such as coal oil and gas is being used to power more than 80% of the world’s 

economy. These fuels are proving to be no longer sustainable due to their daily escalating prices 

and they also emit greenhouse gases upon combustion. On the other hand, solar energy is clean, 

available in large quantity and is capable of providing a significant amount of the world’s 

energy demand that can be used to solve the energy crisis that is foreseen in the decades to 

come. The mostly used solar panels that has reached a high efficiency are made from high 

purity crystalline silicon which are costly for a common consumer to own. On the other hand, 

the thin films such as CIGS and CdTe which have also achieved remarkable efficiencies are 

facing a problem of either containing toxic elements such as Cadmium or the elements are rare 

such as Tellurium or Indium. CZTSs’ potentially inexpensive manufacturing technology 

promise cheaper solar energy as well as a promising alternative to CIGS. CZTS contains 

abundant earth metals which are non-toxic and hence environmentally friendlier. Additionally, 

if this technology is fabricated using an easier and cheaper technique such a SILAR technique, 

it gives CZTS solar cell an exceptional chance to taking up a large fraction of the world’s solar 

PV market.   
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CHAPTER TWO:  LITERATURE REVIEW 

2.1 CZTS(Se) CRYSTAL STRUCTURE  

CZTS or CZTSSe can form in two distinct crystal structures namely kesterite and stannite 

structures (Hall et al., 1978). Compounds whose crystal structures form in a similar manner 

like kesterite minerals are also referred to as kesterites. In a similar way those whose crystal 

structures take the form of stannites are referred to also as stannites. For  

CZTS, the only notable distinction between kesterite and stannite crystals lies in the distinctive 

ordering of the cation sub-lattice as shown in Figure 2.1 (Jiang and Yan, 2013)  

 

 

 

 

 

 

Figure 2.1: Schematic representation of kesterite and stannite structures [(a) and (b) Jiang 

and Yan, 2013; (c) adapted from Hall et al. 1978. 

 

Kesterite solar cells technologies use sulfur rich, Cu2ZnSnS4 (CZTS); selenium rich 

Cu2ZnSnSe4 (CZTSe) and their alloys Cu2ZnSn(S,Se)4 (CZTSSe). Sulfur selenium alloy based 

technology Cu2ZnSn(SxSe1-x) (CZTSSe) has the best record conversion efficiency of 12.6% 

(Wang et al., 2013). In addition, selenium rich compounds, until now the Zn-rich and Cu-poor 

kesterite solar cells have shown better conversion efficiencies. Zn– rich structures are more 

tolerant to stoichiometric deviations, while Cu – rich structures are prone to formation of 

copper rich regions in the grain boundaries thus increasing recombination losses and adversely 

affecting open circuit voltage (VOC) (Bag et al., 2012). The VOC deficit, defined as difference 

(a) Kesterite (b) Stannite CZTS 

 

(c)  Kesterite CZTS/Se 
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between Eg (in eV) and VOC (in V) can be decreased by diminishing the bang gap together with 

tight control of the formation of Cu2X possibly by its removal by KCN etching. 

Structurally closer to kesterites is another naturally occurring mineral called stannite. Kesterite 

and stannite crystal structures are so close that x-ray diffraction (XRD) spectroscopy cannot 

resolve them. To distinguish between these two structures neutron spectroscopy is required 

(Tsukasa et al., 2011). X-ray diffraction cannot distinguish between Cu and Zn due to similarity 

of their cross-sections; hence a synchrotron light or neutron source is required for that purpose 

of distinction as well as for differentiation of their secondary phases (Nozaki et al., 2012).  

2.2 Electrical and Optical Properties of CZTS 

 

(a) Electrical Properties 

Internal defects usually occur as a results of doping CZTS materials. Chen et al., (2010) came 

up with the first principle of theoretical calculations for the energy formation and the transition 

energy levels for a series of intrinsic point defects and defect complexes in CZTS. They were 

able to show that p-type conductivity can be formed when the ‘Cu’ atoms sits on the place of 

‘Zn’ atoms (CuZn antisite) which has a lower formation energy and relatively deeper acceptor 

level compared to the ‘Cu’ vacancy. They also state that all donor defects possess higher 

formation energy hence this is agreement with the experimental findings of p-type 

conductivity. Occurrence of n-type doping is difficult in CZTS when the formation energy of 

acceptor defects is low.   

 

Several resistivity values of CZTS thin films which have been reported before seem to be 

varying mainly between ~10-3 Ω.cm and 101 Ω.cm (Jiang and Yan, 2013). Also, resistivity 

values as high as 104 Ω.cm have been reported (Katagiri et al., 1997).  Different authors in 

their different studies have reported about the hole concentration to be varying from 1016 cm-3 

to 1021 cm-3 (Chaudhari and Tiwari, 2012; Fernandes et al., 2010; Rajeshmon et al., 2011; Ito 

and Nakazawa, 1988). Observations made from the results of Hall effect measurement 

indicated that hole mobility of CZTS changed from lower than 0.1 to as high as 30 cm2·V-1·s-

1.  A number of reported values were in the range of 1 to 10 cm2·V-1·s-1 (Jiang and Yan, 2013). 

The reported low mobility clearly indicates that the maximum thickness of the CZTS absorber 

http://scitation.aip.org/content/contributor/AU0472128
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layer is supposed to be smaller compared to the thickness of the absorber layer in CIGS thin 

film solar cells.  

  

(b) Optical Properties 

The optical band gap of kesterite based CZTS has been theoretically determined to be 1.50 eV 

and it has a high absorption coefficient of approximately 104 cm-1 which is able to ensure 

minimization of material used on the device (Singh et al., 2015). Various reseachers have 

previously carried a study on CZTS thin films using different techniques and the obtained 

results showed that the band gap of these films varied from 1.4 eV to 1.6 eV (Jiang and Yan, 

2013).  

 

Raman spectrum is commonly seen to be a vital technique which can be used to characterise 

samples in order to reveal Raman peaks in CZTS films especially for the peaks associated with 

ternary phases namely CuxS, ZnS, SnxS, Cu2SnS3, and Cu3SnS4. According to a report by 

Fontane et al., (2011), 338 cm-1 is the universally acknowledged peak of CZTS. In addition, 

other peaks which are being associated by CZTS are at 96 cm-1, 166 cm-1, 250 cm-1, 251 cm-1, 

287 cm-1, 288 cm-1, 289 cm-1, 337 cm-1, 338 cm-1, 352cm-1, 370 cm-1 and 372 cm-1 (Fontane et 

al., 2011). 

 

Low temperature of about 5K photoluminescence spectra have been recorded from CZTS thin 

films during a study on the recombination mechanisms. Researchers have previously observed 

a broad peak which was centered around 1.24eV and it was associated with the typical donor-

acceptor pair transition that involved creation of tail states by potential fluctuations. From the 

research, it was claimed that the presence of potential fluctuations indicated CZTS was strongly 

compensated. Moreover, time-resolved PL data indicated that lifetime of free carriers in CZTS 

thin film was lower than 1 ns (Jiang and Yan, 2013). 

 

2.3 CZTS Thin Film Deposition Technique 

Various techniques have been used in deposition of CZTS thin films such as sputtering, spray 

pyrolysis, evaporation, successive ion layer adsorption reaction (SILAR), spin coating from 

precursor solution etc. (Vanalakar et al., 2014).  The deposition techniques of the thin film can 
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be categorized broadly into two major groups, namely vacuum-based techniques and solution-

based techniques. Vacuum-based technique comprises of evaporation, sputtering, pulsed laser 

deposition and chemical vapor deposition while solution-based techniques involve spray 

pyrolysis, nano-crystal ink based approaches, precursor- ink based approaches and 

electrochemical deposition. 

2.3.1 Vacuum-Based Techniques 

This technique widely involves deposition of thin film by sputtering and evaporation. CZTS 

thin films are made by high temperature metal sulfides, sufidation of stacks of metals or by 

combining the two (Wang, 2011). This technique calls for patience since the processes involved 

are slow and requires up to numerous hours of thin film deposition and annealing. The 

advantage of this technique is that the thin film obtained exhibit controlled stoichiometry and 

high uniform potential (Wang, 2011). Below is a brief description of each of the Vacuum based 

technique namely evaporation, sputtering, pulsed laser deposition 

(a) Evaporation 

Katagiri et al. (1996) were the first to give a report on CZTS thin films from evaporation by 

sulfirization of Cu/Sn/Zn stack in N2+H2S (5%) atmospher at 500°C and the solar cells were 

found to have a power conversion efficiency of 0.66%. An indepth stoichiometric analysis of 

the sulfurized film samples showed that volatile zinc re-evaporated when the samples were 

heated for long. In another research, Katagiri et al (2001a) were able to improve the device 

efficiency to 2.62% by substituting the Zn with ZnS and elevating the heating temperature to 

550OC. Katagiri et al., (2001b) also reported on the significant improvement on the final film 

adherence to the Mo/SLG substrate when Zn was replaced by ZnS in the initial precursor stack.  

Independently, Ito and Nakazawa, (1988) and Katagiri et al. (2003) reported further 

improvement on the devices when the annealing chamber was improved by using rotary pump 

with a steel chamber and turbo pump instead of the quartz glass tube furnace. They also used 

CdI2 instead of CdSO4 for the deposition of CdS, and introduced a Na2S layer between the ZnS 

precursor layer and Mo in order to control Na-doping in the CZTS films. As a results of these 

improvements, they were able to fabricate a solar cell device with a conversion efficiency of 

5.45% , an open circuit voltage (VOC) of 582 mV and short circuit current density (JSC) of 15.5 

mA/cm2 .In a different study carried out by Katagiri (2005), they tried to combine different 
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precursor stacks in order to come up with a solar cell device with a smoother CZTS layer since 

they were having a problem with the surface morphology of  5.45 % efficient device reported 

earlier. They observed that a smoother CZTS film could be realized with the use of multiple 

periods of Cu/SnS2/ZnS stacks. The film morphology improved as a result of better intermixing 

of the initial precursors as well as increment in the sulfur content of the precursor layer.  

Using co-evaporation on heated substrates, Friedlmeier et al., (1997) from Stuttgart University 

were able to fabricate a CZTS device with a conversion efficiency of 2.3%. They varied the 

substrate temperature between 300 and 600 °C and also used Copper, Zinc Sulphide, Tin 

Sulphide or tin and Sulphur as the sources for the deposition of CZTS films. Significant 

amounts of Sn were found to be lost by re-evaporation when films were subjected to a higher 

substrate temperatures of more than 400°C. According to a report by Tanaka et al. (2006), 

CZTS films which are deposited using co-evaporation from Cu, Zn, Sn, and S precursors 

showed a preferential orientation along the [112] plane. There was an increment in the grain 

size as the substrate temperature increased from 400 – 600 °C.  

Lately, there have been increased studies on fast co-evaporation of CZTS thin films with an 

aim of making the thin film deposition more viable for commercial manufacturing. Schubert et 

al. (2011) carried out a study to determine the possibility of fabricating a Cu-rich CZTS thin 

film using co-evaporation technique at a substrate temperature of 550OC. They observed that 

the as deposited film contained both CuS and CZTS phases but the CuS was later gotten rid of 

using KCN etching. The fabricated solar cell device using these films after etching had an 

efficiency of 4.1% coupled with a VOC of 541mV, JSC of 13.0mA/cm2 and fill factor (FF) of 

59.8%.  In another report, Wang et al. (2010) from IBM deposited CZTS thin films using co-

evaporation method with low substrate temperature of 110°C then annealed the synthesized 

film in sulphur atmosphere at  540 °C for a few minutes. The device made using these films 

were found to be 6.8% efficient with a  VOC of 587mV, JSC of 17.8mA/cm2 and FF of 65%. 

The obtained CZTS thin films were found to be 660nm thick.  

Recently Bar and his team (Bar et al., 2011a) published a report on the effect of KCN etching 

on the surface properties of CZTS thin films. It was found that KCN etching resulted to a 

preferential etching of copper and to some extent tin too which led to an increased surface band 

gap from 1.53 eV to 1.91 eV. In another report by the same authors, they carried out an analysis 

on the effect of oxidation on the surface properties of CZTS films. They found that tin, zin and 
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sulphur were oxidized when the thin films were exposed to air. The surface of the films were 

observed to be Cu-deficient which was attributed to the presence of copper free surface species 

such as ZnSnS3, or even a mixture of ZnS and SnS2 (Bar et al., 2011b).    

 

Figure 2.2: Schematic diagram of thermal evaporation. 

(b) Sputtering 

Beam sputtering technique has been used before in deposition of CZTS thin films from a 

pressed targets of CZTS (Ito and Nakazawa, 1988). They observed that CZTS band gap was 

1.45 eV. Tanaka et al. (2005) synthesized CZTS thin films by annealing heated Cu/Zn/Sn 

(bottom) stacks in sulfur atmosphere. The films were found to peel off easily when they were 

sputtered at room temperature followed by annealing at high temperature. However, a well 

adhesive film was obtained when heated substrates were sputtered followed by S annealed at 

the same temperature. Stoichiometric CZTS films were obtained at a lower substrate 

temperatures of less than 400°C. Notably, a Zn-poor thin film was obtained at a temperature 

high than 450OC due to Zn losses.  

Katagiri et al. (2007) fabricated the best solar cells using sputtering technique. The group 

managed to fabricate a CZTS device with a conversion efficiency of 5.74% by employing a 

reactive co-sputtering of Cu, SnS, and ZnS in H2S atmosphere (20%). In order to come up with 

a fine intermix and uniform precursors, the film samples underwent a rotation (20rpm) as the 
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precursors were being sputtered.  It was found that the best devices were obtained when Cu/(Zn 

+ Sn) = 0.87, Zn/Sn = 1.15, and S/(Cu + Zn + Sn) = 1. Later in a separate study, Katagiri et al., 

(2008) reported on a more improved efficient pure sulfide CZTS device whose efficiency was 

6.77%. This improvement was achieved as a result of etching of metal oxide particles which 

are present on the CZTS layer by soaking the film samples in  the distilled water before the 

deposition of CdS.   Katagiri et al. (2009) varied the Cu:Zn:Sn ratio in an attempt to determine 

its effects on the performance of the CZTS device. They were able to obtain a more efficient 

CZTS solar device when the composition range is narrow around Zn/Sn≈1.25 and 

Cu/(Zn+Sn)≈0.9. In addition, it was found that there was little effect on the device properties 

when H2S concentration was varied from 5% to 20%. The use of lower H2S concentration for 

anneals was then suggested in order to minimize the wearing of the sulfidation chamber. 

  Edoff et al. (2012) carried out a study to determine the effect of replacing ZnS precursor with  

Zn on the properties of  CZTS thin films. They observed that the films obtained by using ZnS 

were smooth, contained fewer voids, the grains were smaller in size and Sn loss reduction. This 

observation was associated with the early nucleation in the film samples which were sputtered 

using S containing precursors. Chalapathy et al. (2011) reported 4.59% efficient CZTS solar 

cells when they synthesized CZTS thin films by annealing a stack of Cu/ZnSn/Cu precursor in 

Sulphur atmosphere. They observed that the thin film morphology was sensitive to the 

annealing temperature. The films which were annealed at 560°C resulted to bi-layer 

morphology while the film annealed at 580°C did not. 



15 
 

 

 

 

Figure 2.3: Schematic diagram of a Sputtering unit (Ali,1999). 

 

(c) Pulsed Laser Deposition (PLD) 

Moriya et al. (2007) fabricated the first CZTS solar cell using PLD of which they obtained 

films with an efficiency of 1.74% when annealed at 500OC. In the study, the CZTS targets were 

ablated using KrF laser pulses.  During thin film deposition, the substrate was held at room 

temperature. The authors carried out the grain growth by annealing the samples in N2 

atmosphere for an hour. The observed that the films showed no significant Sn loss and had 

formed Cu-Sn-S phase along with CZTS. In a different study, Moholkar et al. (2011) reported 

a CZTS device with an efficiency of 3.14%. CZTS were synthesized the same way to Moriya 

et al.,(2007) except annealing where they annealed their film samples in N2 + H2S (5%) 

atmosphere at 400°C.  
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Figure 2.4: Schematic diagram of pulsed-laser deposition system (Mostako and Khare,2012). 

 

(d)  Chemical Vapor Deposition (CVD)  

 CZTS thin film using aerosol assisted CVD technique was first fabricated by Ramasamy et al. 

(2011). They used a toluene solution of the diethyldithiocarbamate complexes of Cu, Zn, and 

an alkyl derivative of Sn. It was observed that the three complexes decomposed in a narrow 

temperature range of 280-300°C and this enhanced the formation of a single phase of CZTS. 

The films that were prepared using different substrate temperatures showed varied 

stoichiometry which made stoichiometric control of the final film difficult. Washio et al. (2012) 

fabricated CZTS films by sulfidazing the oxide of the films which were prepared by open 

atmosphere CVD. The oxide films were then annealed at a temperature range of 520-560°C in 

an N2+H2S (5%) atmosphere for three hours. The fabricated solar devices which were obtained 

using these films were found to have a conversion efficiency of  6.03% even though all the 

results from EDX indicated that the films were having O-Kα peaks. The devices with a 

compositional ratios of Cu/(Zn + Sn) = 0.78 and Zn/Sn = 1.29 resulted in the most efficient 

devices.  
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Figure 2.5: Schematic diagram of a typical tube-furnace chemical vapor deposition system 

(Miao et al. 2011) 

 

2.3.2 Solution-Based Techniques  

Solution-based techniques are low-cost and are being used as an alternatives to the expensive 

vacuum-based techniques. These techniques have shown tremendous potential for CZTS 

processing as detailed below.  

(a)  Nanocrystal Ink Based Approaches 

The first reports on CZTS nanocrystal films were reported in 2009 in three different 

publications within. From the reports, the synthesized films had varied diameters ranging 

between 10-20 nm with a band gap of about 1.5 eV (Riha et al., 2009; Guo et al., 2009; 

Steinhagen et al., 2009). Large grained CZTSSe films were obtained by selenization of doctor 

bladed thin films from CZTS NCs dispersed in hexanethiol at 500°C for 20 min and this 

resulted in a device with an efficiency of 7.2%. The efficiency of these devices were found to 

be limited by the presence of a carbon-rich layer at the Mo/CZTSSe interface (Guo et al., 2010).  

Shi et al. (2011) synthesized CZTS nanorods which had a diameter of about 200 nm by making 

use of template directed synthesis together with metal chlorides, ethylenediamine and 

sulfur/selenium  precursors. For easy extraction of the nanowires, the templates were dissolved 

using NaOH solution. Lu et al. (2011) have synthesized wurtzite phase CZTS nanoprisms and 

nanoplates by using dodecanethiol instead of oleylamine as capping agent. They found that the 
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nanocrystals had a band gap of 1.4 eV. Dai et al., (2010) varied the stoichiometry of the CZTS 

nanocrystals which resulted in the variation of films’ energy band gap between 1.23 eV and 

3.48 eV. They also found that the NC had a diameter of about 3.5 nm and this was independent 

of stoichiometry.  

(b) Spray Pyrolysis 

Spray pyrolysis is widely used for fabrication of thin-films because the apparatus used are easy 

to handle and the fabrication process is simple (Wang and Bell, 2011). Nakayama and Ito 

(1996) synthesized the first CZTS thin films by spray pyrolysis. They synthesized CZTS thin 

films by spraying a solution of metal chlorides and thiourea (sulfur source) in deionized water 

onto soda- lime glass (SGL) substrates at a temperature of 280-360°C and then annealed in an 

atmosphere of Ar gas containing 5% H2S at 550oC. The results showed that the as-deposited 

films were sulphur deficient while the annealed films were stoichiometric. Cu-rich films 

contained traces of CuxS whereas Zn-poor films contained Cu2SnS3 impurity phase. Madarasz 

et al. (2011) carried out a study on the thermal behavior of CZTS thin films made by spray 

pyrolysis. They reported that the formation of precipitate CuCl (thiourea).0.5 H2O can only be 

prevented by the use of excess thiourea. Kamoun et al.(2007) investigated the influence of 

substrate temperature on the property of the film by spray pyrolysis. They found that substrate 

temperature of 340oC produced the best crystallinity of the film as well as improving its optical 

property.  Kumar et al. (2009a) using a similar solution system, a single phase of CZTS was 

achieved by optimizing the process of deposition using a substrate temperature of 370°C and 

an optimized precursor concentration. They found that the films had a direct band gap of 1.43 

eV which is consistent with CZTS and their results showed that a polycrystalline CZTS films 

with better crystallinity could be obtained in the temperature range of 643-683 K, which was 

slightly higher than Kamoun’s results. In the separate studies, the authors further investigated 

the effect of starting-solution pH on the growth of Cu2ZnSnS4 thin films (Kumar et al., 2009b) 

and copper salt and thiourea concentrations on the formation of Cu2ZnSnS4  thin films (Kumar 

et al., 2009c) using the same technique. The interesting bit is that sulphides based secondary 

phases (CuxS or ZnS) were also found in the film. The application of the film in solar cell was 

not evaluated using the above CZTS films made by spray pyrolysis.   
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Figure 2.6: Schematic diagram of a typical spray pyrolysis deposition system. 

(c)  Electrochemical Deposition 

Electrochemical deposition technique has been widely used both in research and industrial 

community to fabricate thin film absorber layer such as CdTe and CIGS cells. Electrochemical 

deposition will be a cost-effective technique for large-scale fabrication thin film if only all the 

elements in CZTS can be deposited on the substrate at the same potential. Scragg et al. (2008) 

synthesized the first CZTS films using electrochemical technique by covering the already 

deposited metal stack of Cu/Sn/Zn with a layer of sulfur then annealing in Ar gas for 2 hours 

at 550°C. They found that the fabricated solar cells had an efficiency of 0.8%. This efficiency 

was very low and was found to be due to both high shunt conductance and series resistance. 

They found that it was still impossible to obtain a pure CZTS film phase using this method 

despite changing the precursor stoichiometry. The best quality films were obtained when 

Zn/Sn=1. Annealing in N2+H2S (5%) was also found to give larger grains (Scragg et al., 2009). 

In a later study, Scragg et al. (2010) improved the process of deposition by using Cu/Sn/Cu/Zn 

stacks, used a rotating disc electrode for sample deposition and a KCN etch in order to get rid 

of the CuxS phase. This resulted to a solar cell device with an efficiency of 3.2%.  
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CZTS thin films have also been synthesized by annealing co-electrodeposited Cu-Zn- Sn films 

in S atmosphere for 2 hours (Araki et al., 2009). They found that the films which was slightly 

Zn-efficient films resulted to a 3.16% efficient solar cell. For the co-electrodeposition, the 

components were Copper (II) sulphatepentahydrate, zinc sulfate heptahydrate, tin (II) chloride 

dihydrate and tri-sodium citrate dihydrate. After annealing, there was no presence of phase 

separation by the co-electrodeposited films. Ennaoui et al. (2009) employed the same 

deposition process used by Araki et al., (2009) and came up a solar device whose efficiency 

was 3.4% efficient. The Cu-Zn-Sn films were annealed in Ar + H2S (5%) with a total 

processing time of 8 hrs, which involved a 2 hr. anneal at 550°C. The device efficiency was 

limited by the presence of Zn-rich regions (probably ZnS), Zn-deficient regions (probably 

Cu2SnS3), and voids near the Mo/CZTS interface. When the authors studied XRD of the 

annealed thin films, they found out that there was formation of Cu2SnS3 and ZnS which can 

react  to form a single phase CZTS film at a temperature of about 570°C. The formation 

reactions for Cu2SnS3 found to be different for  both Cu- deficient and Cu-efficient films.   

 

 

Figure 2.7: Schematic diagram of a typical electrochemical deposition system (Shelke et al. 

2011). 
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(d) SILAR Technique 

SILAR technique is one of the recent techniques and only a few studies have been reported on 

the deposition of CZTS thin films using this method. aMali et al.,(2012) were the first to report 

on SILAR grown CZTS thin films. In their study, they used two different solutions to produce 

CZTS thin films on fluorine doped tin oxide glass substrates which were later on used to 

investigate the photo-electrochemical conversion (PEC) efficiency of light to electricity. They 

observed that their best solar cell sample showed VOC of 390 mV, JSC of 636.9µA/cm2, a FF of 

0.62 and a power efficiency of 0.396% under irradiation of 30Mw/cm2.  In another study, bMali 

et al.,( 2012) used a similar technique to synthesize novel kesterite Cu2ZnSnS4 nanoflakes. 

The results revealed that the film was Cu rich and S poor with a total conversion power of the 

CZTS cell being 1.85% under 30mW/cm2 illumination.  

Patel et al., (2014) reported the influence of deposition parameters and annealing on 

Cu2ZnSnS4 thin films grown on glass substrate using SILAR method. The deposition 

parameters which were varied were number of cycles and precursor concentrations and the 

samples were annealed at different ambient temperatures in Sulphur and tin sulphide 

atmosphere. For both sets of precursor concentrations, the CuS and CZTS phase formation 

were observed to begin simultaneously in the initial phase reaction and the CZTS phase became 

dominant as the number of cycles increased.  A good grain growth was observed when the as 

deposited films were annealed in the presence of Sulphur and tin sulphide atmosphere. 

However, the grain size distribution was found to get better in the film annealed in the presence 

of Sulphur at 500oC. 

Kahraman et al., (2014) reported CZTS thin films grown on soda lime glass substrates using 

SILAR technique which was later on sulfurized. In the study, the influence of deposition cycles 

of layers on the morphological, compositional, structural and optical properties of the samples 

were investigated. It was observed that the optical absorption coefficient of the films was about 

104cm-1 while the optical band gaps of the films were estimated to be between 1.36 and 1.50 

eV. Henry et al., (2015) synthesized CZTS thin films using SILAR technique and used the 

films to investigate the electrical and optical properties of CZTS thin films. The fabricated 

CZTS films showed good optical absorption coefficient larger than 104 cm-1 in the visible 

region with a band gap of about 1.54 eV which is close to the optimum value for solar cell 
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application. The refractive index was found to be 2.85 while the electrical resistivity of the film 

samples were found to be in the order of 10-2Ωcm at room temperature. 

Su et al., (2012) fabricated CZTS films by sulfurizing two stacked precursor sulfide layers 

glass/ ZnS/Cu2SnSx via successive ionic layer adsorption and reaction (SILAR). The two 

stacked precursors were initially synthesized by SILAR technique then later on annealed at 

500oC for 30 minutes in sulfur atmosphere. The results revealed that the film thickness of the 

two samples increased from 340nm to 410nm and 350nm to 420nm after annealing due to an 

increase in grain size. The thin films also had a kesterite structured CZTS, optical band gap of 

1.5eV and p-type conductivity with a carrier concentration in the order of 1018 cm-3. 

Sakthivel and Baskaran, (2013) carried out a research to fabricate CZTS thin film solar cells 

using SILAR and spray pyrolysis. They observed that the film samples deposited by SILAR 

technique achieved an optical absorption coefficient in the order of 104cm-1 with a band gap of 

1.53 eV which is quite close to the theoretical optimal value for a single- junction solar cell. 

The conversion efficiency of SILAR deposited solar cell was found to be 1.22% with a short 

circuit current density of 9.28mA/cm2, open circuit voltage of 0.32V and fill factor of 41% 

under AM 1.5 (100mW/cm2). In another study using a similar technique, the same group 

reported on the influence of number cycles on structural, surface morphology, optical and 

electrical properties of CZTS thin film solar cells (Sakthaivel and Baskaran, 2013). Results 

revealed that the as deposited thin film had polycrystalline kesterite CZTS and an increased 

grain size after a completion of 120. The morphological study showed a compact film with 

some voids at some places. They also observed that the band gap decreases with an increase in 

the film thickness which was related to the change in the barrier height of the crystalline film. 

On the other hand, the film which was prepared at higher thickness exhibited lower conduction 

due to higher absorption behavior of the material (Sakthaivel and Baskaran, 2013). 

Lokhande et al., (2011) reported on the photosensitivity of CZTS thin film grown at room 

temperature by novel chemical method. The as deposited CZTS thin film was annealed at 673K 

for 3 hours in order to study the effect of annealing treatment on the properties of the material. 

The film grown on an area of 21cm2 achieved a film thickness of 2.4µm after 150 SILAR 

cycles after which the film thickness decreased with further increase in the deposition cycles. 

The deposition over 21cm2 was a confirmation to the feasibility of SILAR method for large 

area deposition. The band gap was observed to decrease from 1.6 to 1.5 after annealing which 
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is close to the optimum band gap value for solar cell indicating that solar cell is promising for 

solar cell application. 

aSuryawanshi et al., (2014) reported on the influence of different anionic bath immersion times 

on the photoelectrochemical performance of CZTS thin films prepared by a modified SILAR 

sequence. The thin films which were were deposited on the Mo coated glass substrate using 

SILAR method for 80 cycles were fabricated by sulfurization of the CZTS precursor films 

under H2S (5%) + N2 (95%) atmosphere at 580oC for 1 hour. The anionic dipping time was 

varied from 5 to 15 seconds. It was observed that the best PEC of 2.33% with a maximum Jsc 

of 12.88Am cm-2, Voc of 0.42 and FF of 0.43 was achieved with lower value of anionic bath 

immersion time. Consequently, the best optical direct band gap of 1.52 was also obtained with 

the dipping time of 5s. In another study, bSuryawanshi et al., (2014) synthesized a 

photochemically active CZTS thin films by the sulfurization of stacked Cu2SnS3 and ZnS 

precursor layers at deposited by SILAR technique. The CZTS precursor films were sulfurized 

at different temperatures ranging from 500 to 575OC at an interval of 25OC. The results on the 

compositional analysis showed that the ratio of Cu/(Zn+Sn) decreases from 0.98 to 0.91 with 

an increase in the sulfurization temperature though still indicating that the nearly stoichiometric 

CZTS thin film can be easily achieved.  The films sulfurized at 575OC showed the highest short 

circuit current density of 8.27 mAcm-2with a power conversion efficiency of 1.06%. 

It is clear from the literature that kesterite solar cell is the best alternative to CIGS solar cell 

that stands a chance to compete with silicon solar cell. This is only possible once the optical 

and electrical characterization is optimized so that best conversion efficiency is achieved.  
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Figure 2.8: Schematic diagram of SILAR technique (aMali et al. 2012). 

2.4: Fabrication of films using successive ionic layer adsorption and reaction process   

The Successive Ionic Layer Adsorption and Reaction (SILAR) method is one of the newest 

technique and is also known as an improved version of Chemical Bath Deposition process. It 

is a relatively newer and less experimented before. The procedure involves immersion of 

substrate in cationic and anionic precursor solution and rinsing in deionized water in between 

them to obtain the growth of desired film. The main difference between SILAR and CBD is 

growth mode. In CBD technique, all the precursors are present at the same time in the reaction 

beaker whereas in SILAR technique the substrate is separately rinsed in each precursor and 

this include immersion in deionized water in between them. As the rinsing isolates the 

individual steps, the growth of desired film takes place layer by layer. The number of the 

deposition cycles directly controls the thickness of the film to be produced.    

2.4.1 Advantage of SILAR comparing other methods:   

SILAR method is simple and it has lot of advantages over other processes. First and foremost, 

it is one of the easiest method when it comes to the process of doping films of any element by 

adding proportional amount of the required element in cationic precursor solution. SILAR 

technique does not require any high-quality target or substrates neither does it require high 

vacuum at any stage compared to the closed vapour deposition method.  Importantly, it is 

easier to control the thickness of the required films as well as the deposition rate of the film by 

changing the the number of cycles and rinsing duration. Notably, this method does not  result 

to any kind of local overheating that could be harmful to the deposited materials and there is 

no any kind of restrictions whatsoever in regards to the substrate material, dimensions or its 

surface structure.    

In addition, the technique is less costly, simple and suitable for large area deposition. The 

deposition process can be done using locally available materials which are quite affordable. A 

large number of varied substrates can be deposited since it’s a chemical method hence an 

insoluble surface which can be freely accessed by the solution would stand as a suitable 

substrate for the deposition to take place. There is minimal possibility for the oxidation or 

corrosion to take place since the deposition process takes place at room temperature and its 

easier to obtain stoichiometric films. Last but not least, it is easier to control the preparation 
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parameters in order to obtain better grain structures because the deposited layers are ions and 

not atoms.  

Generally, this technique has not been extensively used in research as a method of deposition 

of CZTS thin films therefore there is still limited information regarding this technique. 

Moreover, most of the reported research on CZTS thin films using SILAR technique have 

carried out their investigation using the ordinary set up and so far no research has been carried 

out using SILAR Coating system with stirrer equipment. With the ordinary set up, it is easier 

to lose track of number of cycles and dipping time because of using stop clock as a result of 

fatigue. This explains why it is not a popular technique when it comes to investigation of CZTS 

thin films. This equipment makes it easier to optimize the deposition parameter such as 

adsorption and reaction time hence getting more viable results. With equipment in use, the 

possibility of optimizing the deposition parameter will make solar cells based on CZTS thin 

film technologically viable for an economic feasibility study. Optimization of deposition 

parameters using SILAR coating with stirrer equipment to investigate and characterize CZTS 

thin film as an absorber layer as reported in this work will contribute more to the successful 

usage of CZTS deposited by SILAR technique. 
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CHAPTER THREE: THEORETICAL BACKGROUND 

3.1: Solar spectrum 

Solar radiation can be assumed to be radiations from a black body with a temperature T≈ 5800 

K (Nelson, 2003). As the sunlight passes through the atmosphere, it is attenuated as a result of 

scattering and absorption processes. Solar irradiance occurs within a wide range of 

wavelengths. The loss in spectrum resulting from the atmosphere is measured using a factor 

called Air Mass factor. Air Mass is the path length which light follows through the atmosphere. 

This element of spectra is very important in the quantification of reduction in the power of light 

due to absorption in the atmosphere. The Air Mass is defined using equation below: 

 

𝐴𝑀 =
1

𝐶𝑜𝑠(𝜃)
         (3.1) 

 

where 𝜃 is the elevation angle of the sun. 

 

The Air Mass is 1 when the sun is directly perpendicular to the Earth’s surface. The standard 

illumination is known to be AM1.5G (the G stands for global) and it corresponds to an elevation 

angle of 48.2o which has been normalized to give 1Kw/m2.  

 

The standard illumination outside the Earth’s atmosphere is known as AM0 because the light 

cannot overcome the atmosphere barrier. AM0 is used to predict the expected performance of 

solar cells in space while AM1.5G is used to measure the performance of the cells in the 

laboratories. The figure 3.1 shows a comparison between AM0 and AM1.5G spectra. 
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Figure 3.1: Solar irradiance spectrum above atmosphere and at Earth surface (Iqbal, 2012) 

An illustration of different solar radiation spectrum is shown in figure 3.2. 

 

Figure 3.2: Different solar radiation spectrum labeled AM0 in space, AM1 at the earth’s surface 

for normal incidence and AM1.5 at earth’s surface, where 𝜃 = 48. 2𝜊 

3.2: Raman Spectroscopy 

 

(a) Raman Theory  

Raman spectroscopy is one of the most popular approaches to study the vibrational structures 

of molecules combined with infrared spectrum. Once monochromatic radiation having a 

wavenumber 𝑣̃𝑜 is incident on  a system, majority of it is transmitted without change, and some 
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of the radiation is scattered. If the frequency of the scattered radiation is analyzed, it will be 

observed that  not only the wavenumber 𝑣̃𝑜 associated with the incident radiation is present, 

but also, in general, pairs of new wavenumbers of the type 𝑣̃ ′ = 𝑣̃𝑜 + 𝑣̃𝑚. In molecular 

systems, the wavenumbers 𝑣̃𝑚 are found to lie principally in the ranges associated with 

transitions between rotational, vibrational, and electronic levels. 

 

The modified frequencies origin, found in Raman scattering is explained in terms of energy 

transfer between the incident radiation and the scattering system. When a system interacts with 

radiation of wavenumber 𝑣̃𝑜, it makes an upward transition from a lower energy level E1 to an 

upper energy level E2. It must then acquire the necessary energy, ΔE= E2- E1, from the incident 

radiation. The energy ΔE is expressed in terms of a wavenumber 𝑣̃𝑚 associated with the two 

levels involved, where 

 

              𝛥𝐸 = ℎ𝑐𝑣̃𝑚          (3.2) 

This energy requirement is considered to be provided by the absorption of a photon of the 

incident radiation of energy ℎ𝑐𝑣̃𝑜and the simultaneous emission of a photon of smaller 

energyℎ𝑐(𝑣̃𝑜 − 𝑣̃𝑚), so that scattering of radiation of lower wavenumber, 𝑣̃𝑜 − 𝑣̃𝑚 occurs. 

Interaction of the radiation with the system may alternatively cause a downward transition from 

a higher energy level E2 to a lower energy level E1, in which case it produces energy 

 

           𝐸2 − 𝐸1 = ℎ𝑐𝑣̃𝑚        (3.3) 

Again a photon of the incident radiation of energy ℎ𝑐𝑣̃𝑜 and the simultaneous emission of a 

photon of higher energyℎ𝑐(𝑣̃𝑜 + 𝑣̃𝑚), so that scattering of radiation of higher wavenumber, 

𝑣̃𝑜 + 𝑣̃𝑚, occurs. 

 

In Rayleigh scattering, even if there is no resultant change in the energy state of the system, 

the system still participates directly in the scattering act, causing one photon of incident 

radiation ℎ𝑐𝑣̃𝑜 to be absorbed and emitted simultaneously in the same magnitude, so that 

scattering of radiation of unchanged wave number 𝑣̃𝑜, occurs. 

In terms of wavenumber, a Raman band is to be characterized not by its absolute wavenumber, 

𝑣̃ ′ = 𝑣̃𝑜 ± 𝑣̃𝑚, but by the magnitude of its wavenumber shift 𝑣̃𝑚 from the incident 

wavenumber. These wavenumber shifts are known as Raman wavenumbers. It is necessary to 
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differentiate between Stokes and anti-Stokes Raman scattering, we can define Stokes scattering 

(𝛥𝑣̃) to be positive and anti-Stokes scattering (𝛥𝑣̃) to be negative, that is 𝛥𝑣̃ = 𝑣̃𝑜 + 𝑣̃ ′as 

shown in figure 3.3. 

 

 

Figure 3.3: An illustration of energy transfer model of Rayleigh scattering, Stokes Raman and 

anti-Stokes Raman scattering. 

The intensity of anti-Stokes relative to Stokes Raman scattering decrease quickly with 

wavenumber shift increase. This is because anti-Stokes Raman scattering involves transitions 

from a populated higher energy states to a lower energy state. Raman spectroscopy is employed 

widely to study the composition and crystal structure of solid and fluid (liquid and gases) 

samples. This will be used to guide us on the structural properties of CZTS thin films by giving 

us the different phases of CZTS.   

 

3.3: X-Ray Fluorescence Theory 

An electron can be expelled from its atomic orbital (Bohr model of an atom as shown in figure 

3.4) by the absorption of a light wave (photon) of sufficient energy. The energy of the photon 

(hv) must be greater than the energy with which the electron is bound to the nucleus of the 

atom. When an inner orbital electron is ejected from an atom, an electron from a higher energy 

level orbital will be transferred to the lower energy level orbital.  
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Figure 3.4: Bohr model of an atom. 

During this transition a photon maybe emitted from the atom. This fluorescent light is called 

the characteristic X-ray of the element as shown in figure 3.5. The energy of the emitted photon 

will be equal to the difference in energies between the two orbitals occupied by the electron 

making the transition. Because the energy difference between two specific orbital shells, in a 

given element, is always the same (i.e. characteristic of a particular element), the photon 

emitted when an electron moves between these two levels, will always have the same energy. 

Therefore, by determining the energy (wavelength) of the x-ray light (photon) emitted by a 

particular element, it is possible to determine the identity of that element. 

 

Figure 3.5: A schematic diagram of x-ray fluorescence process 
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For the characteristic energy (wavelength) of fluorescent light emitted by an element, the peak 

intensity or count rate is related to the amount of that element analyzed in the sample. The 

count rates for all detectable elements within a sample, are calculated by counting the number 

of photons that are detected for the various analyses characteristic x-ray energy lines for a set 

amount of time. It is important to note that peaks with a semi- Gaussian distribution are 

observed for these fluorescent lines due to the imperfect resolution of modern detector 

technology. 

Therefore, it is possible to qualitatively establish the elemental composition of the samples and 

to quantitatively measure the concentration of these elements by determining the energy of the 

x-ray peaks in a sample’s spectrum, and calculating the count rate of the various elemental 

peaks. 

3.4: Spectrophotometry 

Spectrophotometry is a method to measure how much a chemical substance absorbs light by 

measuring the intensity of light as a beam of light passes through sample solution. Every 

chemical compound absorbs, transmits, or reflects light (electromagnetic radiation) over a 

certain range of wavelength. Transmittance T, is the fraction of light that passes through the 

sample and can be calculated using the equation: (Sanda et al. 2012) 

 

I
I t

0

T =                                                                            (3.4) 

Where It is the light intensity after the beam of light passes through the sample and Io is the 

light intensity before the beam of light passes through the sample. Transmittance is related to 

absorption by the expression: (Sanda et al. 2012) 
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tTAbsorbance log)log(                             (3.5) 

Where absorbance stands for the amount of photons that is absorbed. 

The total intensity of light falling on a sample is represented by the following equation 

Total Intensity = transmittance + absorbance + reflectance   (3.6) 

The total intensity represents 100% of the light from the light intensity thus the above equation 

can apply. 
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3.5: Optical and Electrical Characterization 

a) Optical band gap  

 This is the energy difference between the top of valence band and the bottom of the conduction 

band. The fundamental absorption that corresponds to electron excitation from the valence 

band to conduction band can be used to determine the value of optical band gap. The 

relationship between the absorption coefficient, α, and the incident photon energy, hν, can be 

written as (Bag et al., 2012);  

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑛

                                                                                                        (3.7) 

Where A is a constant n is a number related to the electron transition process, Eg is the band 

gap, hv is the photon energy and α is the absorption coefficient. The value of n can be 2 and 

2/3 for direct allowed and forbidden transitions respectively. Also, the value of n can be taken 

as 1/2 and 1/3 for indirect allowed and forbidden transitions. A graph of (𝛼ℎ𝜈)2  versus hν 

or(𝛼ℎ𝜈)
1

2 versus hν for direct or indirect band gap respectively, is always used so as to 

determine the band gap. 

b) Optical reflectance 

Reflectance is the percentage measure of the ratio of the intensity of incident light to that of 

the reflected light. While using a spectrophotometer for its measurement, incident light of 

known wavelength is directed on the surface of a thin film and the intensity of the reflected 

light measured. The two intensities, that is, the incident light intensity and reflected light 

intensity are compared in a reference called the reflectance, (R), as given by the equation 

below; 

𝑅 =
𝐼𝑅

𝐼0
 × 100%                                                                                                                           (3.8)  

    Where, I0 and IR are intensities of incident and reflected beams respectively. 

c) Optical transmittance 

Transmittance is the percentage measure of the ratio of the transmitted photon to that of the 

incident photon. Photons of selected wavelengths and beam intensity, I0 (photons/cm2), are 

directed at the thin film of thickness, d, and relative transmission is observed. For accurate 
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measurement of the band gap, Eg, photons with energies less than the band gap do not excite 

electrons in the valence band to the higher states, hence are transmitted while those photons 

with energies greater than the band gap, excite the electrons in valence band to higher energy 

states and therefore are absorbed. The relationship is shown in the equation below:  

𝑇 =
𝐼𝑡

𝐼0
× 100%                                                                                                                            (3.9)   

Where, It is the intensity of the transmitted photons and I0 is the intensity of the incident 

photons. 

d) Optical Absorption 

The nature of the band gap Eg is a vital element in photon absorption. There are two types of 

bang gaps namely direct and indirect band gaps. A direct band gap material involves elevation 

of electrons across the gap if the photon energy is greater than band gap energy (𝐸𝑝ℎ𝑜𝑡𝑜𝑛⟩𝐸𝑔) 

while for an indirect band gap material, lattice vibration is involved in the transition process in 

order to conserve the momentum k. When the two kinds of band gaps are compared, the 

absorption probability is much higher for direct band gap material than in indirect band gap 

materials (Fahrenbruch  and Bube , 2012). A thickness 1 − 3𝜇𝑚is required for a direct band 

gap to absorb most of the available solar spectrum while 20 − 50𝜇𝑚is required in the case of 

an indirect band gap material for the same to happen. (Fahrenbruch  and Bube , 2012). Figure 

3.5 below shows diagrams of direct and indirect band gap transition. 

 

Figure 3.6: The direct (a) and indirect (b) band gap transitions in semiconductors (Kittel,1986) 
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e) Sheet Resistance 

The sheet resistance and bulk (volume) resistivity of materials used in the semiconductor 

industry and in materials science is measured using four-point probe instrument. This 

instrument uses a long-established technique to measure the average resistance of a thin layer 

or sheet by passing current through the outside two points of the probe and measuring the 

voltage across the inside two points. If the spacing between the probe points is constant, and 

the conducting film thickness is less than 40% of the spacing, and the edges of the film are 

more than 4 times the spacing distance from the measurement point, then the average resistance 

of the film or the sheet resistance is given by the formulae below (Bishop, 2011) 

𝑅𝑆 = 4.53 ×
𝑉

𝐼
          (3.10) 

The relationship between thickness of substrate in cm, sheet resistance and its resistivity in 

ohms is given below (Bishop, 2011): 

𝑅𝑆 =
𝑅𝑒 𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
          (3.11) 

From the above relation, one can calculate the resistivity of the film when the thickness is 

known or may calculate the thickness when the resistivity is known. Figure 3.8 shows a 

schematic diagram of a 4-point probe configuration. As shown in the figure, the separate 

current and voltage electrodes are used to eliminate the contact resistance between the 

electrodes and the material. Furthermore, in the case of thin films, the distance between the two 

probe(s) is very high compared to the film thickness (d) hence equation 3.11 above can be used 

to determine sheet resistance. 

Consider a regular 3-d conductor shown in the figure 3.7; 

 

    

Figure 3.7: Regular 3-D conductor 
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Resistance R is given by;  

   𝑅 = 𝜌
𝐿

𝐴
= 𝜌

𝐿

𝑊𝑡
                               (3.12)  

Where ρ is the resistivity (Ω⋅m), A is the cross-section area, and L is the length. For A in terms 

of W and t, thus resistance can be re-written as; 

 

     𝑅 =
𝜌

𝑡

𝐿

𝑊
= 𝑅𝑠

𝐿

𝑊
           (3.13) 

Where Rs is the Sheet Resistance. Units are ohms, but can also express this as ohms per square, 

or Ω/ or Ω/sq. 

 

 

Figure 3.8: Schematic of 4- point probe configuration 

When dealing with a bulk sample whose thickness d >> s, where s is the probe spacing, a 

spherical current from the outer probe tips can be assumed and the resistance can be obtained 

using the differential equation below: 

 

𝛥𝑅 = 𝜌 (
𝑑𝑥

𝐴
)              (3.14) 

where ρ is the resistivity, dx is the differential length and A is the surface area penetrated by 

the current from one probe. 

To determine the resistance between the voltage measurement tips, one integrates between two 

defined points like x1 and x2: 

 

   𝑅 = ∫ 𝜌
𝑥2

𝑥1

𝑑𝑥

2𝜋𝑥2| =
𝜌

2𝜋
(−

1

𝑥
)|

𝑥1

𝑥2

=
1

2𝑠

𝜌

2𝜋
             (3.15) 
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Superposition of current at outer two tips leads to R = 
𝑉

2𝐼
, so that 

 𝜌 = 2𝜋𝑠 (
𝑉

𝐼
)          (3.16) 

For a thin film sample (thickness d << s), we have the case of current rings, so that A = 2πxt 

Thus the resistance is: 

 

    𝑅 = ∫ 𝜌
𝑥2

𝑥1

𝑑𝑥

2𝜋𝑥𝑡
= ∫ 𝜌

𝑑𝑥

2𝜋𝑥𝑡

2𝑠

𝑠
=

𝜌

2𝜋𝑡
(In 𝑥)|𝑠

2𝑠 =
𝜌

2𝜋𝑡
In 2     (3.17) 

Superposition of current at outer two tips leads to 𝑅 =
𝑉

2𝐼
, so that the sheet resistivity for a thin 

film sample is: 

       𝜌 =
𝜋𝑡

In 2
(

𝑉

𝐼
)                                           (3.18) 

 

When the expression is not dependent on s, Sheet Resistivity is defined as: 

 

    𝑅𝑠 =
𝜌

𝑡
= 𝑘 (

𝑉

𝐼
)         (3.19) 

Where k is a geometric factor, which for a semi-infinite thin film is 
𝜋

𝑙𝑛 2
= 4.532. This equation 

is in agreement with the first equation. 
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CHAPTER FOUR: MATERIALS AND METHODS 

4.0 Overview 

This chapter presents the methodology used in preparation and characterization of copper zinc 

tin sulphide (Cu2ZnSnS4) thin films. The chapter begins by describing the equipment used in 

sample preparation. It also outlines the substrate preparation before it was used in the 

deposition process. This chapter goes ahead to describe the sample characterization, electrical 

and optical measurements and finally it describes the methods used for data analysis. 

4.1 Sample Preparation and Thin Film Deposition Process 

 

4.1.1 Cleaning of glass substrate  

Preparation of the substrates is extremely important for obtaining reproducible results. The 

substrate used in this study consisted of Fluorine doped Tin oxide (FTO) glass substrate 

measuring 20.0 mm  35.0 mm. Prior to deposition, the substrates were thoroughly cleaned in 

order to remove dust, organic substances and any contaminants that could have been present 

on the surface. At first, a mixture of de-ionized water, liquid detergent and sodium hydroxide 

was made in the ratio of 3:2:1 respectively. The mixture was poured inside a wash bottle and 

the bottle was shaken thoroughly until foam was formed. The foam was applied to a cotton 

swab which was then used to scrub both sides of the glass substrate. The foam was thereafter 

removed by drag wiping the substrate using a lens cleaning tissue which was folded severally 

and held at an angle of 45.0 degrees. The glass substrate was again cleaned by drag wiping it 

using a wet lens cleaning tissue that at one edge with isopropyl alcohol. This was followed by 

another process of drag wiping the substrate using a new set of lens cleaning tissue that was 

wetted at one edge with acetone. The substrates were then ultrasonically cleaned with double 

distilled water for 30.0 minutes. Thereafter, the glass substrates were then blown dry using 

pressurized argon gas.  

  

4.1.2 Preparation of precursor 

The precursors that were prepared were the cationic and anionic precursor solutions. The 

cationic precursors were prepared from the chloride salts of copper, zinc and tin while the 

anionic precursor was prepared from sodium sulphide. These precursor chemicals were locally 

sourced and had purity of 99.9% weight.  A mass of 1.363g of zinc chloride was weighed to 

make a solution of 0.1M. Similarly, a mass of 3.506g SnCl4 was weighed to make a solution 
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of 0.1M and finally a mass of 1.705g of CuCl2 was weighed to obtain a solution of 0.1M. The 

three solutions were then mixed in a beaker of 250ml. The anionic precursor solution was then 

prepared by weighing a mass of 0.780g of Na2S to obtain a solution of 0.1M. 

4.2  Fabrication of CZTS using SILAR technique 

CZTS was fabricated from the precursor composed of CuCl2, ZnCl2, SnCl2 and Na2S using 

concentrations of the above precursors placed in beakers. The cleaned substrates are then 

successfully dipped into the beakers with the solutions beginning with cationic precursor 

containing a mixture of CuCl2, ZnCl2 and SnCl4 then followed by dipping in distilled water to 

remove the loosely attached ions. After this, dipping is done in the anionic precursor of Na2S 

then distilled water again and the cycle is repeated for the required number of cycles as shown 

in Fig 4.1 below.. The dipping duration was set to 10 seconds in every beaker containing the 

precursor to allow for adhesion of ions to the substrate.   

                          

Figure 4.1. Schematic representation of successive ionic layer adsorption and reaction (SILAR) 

method. 

The deposition of CZTS thin film was carried out using SILAR coating system HO-TH-03 

(Holmarc Opto- Mechatronics Pvt Ltd, India) shown in Figure 4.2. SILAR coating system with 

stirrer is equipped with several components including substrate holder, heater plate, 

temperature controller, key pad, LCD display, stirrer and control box. The control box and the 

SILAR unit are the main functional unit of the SILAR coating system with stirrer. Prior to 

deposition, different parameters were set depending on the required specification and this was 

done on the LCD display in the control box. The beakers containing solutions solvents were 
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placed on the heater plates and the clean substrates were mounted firmly on to the system using 

substrate holder by inserting the substrates between the plates. The temperature of 27 ± 1oC 

was set in the temperature controller for all the beaker. The number of cycles was varied 

between 20 and 70 in an interval of 20, 40, 60 and 70. After the number of cycles, the deposited 

film was left to dry for 40 minutes under normal room temperature and pressure conditions 

(25.0oC, 100kpa). 

    

Figure 4.2: SILAR coating equipment 

The deposition parameters were set as follows; 

Table 4.1: SILAR coating parameters used  

Parameter Values 

Start position 3 mm 

Dipping length 50 mm 

Dip speed 9 mm/s 

Retrieval speed 9 mm/s 

Dip duration 10 seconds 

Dry duration 5 second 

Rotation speed 30 deg/s 

Stir speed 200 rpm 

Stir duration 5 seconds 

Number of cycles 20,40,60,70. 
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The reaction mechanism in the SILAR process is as follows: 

CuCl2 + H2O  Cu2+ + 2Cl- + H2O     (4.1) 

ZnCl2 + H2O  Zn2+ + 2Cl- +H2O     (4.2) 

SnCl2 + H2O    Sn2+ + 2Cl- + H2O     (4.3) 

Na2S + H2O   2Na+ SH- + OH-     (4.4) 

SH-- + OH-     S2- + H2O      (4.5) 

2Cu2+ + Zn2+ + Sn2+                     Cu2
2+Zn2+Sn2+ (aq)    (4.6) 

Cu2
2+Zn2+Sn2+ + 4S2-               Cu2ZnSnS4 (S)    (4.7) 

4.2.1 Annealing of CZTS thin film. 

The sulphurization set up consisted of a horizontal Pyrex glass tube placed in the Labtech tube 

furnace. The chamber was purged with nitrogen gas flowing for 10.0 minutes as shown in 

Figure 4.3. This was done to eliminate oxygen in the system. 200.0g of high purity Sulphur 

powder (99.9% weight) was loaded in a crucible and the crucible was placed in a tube furnace. 

This was done to provide the Sulphur source environment. Dry nitrogen flown at 10 SCCM 

was used as the carrier gas for the Sulphur vapour. The samples were loaded into the tube 

furnace before the nitrogen gas was purged. The temperature of the tube furnace was raised to 

150.0 oC in 5 minutes and then raised in interval of 50.0 oC with a temperature gradient of 10.0 

oC per minute until the desired annealing temperature was reached, that is, 450oC and 550oC 

respectively When the annealing temperature was attained, the temperatures were left to 

stabilize at the desired value for 30.0 minutes. The thin films were then left to cool with the 

purging gas being supplied at a constant flow rate of 10 SCCM. 
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Figure 4.3: Labtech tube furnace  

4.3 Sample Characterization 

4.3.1 Film Thickness Measurement 

The film thickness of CZTS samples were determined using KLA -Tensor Alpha step IQ 

surface profiler shown in the figure 4.4 below. 

   

Figure 4.4: KLA tencor alphastep surface profilometer 

Door Gas Outlet 
Inlet gas 

Controller 

Glass tube 
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This equipment is a stylus -based surface profile that is used to measure step heights between 

100 angstroms to 2mm. A Teflon label tape was removed from the surface of the substrate to 

reveal the step and the glue leftovers were thoroughly cleaned using Ethanol. Before scanning 

the sample surface, the scanning parameters were specified first. The scan length, scan speed, 

sampling rate and sensor range were 500.0 μm, 50 μm/sec, 50.0 Hz and 400.0 μm/23.8 pm 

respectively. The film thickness was directly read out as the height of the step-contour trace. 

For accuracy, five scans in different positions along the sample surface near the step were 

performed and averaged to give average thickness values. 

4.3.2 Electrical Characterization 

Electrical resistivity measurement was carried out using Jandel RM3-AR four point probe 

shown in the figure 4.5. The instrument calibrates itself when it is switched on. To confirm the 

results, a 100  test resistor sample was used to further calibrate it. This was done by setting 

current at 1.0 mA and then applying the set current in the forward bias. The expected voltage 

value was 100.0 mV. Instead readings of 99.9 and 100.1 mV were obtained, giving us an 

accuracy of 0.1% of the expected value. When the reverse bias was applied, the same value 

was obtained with a negative sign. This meant that the equipment was in good condition and 

was ready to measure the actual samples. The four point probe was then connected by removing 

the 100  resistor test sample. Then the actual CZTS thin film samples were measured by 

feeding in a current of 1.0 mA and using the forward bias position. The values of sheet 

resistance and measured voltage were taken after a stabilization time of 10 mins. 

 

 

Figure 4.5: Jandel sheet resistance equipment  

Laptop Controller Box 

Sample 

Holder 
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4.3.3 Optical Characterization 

 

4.3.3.1 Transmittance and Reflectance Measurement 

The transmittance and reflectance spectral measurements were done using a Shimadzu UV-

VIS-NIR SolidSpec-3700 DUV spectrophotometer (figure 4.6). The spectrophotometer 

consists of a light source, a sample holder and three detectors; a photomultiplier tube (PMT) 

detector for ultraviolet and visible region and InGaAs and PbS detectors for near infrared 

region. The spectrophotometer was connected to a data acquisition computer. The equipment 

has three sample holders in different positions, one for transmittance, another for absorbance 

and the other for reflectance. The sample holder is located between the light source and the 

detectors. The light source, detectors and sample holder are designed to fit within a dark box 

that has a cover to prevent unwanted light interfering with the light source (50 W halogen lamp, 

2,000 hours life and deuterium lamp, 300 hours life) during experimentation. The equipment 

employs the integrating sphere method. In transmittance measurements, samples were 

irradiated at or near normal incidence. The reflectance measurements were carried out under 

an incidence angle of 90o.  Two hours warm up of the equipment was the first procedure before 

actual measurements could be done to improve the accuracy of the measurements. The 

spectrophotometer was allowed to create a baseline prior to sample scanning. The spectral 

transmittance/reflectance measurements were in the 200 < λ < 2500 nm wavelength range. The 

optical measurements of transmittance and reflectance were recorded by the computer using 

Shimadzu UV Probe software and these data were later used for analysis.  
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Figure 4.6: Shimadzu UV-VIS-NIR double beam 3700 DUV spectrophotometer 

4.3.4 Raman Characterization of CZTS thin films  

 Raman spectroscopy measurement was performed using confocal laser Raman spectrometer 

(STR Raman Spectrum System, Seki Technotron Corp) equipped with a 785nm laser excitation 

with a diameter ≈ 7.0 µm spot size. Prior to the measurements, the set up was first calibrated 

to known Si peak at 520.7 cm-1. In order to obtain all the CZTS peaks, the Raman spectra 

recorded was centred at 1,100.0 cm-1 and 5 spectra were taken from different parts of both the 

as deposited and annealed samples deposited with 70 cycles each. The average of the 5 spectra 

was obtained so as to get a single spectrum. Fifteen seconds of exposure time was used on each 

sample for measurement for 5 scans in order to reduce fluorescence and noise in the spectra. 

The number of accumulations was set to 15 and then this was followed with the collection of 

data. The Raman spectroscopy was performed on the samples so as to investigate the phase 

purity of the samples. The obtained data were then transferred to OriginPro 2016 64 Bits 

software for graphing. 

 

4.3.5: Compositional Analysis using XRF 

Compositional analysis of the CZTS sample was done using S1 Titan Bruker handheld X-ray 

fluorescence (XRF) instrument. The instrument generates x-rays which are focused on to the 

sample and has a SDD detector to detect the characteristic fluorescence emission from the 

sample to determine the chemical composition.  

Door 

Reflectance 

Sample Holder 

Transmittance 

Sample Holder 

UV/Halogen 
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CHAPTER FIVE: RESULTS AND DISCUSSION 

 

5.1 Optical Properties of CZTS films 

The optical properties of CZTS thin films were studied on the basis of transmittance and 

reflectance measured using Shimadzu UV-VIS-NIR SolidSpec-3700 DUV spectrophotometer. 

The data were recorded in the wavelength range of 300 ≤λ ≤900 at room temperature. From 

this measurement the energy band gap was calculated. 

5.1.1 Effect of Dipping cycles on  film Thickness  

Figure 5.1 shows the variation of film thickness with dipping cycles for the four samples of the 

as deposited CZTS thin films with different number of dipping cycles from 20 cycles to 70 

cycles. It is observed from the figure that the film thickness increased nearly linearly with 

increase in dipping cycles.  
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Figure 5.1: variation in film thickness with number of dipping cycles for as deposited CZTS 

thin film samples 

A similar trend in variation was reported earlier by Shinde et al., (2012). This could be 

attributed to an increase in the size of crystals in the film samples as the number of cycles 

increases. The slight variation from the linear behavior could be attributed to the growth by 

nucleation and coalescence process. This is because, more nucleation sites contribute to 

coagulation during the growth procedure (Lokhande et al., 2011). 
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For a CZTS thin film to be used as an absorber layer in a solar cell, the thickness should be 

more than 1.0 µm for sufficient absorption of light (Yu et al., 2014). From the data, the film 

thickness was in the range of 0.837 - 2.98 µm. The film samples that were formed with 20, 40, 

60 and 70 cycles attained a thickness of 0.837, 1.27, 2.61 and 2.98 µm respectively. Beyond 

70 dipping cycles, the samples peeled off indicating that 70 cycles was the optimum dipping 

cycle. The peeling off phenomena could be attributed to the formation of outer porous film 

which may result in the development of stress causing delamination leading to peeling off of 

the film after the film reaches its maximum thickness (Lokhande et al., 2011).  A report by 

Shinde et al., (2012) and Lokhande et al., (2011) indicated that they were able to obtain a 

maximum thickness of 1.94 µm and 2.4 µm at 100 and 130 cycles respectively. 

5.1.2 Effect of Dipping Cycles on Transmittance and Reflectance  

 

5.1.2.1  As-Deposited 

Figure 5.2 (a) shows the spectral transmittance curves with wavelength of the four samples of 

the as deposited CZTS. It is evident that spectral transmittance of the CZTS thin film samples 

decreases with increase in the number of cycles. The 0.837 µm thick samples obtained  with 

20 cycles had the highest transmittance value with a peak of about 75% while the 2.98 µm 

thick samples obtained  with 70 cycles has the lowest transmittance value with a peak of about 

50%. The samples with 40 and 60 cycles has transmittance peaks of about 65% and 60% 

respectively. It can also be observed from the graphs that the spectral transmittance increases 

from 300 nm to 800 nm (UV and visible regions) then there is a slight decrease between 800 

nm and 900 nm (NIR region). Consequently, the oscillations at wavelengths between 400 and 

700 nm is observed which could be arising due to interference and reflectance. 

Figure 5.2 (b) shows the reflectance spectra graphs of samples with 20, 40, 60 and 70 number 

of cycles as-deposited CZTS thin film. It is observed from the graphs that an increase in the 

number of cycles leads to a decrease in the reflectance. The sample with 20 cycles show some 

ripples in the reflectance spectra which could be attributed to optical interference effects. This 

phenomenon is missing in thicker films which could be due to increased grain size with 

increase in film thickness hence resulting to higher scattering of light. The thin films with 70 

cycles showed low values of reflectance coupled with decreased values of transmittance (figure 

5.2) within the visible range which makes this sample best suited for an absorber layer in the 

solar cell application. This is because a low transmittance and reflectance would result to high 

absorption of photon energy as illustrated in figure 5.11. 
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Figure 5.2: variation of Transmittance and reflectance spectra for as-deposited CZTS thin film 

samples with dipping cycles (a) Transmittance and (b) Reflectance 

 

Figure 5.3 (a) shows variation of transmittance spectra with the film thickness for the as 

deposited samples in the visible region at 650nm and 826nm. From the graph, it is observed 

that the transmittance decreases with increase in the thickness of the film. It is also evident that 

the transmittance is higher at 650 nm compared to 850 nm. These observations can be attributed 

to an increase in the absorption of light energy in both cases. Maximum absorption of photon 

energy is evident in the thickest film sample which is at 2.98µm.  This is because, the 

transmittance value is almost the same both at 650 nm and at 826 nm. 

Figure 5.3 (b) shows variation of reflectance spectra with the film thickness for the as deposited 

samples in the visible region at 650.0 nm and at 826.0 nm. The same trend observed on the 

transmittance curve is noticeable. An increase in the film thickness results to a decrease in the 

reflectance value. The CZTS film sample which attained 2.98 µm has the lowest reflectance 

value of about 3% within the visible region. In general, the decrease in film transmittance and 

reflectance can be explained as being due to surface roughness which results to more scattering 

of light. This particular sample has a potential of being used as an absorber layer in the solar 

cell because of its low transmittance and reflectance value within the visible region since these 

aspects will ensure that most photon energy is absorbed. 
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Figure 5.3: Variation of Transmittance and reflectance spectra with different film thickness at 

650nm and 826nm for as deposited CZTS thin film samples (a) Transmittance and (b) 

Reflectance 

5.1.2.2  Annealed at 450OC 

Figure 5.4 (a) shows the transmittance spectra of CZTS annealed at 450oC in a Sulphur rich 

environment. It is noted that an increase in the number of cycles results to a decrease in the 

transmittance of the thin film. The same trend was noted with the as deposited thin film 

samples. Despite having the same trend as the as deposited samples it is seen that there is a 

decrease in the transmittance when annealing is done at 450oC. The sample with 20 cycles still 

depicts high transmittance of about 55% and this is a decrease from 75% while the sample with 

70 cycles has the lowest transmittance with a peak of about 30%, a reduced value from a peak 

of about 50%. Samples with 40 and 60 cycles has a transmittance value of about 45% and 40% 

respectively and when it is compared to the as deposited sample the value has decreased by 

20%. This decrease in transmittance value could be due to improved film crystallinity. The 

spectral transmittance in the graphs increases both in the UV and visible region (300-800nm) 

then decreases slightly in the NIR (800-900nm). 
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Figure 5.4: Transmittance and reflectance spectra showing the different number of cycles of 

CZTS thin film samples annealed in sulfur rich atmosphere at 450oC (a) Transmittance and (b) 

Reflectance. 

In Fig 5.4 (b) it’s evident that the reflectance spectra of the CZTS samples annealed at 4500C 

is in the same range as that of the as deposited samples, with the same trend followed as in the 

as deposited samples for the visible wave length region (380 -780) nm. Also noted is an 

increase in reflectance in the ultraviolet region (200-380) nm compared to the as deposited 

reflectance spectra which shows low values of transmittance in this region. The sample with 

20, 40, 60 and 70 cycles have an increased reflectance value of about 18%, 25%, 35% and 50% 

respectively when it is compared to the as deposited reflectance values in the ultraviolet region. 

The reflectance value is expected to decrease with an increase in the annealing temperature as 

a result of improved crystallization and reduced surface roughness. On the contrary, it is 

observed that the reflectance of the film has increased instead with an increase in temperature. 

This can be attributed to high (increased) scattering of light on the samples compared to the as 

deposited samples. Another possible reason could be that the samples experience the presence 

of coherence between the primary light beam and the beam reflected between the film 

boundaries which is lost and in turn results in the disappearance of interference which results 

to a decrease in the transmittance (Abdullahi et al.,2017). 
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Figure 5.5: Variation of Transmittance and reflectance spectra with different film thickness at 

650nm and 826nm for CZTS thin film samples annealed at 450oC (a) Transmittance and (b) 

Reflectance 

Figure 5.5 (a) shows the variation of transmittance spectra with the film thickness and an 

increase in the film thickness led to significant decrease in the transmittance value both at 

650nm and 826nm. The same trend was observed in figure 5.5 (b) whereby an increase in the 

film thickness resulted in a decrease in the reflectance value of the CZTS thin film sample. The 

film sample with the highest thickness value of about 2.59µm had the lowest transmittance and 

reflectance value. This shows that the film with the highest film thickness had the best potential 

to be used as an absorber layer in solar cell application. 

 

5.1.2.3 Annealed at 550OC 

From figure 5.6(a) it’s evident that there was a further reduction in the transmittance values as 

the annealing temperature was increased from 450oC to 550oC and this implies that annealing 

at 5500C improves the absorber properties of CZTS especially in the visible wavelength region 

(Chan et al. 2010). This improvement could be due to improved crystallinity, homogeneity and 

compact surface morphology (Tao et al., 2014).  
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Figure 5.6: Spectral transmittance showing the different number of cycles of CZTS thin film   

samples annealed in sulfur rich atmosphere at 550oC (a) Transmittance and (b) Reflectance. 

The above improvement is also favored by the reflectance spectra (figure 5.6 (b)) since the 

same trend and almost same range values have been noted for as deposited, annealed at 450oC 

and annealed at 550oC samples. The 450oC and 550oC annealed samples shows a similar 

behavior of reflectance in the UV region of the spectra. 

Generally, the sample with 70 SILAR cycles stand out as the best sample to be used as CZTS 

thin film absorber layer due to low transmittance (Islam et al., 2015) and low reflectance value. 

This is because from the relation A+T+R= 100% when is applied to the results above in figure 

5.8, the absorbance of sample with 70 dipping cycles is observed to be more than 50% hence 

making it the best sample for solar cells application. 

 

Figure 5.7 (a) shows variation of transmittance spectra with different film thickness at 650nm 

and 826nm for the CZTS thin film samples when they were annealed at 550oC. The same trend 

is still observed whereby an increase in film thickness led to a decrease in the transmittance 

value both at 650nm and 826nm region. 
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Figure 5.7: Variation of Transmittance and reflectance spectra with different film thickness at 

650nm and 826nm for CZTS thin film samples annealed at 550oC (a) Transmittance and (b) 

Reflectance 

There is also a decrease in the transmittance value at 826nm region compared to 650nm region 

and this shows that there is more absorption of photon energy at 826nm than at 650nm. The 

lowest transmittance can be noticed at appoint where the film is much thicker which is 2.59µm 

indicating that the peak of photon absorption is enhanced at this particular thickness 

 

Figure 5.7 (b) shows the variation of reflectance spectra with the film thickness of the samples. 

Generally, an increase in film thickness results to a decrease in reflectance value both at 650nm 

and 826nm region. However, a slight increase in the reflectance percentage can be observed as 

the light energy moves from 650nm to 826nm when the thickness increase from 0.64µm to 

2.31µm and then a significant decrease is observed when the film gets to 2.59µm. The 

reflectance value is lowest when the film thickness is 2.59µm confirming that maximum 

absorption of photon happens at this point. Generally, the reflectance value is lower due to 

higher surface roughness which arises as a result of larger grain size. The larger grain size due 

to better nucleation process during annealing process (Nadi et al., 2014). Consequently, from 

the relation A+T+R = 100%, it can be observed that from the results in figure 5.7, the 

Absorbance value for the film sample with 2.59µm thickness is higher due to low transmittance 

and reflectance hence the best sample for solar cell application. 
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5.1.3 Effect of Annealing on Film Thickness 

Figure 5.8 shows the comparison of variation in film thickness with the number of cycles as-

deposited and after annealing in a sulfur atmosphere at various temperatures. It is observed that 

there is a reduction in the film thickness with increasing annealing temperature. This decrease 

in film thickness can be attributed to densification/thermally initiated evaporation of the CZTS 

thin film during heating making them more compact. Thermal agitation during heating in the 

furnace results to the rearrangement of the CZTS lattice hence leading to a decrease in the film 

thickness (Nadi et al., 2014). 
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Figure 5.8: Thickness variation with the number of cycles for CZTS thin film samples As-

deposited, annealed in sulfur atmosphere at 450oC and at 550oC 

5.1.4 Effect of Dipping cycles on Transmittance and reflectance for annealed samples 

Figure 5.9 (a) shows change in transmittance for the CZTS thin film samples as-deposited, 

annealed in sulfur atmosphere at 450oC and 550oC deposited with 20 cycles dipping. It is 

observed that there is a decrease in the spectra transmittance with an increase in annealing 

temperature. The as deposited sample has got the highest transmittance value of about 75%. 

When the sample was subjected to annealing at 450oC in a sulfur atmosphere, the transmittance 

value reduced to about 50% and further annealing at 550oC lead to a further reduction in spectra 

transmittance of about 25%. The same trend is observed in figure 5.9 (b) that shows a change 

in transmittance for the CZTS thin film samples as-deposited, annealed in sulfur atmosphere at 

450oC and 550oC deposited with 70 cycles dipping. The as deposited film sample has the 

highest spectra transmittance value of about 55% followed by the sample annealed at 450oC 
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with a transmittance value of about 35% and finally the film sample that was annealed at 550oC 

has the lowest transmittance value of about 19%. The decrease in spectra transmittance can be 

attributed to an improve film crystallinity and homogeneity that leads to improved formation 

of CZTS film (Pawar et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Change in transmittance for CZTS thin film samples As-deposited, annealed in 

sulfur atmosphere at 450oC and at 550oC (a) deposited with 20 cycles and (b) deposited with 

70 cycles. 

 

Figure 5.10 (a) shows change in reflectance for CZTS thin film samples deposited with 20 

cycles dipping. It can be noted that the as deposited sample has the lowest reflectance value. 

Slight increment in the reflectance value of about 5% after annealing in the sulfur atmosphere 

at 450oC and 550oC is observed. A similar trend is observed in figure 5.10 (b) which shows a 

change in reflectance for CZTS thin film samples deposited with 70 cycles dipping. There is a 

slight increment of about 5% of the reflectance value after annealing in a sulfur atmosphere at 

450oC and an increment of about 2.5% after annealing in 550oC. Generally, the reflectance 

value for both thin film samples after annealing in 450oC and 550oC is still low hence making 

CZTS thin film a potential material to be used as an absorber layer in a solar cell. This is 
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because from the relation A+T+R = 100%, the absorbance value is high when both the 

reflectance and transmittance is low resulting to maximum absorption of photon energy. 

 

Figure 5.10: Change in reflectance for CZTS thin film samples as-deposited, annealed in sulfur 

atmosphere at 450oC and at 550oC (a) deposited with 20 cycles and (b) deposited with 70 

cycles. 

5.1.5 Optical Absorption Coefficient 

The optical absorption coefficient (𝛼) of CZTS thin film samples were calculated using the 

equation (Adelifard, 2015) 

𝛼 = (
1

𝑡
) 𝑙𝑛 (

(1−𝑅)2

𝑇
)          5.1 

where 𝑡 is the film thickness, 𝑅 is the reflectance and 𝑇 is the transmittance (Khalkar et al., 

2013).  Figure 5.11 shows graphs of absorption coefficient for the as deposited CZTS thin film 

samples. It can be observed that the sample that was deposited with 20 cycles has lowest 

absorption coefficient followed with the sample with 40 cycles. The samples with 60 cycles 

had the highest absorption coefficient in this category with the order of up to 105 cm-1 after the 

sample with 70 cycles which has an absorption coefficient of up to the order 104 cm-1.  This is 

to the contrary to the expected observation in which the sample with 70 cycles is expected to 

have the highest absorption coefficient based on the reflectance and transmittance results as 

shown in figure 5.2. This can either be attributed to the presences of some water content in the 
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sample since it is not yet annealed which could be missing in the sample with 60 cycles hence 

a decrease in the absorption coefficient. 

Figure 5.11: Absorption coefficient of the as-deposited CZTS thin film samples  

 

Figure 5.12 (a) shows the variation of the absorption coefficient with photon energy for as 

prepared CZTS thin film samples annealed at 450oC at various dipping cycles while Figure 

5.12 (b) shows the same effect for the samples annealed at 550oC. It is observed that the 

absorption coefficient increases with an increase in the number of dipping cycles with the 

sample with 70 cycles having the highest absorption coefficient values for given photon energy. 

This observation is clearly illustrated in Figure 5.13. The absorption values in figure 5.12(b) 

are of the order 104 cm-1 and it is on the increasing trend for all the samples. This observation 

is in good agreement with the literature reported earlier (aMali et al., 2012). From Figure 

5.12(b), it is observed that the absorption coefficient increases with annealing temperature. The 

absorption coefficient value is in the range of 104-105 cm-1. This can be attributed to improved 
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crystallinity that has led to decreased transmittance values hence improving the absorption 

properties of the film samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Absorption coefficient of the CZTS thin film samples annealed in sulfur 

atmosphere at (a) 450oC and (b) 550oC 

It is also observed from Figure 5.13 that annealing at high temperatures increases the absorption 

coefficient. This could be because the water content was evaporated during the annealing 

process. It is noted that annealing the samples has great impact on the absorption property of 

the samples. The as deposited samples have the lowest absorption coefficient value followed 

with the samples annealed at 450oC while the samples that were annealed at 550oC has the best 

absorption values. This is because during annealing, the ternary phases disappear leading to 

formation of CZTS thin film and the crystallization of this material is enhanced. It can be noted 

very clearly that there is improvement in the absorption value after annealing for every sample. 

This observation is in agreement with a research results reported by Zhang et al. (2013) 
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Figure 5.13: Variation of absorption coefficient with the number of cycles at 826nm for CZTS 

thin film samples of As-deposited, annealed in sulfur atmosphere at 450oC and at 550oC  

5.1.6 Optical Band Gaps as a function of Post-Deposition Treatment 

In order to confirm the nature of all the film samples, the optical data obtained from 

spectrometer were analyzed using the classical absorption equation below (Mali et al., 2012); 

𝛼 =
𝐴(ℎ𝜈−𝐸𝑔)𝑛

ℎ𝜈
           5.2 

 

Where A is a proportional constant, ℎ𝜈is the incident photon energy, Eg is the optical band gap 

i.e. the separation between the bottom of conduction and the top of the valence band and𝑛 is 

the constant. For the allowed direct transition, 𝑛 =
1

2
 and for allowed indirect transition 𝑛 = 2 

(Pawar et al, 2010). The graphs of (αh𝜈)2 against h𝜈 for all the CZTS samples for 20, 40, 60 

and 70 cycles of as-deposited, annealed at 450OC and 550OC plotted are shown in the figures 

below. The optical band gap (Eg) of the film samples were determined by extrapolating linear 

region of (𝛼ℎ𝜈)2versus ℎ𝜈 (photon energy) curve to intercept ℎ𝜈axis as shown in the figure 

5.14, 5.15 and 5.16.  It is clear from the curves that as the annealing temperature increases, the 

band gap decrease 
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Figure 5.14: Optical band gap for as deposited CZTS thin film samples with different number 

of dipping cycles 

Figure 5.14 above shows a graph of (αhv)2 versus hv for the as deposited CZTS thin film 

samples. It was observed that an increase in the number of cycles resulted to a decrease in the 

energy band gap of the film samples. The sample with the highest number of cycles that is 70 

cycles had an energy band gap of 1.52 𝑒𝑉 while the sample with 20 cycles had an energy band 

gap of 2.60 𝑒𝑉 and this is very far from the optimum value of 1.50 𝑒𝑉 (Shinde et al., 2012). 

The film samples with 40 and 60 number of cycles were found to have an energy band gap of 

2.42 and 1.60 𝑒𝑉which was slightly high compared to the optimum value of the CZTS thin 

film energy band gap. This could be attributed to the presence of the binary phases like CuS, 

SnS, ZnS and Cu3SnS4 components hence the film material is still amorphous. This is in good 

agreement with the earlier report by Shinde et al., (2012). 
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Figure 5.15: Optical band gap for CZTS thin film samples annealed in sulfur rich atmosphere 

at 450oC  

Figure 5.15 represents graphs of (αhv)2 versus hv for the CZTS thin film samples annealed at 

450oC. The energy band gaps of the samples have decreased compared to the as deposited 

samples. It is still evident that thinner films had larger energy band gap. The samples with 20, 

40, 60 and 70 number of cycles had band gaps of 1.66, 1.65, 1.60 and1.53𝑒𝑉 respectively. It is 

well known that the band gap energy is indirectly proportional to the grain size (Jain and Arun, 

2013) hence the band gap energy is expected to reduce with an increase in the film thickness 

as shown in the graph. The grain size is expected to continue growing with an increase in 

dipping cycles therefor the sample with 70 cycles will exhibit large grain compared to the other 

samples hence having a higher thickness as it was reported earlier. The decrease in band gap 

energy with an increase in the film thickness can also be due to change in the barrier height of 

crystalline film. The band gap values are now much closer to the optimum value and the sample 

with 70 number of cycles has managed to attain that particular value. This is because annealing 

the samples in the sulphur atmosphere helps in the elimination of binary phases having higher 

band gaps, the film undergoes crystallization and the formation of CZTS is improved (Pawar 

et al., 2010). 
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Figure 5.16: Optical band gap for CZTS thin film samples annealed in sulfur rich atmosphere 

at 550oC  

The figure 5.16 above shows graphs of energy band gap of the CZTS thin films annealed at 

550oC. The same trend as the other graphs is very evident but the band gaps of the samples are 

within the optimum range of 1.44-1.6 𝑒𝑉. The samples with 20, 40, 60 and 70 have energy 

band gaps of 1.54, 1.52, 1.51, and 1.49 respectively. This is because the thin films have fully 

crystallized and the secondary phases have been eliminated when it was annealed at 550oC in 

the sulphur rich atmosphere as reported under Raman spectra (Fig 5.21). This range of values 

is in good agreement with the reported direct band gaps of CZTS of 1.45-1.6 𝑒𝑉 ( Katagiri et 

al., 2001). Absorption coefficient of the samples was found to be greater than 104 cm-1 and thus 

it was concluded that the films had good absorbance in the visible region of the electromagnetic 

spectrum and it is also in agreement with the previous reports (Ennaoui et al., 2009). Any other 

information regarding secondary phases was not available from absorption spectra. It can be 

observed from the three figures above (Figure 5.14, 5.15 and 5.16) that any increase in the 

temperature leads to a decrease in the band gap energy of the film sample and this is good 

agreement with the previous report (Pawar et al., 2010).  

 

Table 5.1 below gives a summary of the variation of temperature with the band gap for every 

sample. It can be observed that the band gap is between 1.49 𝑒𝑉 and 2.64 𝑒𝑉for the film 

samples depending with the number of cycles. The sample with 70 cycles attains a near 
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optimum band gap of 1.53𝑒𝑉 and 1.49 𝑒𝑉 when it was annealed at 450oC and 550oC 

respectively. A similar phenomenon has been reported previously (Amin et al., 2013). 

 

Table 5.1: Band gaps of CZTS thin film samples at different temperatures 

Number of cycles Band gaps (eV) at different temperatures 

As-deposited Annealed at 450oC Annealed at 550oC 

20 2.64 1.69 1.54 

40 2.45 1.65 1.52 

60 1.61 1.60 1.51 

70 1.54 1.53 1.49 

 

5.2 Elemental and Structural Characterisation 

5.2.1 X-Ray Flouresence Analysis (XRF) 

The compositional atomic ratios of 
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
, 

𝑍𝑛

𝑆𝑛
 and 

𝑆

𝑚𝑒𝑡𝑎𝑙𝑠
 were investigated using XRF on the 

CZTS thin film sample deposited with 70 cycles is tabulated as shown in table 5.2 below. It 

can be observed that the CZTS sample was nearly stoichiometric with 
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
ratio in the range 

of 0.74-0.84, 
𝑍𝑛

𝑆𝑛
 ratio in the range of 1.07-1.14 and 

𝑆

𝑚𝑒𝑡𝑎𝑙𝑠
 ratio in the range of 0.84-0.89. For 

stoichiometric sample, all the above ratios should be equal to 1 and this shows that our film 

sample is copper-poor and zinc-rich (Kahraman et al., 2013). Reports by (Todorov et al., 2010 

and Katagiri et al., 2009) reveals that higher efficiencies have been obtained with zinc-rich and 

copper-poor compositions. The Cu deficit enhances the formation of Cu vacancies which give 

rise to shallow acceptors (Kahraman et al., 2013). It is also observed from the results on table 

5.2 that there is loss of 1.3% Sn when the thin film sample’s temperature was elevated from 

450 to 550oC. Weber et al, (2010) also observed a similar phenomenon and they suggested that 

CZTS thin film should be deposited at a temperature lower than 550OC so as to suppress the 

evaporation of tin sulfide. A slight loss in Zn during annealing is also evident leading to a drop 

in the
𝑍𝑛

𝑆𝑛
ratio and this has also been reported earlier (Tang et al., 2013). 
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Table 5.2: Elemental composition of Cu2ZnSnS4 film sample with 70 cycles as-deposited, 

annealed at 450OC and annealed at 550OC  

Elements Atomic percentages (%) 

As-deposited Annealed at 450oC Annealed at 550oC 

Cu 23.1 23.2 24.1 

Sn 14.3 14.7 13.4 

Zn 16.4 15.8 15.3 

S 45.7 46.3 47.2 

𝑍𝑛

𝑆𝑛
 

1.11 1.07 1.14 

𝐶𝑢

(𝑍𝑛 + 𝑆𝑛)
 

0.74 0.76 0.84 

𝑆

𝑀𝑒𝑡𝑎𝑙𝑠
 

0.84 0.86 0.89 

 

When the optical band gaps is compared with compositions of the CZTS thin films samples , 

it is observed that there is a decrease in optical band gap with an increase in Cu/(Zn+Sn) 

ratio. This is in accordance with previous report (Lin et al.,  2013) where the optical band 

gap shifted toward higher energies as the Cu/(Zn+Sn) ratio of the CZTS thin film decreased.  

The optical band gap of semiconductor materials is determined by the valence band 

maximum and the conduction band minimum. Therefore, the shift of the band gap may be due 

to the increase of valence band maximum with increasing Cu/(Zn+Sn) ratio. 

5.2.2: Raman Spectra Analysis 

Raman spectral measurement was performed on the CZTS thin film to determine the presence 

of secondary phases in the film. Raman spectroscopy is a technique that can be used to detect 

both organic and inorganic species as well as measure crystallinity of solids (Schroder, 2006). 

When the incident photon imparts part of its energy to the lattice in the form of phonon, it 

emerges as a lower energy photon. This is a ‘down converted frequency shift’ which is known 

as Stokes shifted scattering. When the photon absorbs a phonon and emerges with higher 

energy, it is known as Anti-Stokes shifted scattering. Stokes mode scattering is usually 

monitored because Anti-Stokes mode is much weaker than the Stokes mode scattering. In 

Raman spectroscopy, a laser beam known as the pump, is incident on the sample. The weak 

scattered light on the Raman signal is passed through double monochromator so as to reject the 

Rayleigh scattered light and the Raman shifted wavelengths are detected by a photo detector.  
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Various properties of the semiconductors, mainly composition and crystal structure, can be 

determined using this technique. Information about structure, phase, grain size and phonon 

confinement can be obtained from Raman spectroscopy. For amorphous semiconductors, the 

lines become very broad, allowing distinction to be made between single crystal, 

polycrystalline, and amorphous materials. 

 

In this work, Raman analyses of the samples over the range of 200-500 cm-1 were made. Figure 

5.17 below shows Raman spectra of as-deposited film sample. Peaks corresponding to SnS, 

ZnS, CuS, Cu3SnS4 and CZTS phases were observed at 219 cm-1, 275 cm-1, 473 cm-1, 348 cm-

1 and 373 cm-1respectively. These observations are in agreement with published Raman data 

reported by (Sinsermsuksakul et al., 2011; Kim et al., 2012; Abdullaeva et al., 2013 and 

Fontane et al., 2011). It is evident that before annealing, the film sample contains CZTS and 

the ternary secondary phases. The formation of CZTS is more evident when the film sample is 

subjected to the annealing process as shown in figure 5.18 below. The main peaks of CZTS 

thin film can be noticed at about 337 cm-1, 289 cm-1 and 285 cm-1. There are other weaker peaks 

of CZTS that can be noticed at 373 cm-1, 356 cm-1 which corresponds to 350 cm-1 and 257 cm-

1 which corresponds to 252 cm-1. These values are in agreement with the previous reports on 

Raman data (Fontane et al., 2011 and Miskin et al., 2015). It is clear that even after annealing 

in Sulphur atmosphere at 450 oC, there is still presence of ternary secondary phase like SnS 

and ZnS that can be noticed at 218 cm-1, 229 cm-1 and 312 cm-1 respectively. These peaks have 

been reported earlier in case of formation of these compounds (Sinsermsuksakul et al., 2011 

and Kim et al., 2012). Figure 5.19 shows Raman spectroscopy contains strong peaks at phonon 

frequency of 337 cm-1 and 285 cm-1 corresponding to A1 symmetric mode in kesterite CZTS. 

This result is in agreement with the published Raman reports (Kahraman et al., 2013). Other 

weaker modes of CZTS film can be observed at 356 cm-1 and 379 cm-1 while 265 cm-1 

corresponds to cubic CTS peak at 267 cm-1 and 214cm-1 corresponds to SnS. The strong major 

peaks in figure 5.19 is an indication of the good crystalline quality of the compound (Tang et 

al. 2017). Secondary phase of SnS and a ternary phase of Cu2SnS4 can still be identified even 

after annealing the samples at 550oC, in addition to the main CZTS peak. It’s likely that the 

CZTS thin film sample also contains ZnS, a secondary phase but it cannot be detected by the 

Raman spectroscopy at this point. This observation is in agreement with the previous report 

(Ahmed et al.,2012). Generally, annealing the thin films at 450oC and at 550oC helps to 
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eliminate ternary phases by reacting with Sulphur at these high annealing temperatures in order 

to directly generate CZTS which in turn results to the formation of CZTS thin films. The 

annealed thin films are highly pure coupled with better crystallinity compared to the as 

deposited samples (Aldalbahi et al. 2016). 

 

 

Figure 5.17: Raman spectra of CZTS thin film sample As-deposited 
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Figure 5.18: Raman spectra of CZTS thin film sample annealed in a sulfur rich atmosphere at 

450oC 

 

Figure 5.19: Raman spectra of CZTS thin film sample annealed in a sulphur rich atmosphere 

at 550oC 

5.3 Electrical Properties of CZTS  

The electrical property is vital in the determination of whether a material can be an absorber 

layer in a solar panel. Sheet resistance of the film samples with different number of cycles was 

measured using Jandel RM3-AR four-point probe and it is observed that an increase in the 

number of cycles leads to a decrease in the value of sheet resistance. The resistivity of the film 

samples was calculated using Equation 5.1 (Henry et al., 2015) 

  𝜌 = 𝑅𝑠ℎ𝑒𝑒𝑡𝑡        (5.3) 

 

Where 𝜌is the resistivity, 𝑅𝑠ℎ𝑒𝑒𝑡 is the sheet resistance and 𝑡is the thickness of the film sample. 

It is equally important that an electrical conductivity (𝜎) of the CZTS thin films samples to be 

determined too and this was done using Equation 5.2 

  𝜎 =
1

𝜌
         (5.4) 

Where 𝜎is the electrical conductivity and 𝜌is the electrical resistivity. 

Table 5.3 shows the resistivity and conductivity data for the thin films. It can be observed from 

the Table that the resistivity of the film samples decreases with increase in film thickness (or 
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with increase in the number of dipping cycles) while the behavior of conductivity of the same 

film samples is the opposite of resistivity. The electrical conductivity also increases with an 

increase in the annealing temperature which can be related to the diminished grain boundary 

scattering as a result of improved crystallinity hence leading to reduction of the number of grain 

boundaries. 

 In general, this indicates the semiconducting behavior of CZTS. From tables 5.3 and 5.4 

below, it is also evident that with an increase in the annealing temperature, the resistivity of the 

samples reduces. This can be attributed to the fully crystallization of the sample to form a 

compact CZTS thin film with no binary elements as the temperature is elevated from 450.0 oC 

to 550.0 oC. The sheet resistivity increases with an increase  both in the film thickness and 

annealing temperatures. This is because an increase in film thickness and annealing 

temperature results in increased grain sizes of CZTS and this is in agreement with some 

observations reported earlier (Sheng et al., 2012; Henry et al., 2015). 

The electrical resistivity for the samples annealed at 450 oC is observed to be in the order of 

10-3 and 10-4Ω.cm while the samples annealed at 550.0 oC is in the range of 10-3 and 10-5Ω.cm. 

The samples in the orders of 10-4 and 10-5Ω.cm is observed to be lower than the expected values 

which have been previously reported to be in the order of 10-3Ω.cm (Shinde et al., 2012). This 

difference could be attributed to different microstructural compositions of the samples (Sheng 

et al., 2012). 

Table 5.3: Sheet resistance and resistivity of film samples annealed at 450oC 

Number of 

cycles 

Thickness 

(cm) 

Sheet 

resistance 

(Ω) 

Resistivity(Ω.cm) Conductivity 

(Ω-1cm-1 

20 7.6 × 10−5 88.57197 6.731 × 10−3 148.5663 

40 1.15 × 10−4 10.19337 1.172 × 10−3 853.2423 

60 2.36 × 10−4 0.98957 2.335 × 10−4 4282.6552 

70 2.82 × 10−4 0.463816 1.308 × 10−4 7645.2599 
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Table 5.4: Sheet resistance and resistivity of film samples annealed at 550oC 

Number 

of cycles 

Thickness 

(cm) 

Sheet resistance 

(Ω/□) 

Resistivity(Ω.cm) Conductivity 

 (Ω-1cm-1) 

20 6.4 × 10−5 76.5763 4.901 × 10−3 204.0400 

40 107 × 10−4 5.7016 6.100 × 10−4 1639.3443 

60 2.31 × 10−4 0.476576 1.101 × 10−4 9082.6521 

70 2.59 × 10−4 0.081583 2.113 × 10−5 47326.0767 

 

The refractive index (𝑛) and dielectric constant (𝜀∞) of an absorber material in a solar cell are 

very vital elements in the determination of the optical and electrical properties of the thin film 

which is essential in the solar cell application. The refractive index of all the sample films were 

determined using two different relations namely Moss relation and Herve and Vandamme 

relation equations. By Moss relation, refractive index is found to be directly related to the 

fundamental band gap energy (𝐸𝑔) and it is given by equation 5.5 (Henry et al., 2015) 

𝐸𝑔𝑛4 = 𝐾         (5.5) 

Where 𝐸𝑔 is the band gap energy, 𝑛 is the refractive index and K is a constant with a value of 

108 𝑒𝑉. Herve and Vandamme relation equation is another relation between the refractive 

index and the band gap energy and it was also used in the determination of the refractive index 

of all the samples before annealing and after annealing. The relation is given by the equation 

below 

 𝑛 = √1 + (
𝐴

𝐸𝑔+𝐵
)

2

        (5.6) 

Where 𝑛 is the refractive index, 𝐸𝑔is the band gap energy, A and B are the numerical constants 

with values of 13.6𝑒𝑉and 3.4 𝑒𝑉respectively. Evaluation of both the static and high frequency 

optical dielectric constants was carried out for all the film samples. The high frequency 

dielectric constant (𝜀∞) for the CZTS thin film samples was determined using the relation below 

 𝜀∞ = 𝑛2                         (5.7) 

Where 𝑛is the refractive index of the samples. On the other hand, the static dielectric constant 

was calculated using a relation expressing the dependence of band gap energy to the static 

dielectric constant ( 0 ) for semiconductor materials following the equation below 

𝜀0 = 18.52 − 3.08𝐸𝑔.         (5.8) 
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Tables 5.4, 5.5 and 5.6 below shows the calculated values of refractive index (𝑛), static 

dielectric constant (𝜀0) and high frequency optical dielectric constant (𝜀∞) of the as deposited 

CZTS thin films, annealed at 450.0oC and at 550.0oC respectively. It is observed that the 

refractive index increases as well as the dielectric constant when the samples are annealed 

compared to the as deposited thin films. 

 

Table 5.5: Refractive index (𝒏) and dielectric constant (𝜺∞) values of the as deposited 

CZTS thin films 

Number 

of cycles 

𝐸𝑔 (eV) Static 

dielectric 

constant (𝜀0) 

Herve & Vandamme 

relation 

Moss relation 

 

𝑛 𝜀∞ 𝑛 𝜀∞ 

20 2.64 10.6044 2.4879 6.1896 2.5461 6.4826 

40 2.45 11.0664 2.5418 6.4607 2.5847  6.6807 

60 1.61 13.6228 2.9031 8.4280 2.8708 8.2415 

70 1.54 13.9924 2.9663 8.7989 2.9277 8.5714 

 

 

Table 5.6: Refractive index (𝒏) and dielectric constant (𝜺∞) values of the CZTS thin films 

annealed at 450oC 

Number 

of cycles 

𝐸𝑔 (eV) Static dielectric 

constant (𝜀0) 

Herve & Vandamme 

relation 

Moss relation 

 

𝑛 𝜀∞ 𝑛 𝜀∞ 

20 1.69 13.4072 2.8678 8.2243 2.8401 8.066 

40 1.65 13.5612 2.8929 8.3689 2.8619 8.1905 

60 1.60 13.9000 2.9502 8.7037 2.9130 8.4856 

70 1.53 14.1464 2.9935 8.9610 2.9531 8.7208 
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Table 5.7: Refractive index (𝒏) and dielectric constant (𝜺∞) values of the CZTS thin films 

annealed at 550oC 

Number 

of cycles 

𝐸𝑔 (eV) Static dielectric 

constant (𝜀0) 

Herve & Vandamme 

relation 

Moss relation 

 

𝑛 𝜀∞ 𝑛 𝜀∞ 

20 1.54 13.8076 2.9343 8.6101 2.8986 8.4019 

40 1.52 13.9000 2.9502 8.7037 2.9130 8.4856 

60 1.51 14.0540 2.9771 8.8631 2.9377 8.6301 

70 1.49 14.0848 2.9826 8.8959 2.9428 8.6601 

 

The refractive index of the CZTS thin film was found to be in the range of 2.4-2.9 depending 

with the number of cycles. The increase in the refractive index with an increase in the number 

of cycles as well as the annealing temperature could be attributed to the fact that refractive 

index is dependent on the atomic mass of components and the density of material (Tawari et 

al., 2014). Therefore, an increase in the annealing temperature results to an increase in grain 

growth leading to increased density thus the refractive index of films increases. The high 

optical frequency dielectric constant was in the range of 8.3-8.9. This is in agreement with the 

previous report (Henry et al., 2015). An increase in dielectric constant indicates an 

improvement in electronic transition which is a fundamental phenomenon in semiconductor 

thin films hence the sample with 70 cycles is the best in solar cell application. 
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS 

6.1: Conclusion 

In this work, the effect of number of cycles and annealing temperature on the electrical and 

optical properties of Cu2ZnSnS4 (CZTS) based thin films for solar cell applications were 

studied. The study focused on the determination of the effect of annealing temperature of 450oC 

and 550oC on the spectral transmittance and energy band gap of the film samples. SILAR 

technique was used in the deposition of CZTS thin films onto FTO glass substrate and it was 

carried out at room temperature. The study revealed that CZTS had a sheet resistance of the 

order magnitude in the range 10-1-101 Ω/sq when it was annealed in at 450oC and 10-2 -101Ω/sq 

when the samples were annealed at 550oC depending on the number of cycles. The electrical 

resistivity of the films was in the order magnitude of 10-3 – 10-4Ω.cm and an electrical 

conductivity in the range of 102-103 (Ω.cm)-1 when they were annealed at 450OC. When the 

samples were annealed at 550OC, the resistivity and conductivity of the thin films was in the 

order magnitude of 10-3-10-5 (Ω.cm) and 102-104 (Ω.cm)-1 respectively. The same trend was 

observed when the effect of number of cycles on the electrical properties was investigated. 

 

 The optical transmittance of CZTS thin films showed a significant decrease in the percentage 

values when the annealing temperature and the number of cycles was increased. The films that 

were annealed at 550oC showed very interesting results since it combined both low spectral 

transmittance, low electrical resistivity, high electrical conductivity, high absorption 

coefficient ≥ 104 cm-1and an energy band gap within the range of an optimum band gap of 1.50 

eV. The refractive index of the CZTS thin films was found to be in the range of 2.4-2.9 while 

the dielectric constant of the same samples was in the range of 6.0-8.9. 

 

The trend for the transmittance of CZTS thin film within the visible region showed a decrease 

in the percentage values with an increase in the number of cycles for the as deposited and post 

annealing in the temperatures of 450oC and 550oC. Nevertheless, the CZTS thin film with 70 

cycles showed a significant potential as an absorber layer for a solar cell application before and 

even after annealing. The sample with 70 cycles was found to be the best film displaying 

optimum value of energy band gap in both cases before and after annealing. It had the lowest 

transmittance value and the best band gap.  
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The CZTS sample was found to be nearly stoichiometric with 
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
ratio in the range of 0.74-

0.84, 
𝑍𝑛

𝑆𝑛
 ratio in the range of 1.07-1.14 and 

𝑆

𝑚𝑒𝑡𝑎𝑙𝑠
 ratio in the range of 0.84-0.89. It was also 

noticed that when the sample annealing temperature was raised from 450OC to 550OC, there 

was a loss of 1.3% Sn. The thin film structure improved significantly when the sample was 

annealed at 550OC compared to 450OC as indicated in the Raman results. The CZTS peak was 

more pronounced in the sample that was annealed at 550OC. This was due to increase in the 

sample size, increased crystallization as well as elimination of secondary phases. 

6.2: Recommendations 

In this study, the effect of number of cycles and annealing temperature on the optical and 

electrical properties of CZTS based thin films have shown sufficient optical absorption 

coefficient in the visible region and good conductivity. More work on the optimization of 

deposition parameters and film thickness is recommended. This could be of more importance 

in the improvement of optical and electrical properties in order to determine their suitability 

for solar cell application. 

 

It is suggested that the study on investigation of deposition duration and solvent temperature 

may further improve the optical, electrical and structural properties of CZTS thin films. These 

parameters have a potential of influencing spectral transmittance values, spectral reflectance 

values, optical absorption values, energy band gap and electrical conductivity. Nevertheless, 

the study on the optimization of solvent concentration and sulfurization temperature is advised 

in order to minimize the transmittance and energy band gap values of CZTS thin film. 
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