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PREFACE

Modern civilization is fully dependent on materials. Materials influence our
daily life of every segment of transportation, housing, clothing, telecommunication,
food production, etc. Earlier civilizations have been designated by the level of the
development of their materials such as the Stone Age, Bronze Age, and lron Age. The
twenty first century is an era of technological development of functional and smart
materials for sustainable energy applications. Researchers in materials science and
engineering under Science, Technology, Engineering and Mathematics are looking at
functional materials of metals and alloys, polymers, ceramics and composites as
energy materials. The energy materials based on nanostructured functional materials
are developing and considering the best materials for the manufacture of sustainable
energy devices. To meet the demand for low cost and eco-friendly sustainable energy,
energy materials and their new technologies are needed to be developed. Today,
researchers around the world are focusing on the development of efficient and cost
effective energy devices to meet the challenge of increasing energy demand. In
addition to this, the energy devices must be fabricated in such a way that such devices
are to be for environmental friendly. In this direction, new methods are being explored
to convert solar energy into electrical energy by photovoltaic (PV) solar cells, which is
the best way to obtain plentiful sustainable energy. The design and manufacture of PV
solar cells are being used as the low cost and eco-sustainable devices. To develop
innovative approaches, researchers are striving to engineer the low-cost, bearable and
highly efficient equipment using abundant materials. Therefore, we have also
attempted to study how functionalized ZnO, SnS, CZTS materials using abundant
materials are synthesized by low-cost synthesis processes. Based on the literature
survey of functional materials for energy devices, we focused our study on the
selection of functional materials (FMs) containing environmentally friendly, non-toxic,
and low-cost constituent elements as well as environmentally friendly synthesis
methods.

The brief introduction of the functional materials for synthesis and
characterization for potential applications in chapter first. Here, we have given the

study of the historical background of functional materials especially energy materials,



and also their technical development in the field of Materials Science and Engineering.
This chapter mainly focuses on the photovoltaic functional materials such as CZTS,
SnS, ZnO, CdS, etc., and also describes the CZTS phases, electronic band structures,
and important parameters to enhance the photovoltaic efficiency. CZTS is an I,-11-1V-
VI, group functional material. The various types of effective parameters in
photovoltaic applications are discussed and resoluted the hurdles of efficiency of solar
cells problems. Besides this, we also try to find out the issues of the Kesterite materials
based on the structure, band structure, electronic structure and studied how to get more
than 20% efficiency of solar cells using the different buffer layers.

Synthesis methods and Characterization techniques for energy materials are
discussed in chapter second. The synthesis methods especially Co-precipitation Spray
Pyrolysis and Hydrothermal/Solvothermal methods are described and explained that
how these methods are suitable to synthesis the functional nanomaterials for
photovoltaic purposes.

Chapters three and four deal with the synthesis of functional material 11-VI and
I-11-1V-VI1; (ZnO and CupZnSnS,;) nanomaterial are synthesised by copriciptation
without any surfactants and characterise the materials for window layer and absorber
layer in solar cell applications. In the synthesis mechanism, the functional materials
are synthesized without any surfactants and vacuum/noble gases, which makes it an
economically low-cost method in comparison to the other methods. The spherical NMs
of CZTS has enhanced the solar energy conversion and this is an appropriate property
for photovoltaic materials. These chapters suggests that the ZnO and CZTS powders
without any surfactant are beneficial for commercial productions as well.

Synthesis and characterization of functional material (IV-VI1) SnS for energy
applications is discussed chapter five. The SnS NMs by low-cost precipitation method,
thin-film is fabricated with help of the self-made spray pyrolysis method. The first
time, the grown thin films by SPM method are found to have hydrophobic and
scratchproof nature of SnS nano flakes. The synthesis of SnS thin film for
photodetector by the SPM route has found with low response/recovery time in
comparison to the CVD route The stability of the SnS photodetector is also found to be
stable for around one year. The SnS thin film also resolves the usual problem of

thermionic and diffusion losses, and recombination; and SnS thin film can be used as a



JABS layer in the hetero-junction device with structure Ag/ARC/AI-ZnOli-
ZnO/CdS/SnS/CZTS/ITO.

Conclusion and future prospects of this research work has been discussed in
chapter six. In this chapter, we suggests that the functional materials can be used to
resolve the issues of stoichiometry phase, toxic environment, time taking processes,
and cost of materials and synthesis methods. Among these problems, thermionic and
diffusion loss, and recombination, are also resolved by selecting suitable functional
materials and techniques. For the synthesis of the suitable functional materials, we
have explained the synthesis methods having low cost and suitable characterization
techniques for the as-synthesize and their applications in fabricating energy devices.

My studies reveal that the CPT and SPT are the best synthesis methods for the
low-cost, high efficient and eco-friend functional nanomaterials (ZnO, CZTS and SnS)
for optical and electronic devices. The photovoltaic solar cells and hydrophobic
photodetectors may be fabricated with these elements and synthesis methods. This
technology may also be adopted to industry for mass production of the photovoltaic
solar cells and hydrophobic photodetectors, because the ratio of the performance and
the cost of the material may be high by choosing the low cost, non-toxic and eco-

friendly elements, and ecofriendly synthesis processes for structural modification.

Xi



LIST OF FIGURES

Figure No.

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure caption

Classification of functional materials based on

applications.

The historical energy consumption from 1950 to
2020, [Source: Vaclav Smile, Energy Transitions:
Global and National Perspectives. & BP Statistical
Review of World Energy, 2017, copyright

permission].

Schematic diagram of a solar cell with electronic
conduction in a semiconductor in illumination of
light.

A simple representation of schematic circuit
diagram of the solar cell (In this, Rs is series

resistance and Rgp is shunt resistance).

Principle operation diagram of the pn-junction solar

cell.

Radiation intensity versus wavelength of photons
with the percentage in the solar spectrum.

(a) Schematic diagram of progression of Kesterite

materials from II-VI to I-1I-1V-VI compound, and
(b) The functional material I-11-1V-VI (Kesterite)
unit cell CZTS.

Phase diagram of the CZTS pseudo-ternary system is
consists of CuS, ZnS, SnS with a ratio of 50:25:25,

respectively.

Xii

Page No.

12

15

20



Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14

Figure 1.15

Figure 1.16

Figure 2.1

Figure 2.2

Figure 2.3

The electronic band structure E; (k) of the Kesterite
and Stannite structures of CZTS and CZTSe along

with four symmetry directions.

The study bandgap variation of Kesterite Cu,Zn-

IV-S, with IV-group cations change from Si to Sn.

Total progression of Kesterite solar cell efficiency
from 1996 to 2018.

Development of conversion efficiency of Kesterite

thin-film solar cells with efficiency parameters.

The elemental composition versus efficiency of

Kesterite solar cells.

The schematic diagram of the heterojunction device

structure of the CZTS solar cell.

Behavior  of  conduction
electron in heterojunction

device band structure.

The state of conduction band offset (CBO) at
junction Mo:MoS,, ZnO:CdS, CdS:CZTS.

The classification of nanomaterials based on
dimensionality: 0D, 1D, 2D, 3D.

Schematic co-precipitation method flow chart

diagram of image view.

Schematic diagram of self-designed spray pyrolysis

set-up.

xiii

22

23

24

28

29

37

38

39

68

71



Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Schematic diagram of evaporation precipitation
drying decomposition sintering [Source: Messing,
et al., J. Amer. Ceram. Society,76, (11), 2707 1993,
copyright permission [23]]

Schematic  representation  of  Hydrothermal

Experimental setup.

External view of scanning electron microscope

[Source: USIC, BBAU, copyright permission].

Schimatic process of UV-Vis spectroscopy an
external view image [Source: USIC, BBAU,

copyright permission].

The schematic diagram of Keithley (unit model

6517 B) set-up for I-V characteristics measurement.

The flow chart diagram of ZnO NMs synthesis by

Co-precipitation method.

XRD patterns of ZnO Nanomaterials (a) ZnO at
35°C, (b) ZnO calcinated at 600°C, and (b) ZnO
calcinated at 800°C.

SEM resutls of ZnO NMs at different calcinated

temperatures and Room temperature.

Representation of window layer (i-ZnO) in the

hetero-junction Kesterite solar cell.

Schematic illustration of the conventional thin-film
layer stack used in chalcopyrite solar cell and
associated energy band diagram in short-circuitand
dark conditions, ref. [26].

Xiv

73

75

82

85

87

98

100

101

102

103



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Schematic diagram for synthesis process of CZTS

NCs by a chemical route.

XRD patterns of CZTS samples A, B, C with the
variation of concentration of Sulphur, comparative
with standard CZTS Kesterite.

Raman spectra of CZSS Kesterite (NCs)
synthesized from Cu®’, and Sn*" at 210°C while
varying the S: M ratio. The sulfur source thiourea
was varied from 16, 18, 20mmol i.e. sample A, B,

and C, respectively.

SEM images of CZTS powder thin film with
Samples A, B, and C, respectively, and (d) size

distribution with fraction percentage.

UV-visible absorption spectrum of the CZSS NCs.
Inset shows the plot of (ahv)’vs. hy .indicate

positive charge)

(@) Double zigzag layer of SnS molecules, (b)

Single molecule of SnS.

The Schematic diagram of synthesis SnS
nanoflakes on SLG by SPM.

Schematic diagram of the formation of synthesis

SnS nano flakes.

The photodetector set-up of SnS thin film nano-

flakes for photoresponse measurements.

(a) XRD patterns of SnS and matched with JCPDS
card no. 39-0354, (b) SEM Image, (c) EDX Image

shows the presence of Sn, S, Si, O and CI elements,

Xv

110

112

114

116

117

124

127

128

130

131



Figure 5.6

Figure 5.7

(d) Absorption plot of SnS flakes at wavelength
200nm to 1000nm, (e) Absorption edge plot
identified 382.88nm, (f) Tough-plot of SnS with
analyzed result of band gap 1.98eV.

(a) Top view of water droplet on lotus plant’s leave,
(b) SEM morphology of lotus leave [Koch at al.
Soft Matter, 2009, 5, 1386-1393, copyright
permission [49]], (c) Water droplet contact with
nanostructured surface of leave, (d) Schematic
diagram of superhydrophobic nature of lotus leave
(>>90°), (e) Front view of water droplet on sprayed
nanostructured SnS  thin film, (f) Surface
morphology of SnS at the top view from the SEM
image, (g) Contact angle measurement of water
droplet tangent with sprayed SnS thin film surface
(80°<90° angle), (i) Schematic diagram of
hydrophobic nature of SnS nanostructured (approx.
90°), (j) Edge view of SnS film surface SEM result,
(K) Front view of droplet on bare glass substrate, (I)
Angle measurement of droplet tangent with bare
glass substrate (46°<<90°), (m) Schematic diagram

of water droplet on bare glass substrate (<<90°).

Schematic diagram representation: @
Photodetector device with average wavelength
550nm light source for photo response
measurement, (b) Photodetector contacts with metal
(Ag)/Semiconductor (SnS)/metal (Ag) bricks, (c)
Equivalent circuit diagram of photodetector (Input
voltage=+ 5V, illumination current =I,, dark
current = lg, Junction capacitance =C;, Junction

resistance =R;, Series resistance =Rs, photo current

XVi

134

136



Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

=lpn) (d) The electronic band structure for forward
bias in dark region, (e) Electronic band structure for

forward bias in illumination region at -5V to +5V.

Photo-resistance of sprayed SnS thin film: (a)
Resistance vs. time graph, (b) Current vs. time
graph, (c¢) Current vs. time graph at different
illumination intensities for illumination, (d)

response vs. recovery graph at 100mwW/cm?,

I-V measurement of sprayed SnS thin film and
confirms that the ohmic contacts of metal (Ag) and
SnS.

Characterization SnS JABS layer grown onto soda
lime glass substrate: (a) XRD patterns and (b) W-H
plot.

Surface morphology of sprayed SnS thin film: (a) and
(c) FESEM (at different scale) and (b) SEM (d) EDS.

Elemental analysis of sprayed SnS thin film shown
Sn and S elements by red and blue colors,

respectively.

Dotted circle covering two scratched lines on SnS
sprayed thin film.,

UV-Visible absorbance of binary nano flakes
layered SnS thin film and tauc plot in the inset
figure.

I-V characteristics of nano flakes layer: (a)
schematic diagram of set-up, (b) at dark
illumination and different illumination intensities
like 30 mW/cm?, 45 mW/cm?, 60 mW/cm? 75

XVii

138

141

142

144

145

146

147

148



Figure 5.16

Figure 5.17

Figure 5.18

mW/cm? and, 100 mW/cm?.

Schematic diagram of hetero-junction solar cell
AQ/ARC/AI-Zn0O/i-ZnO/CdS/SnS/CZTS/ITO using
the binary chalcogenide nanoflakes layer.

Photolysis in (a) SnS semiconductor, and (b)
electron-hole transport phenomenon at the junction

of buffer and absorber layer.

Effect of SnS Buffer layer in hetro-junction solar
cell band diagram (a) without SnS, and (b) with
SnS.

XViii

150

151

152



LIST OF TABLES

Table No.

Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table 1.5

Table 1.6

Table 1.7

Table 1.8

Table 2.1

Table 3.1

The lattice constant and the bandgap of CZTS and
CZTSe in the tetragonal unit cell of the Kesterite

structure.

The comparative study of chalcogenide materials for a

Table caption

photovoltaic cell.

The comperative characteristics of the secondary,

ternary and Kesterite phases are given below [72]].

The calculated [ -point band-gap energy (Eg) of

Kesterite and Stannite.

The current highest reported conversion efficiencies of
Kesterite solar cell synthesis by different methodis

shown with V, open-circuit voltage, Js. current

densities, and fill factor (FF).

The highest conversion efficiency of pure Sulphur based

sprayed Kesterite.

The role of constituent elements composition ratio in

the Kesterite characterization analysis.

The defect, ionization level, and impacts on solar cell

description are given below.

Lattice type identification by lattice parameters a,b & ¢

and o, f & Y are analysed by (hkl) values:

EDS analysis of Zinc oxide Nanomaterials at various

XiX

Page No.

16

17

19

25

26

29

34

100



Table 5.1

Table 5.2

Table 5.3

Table 6.1

calcinated temperatures.

Comparative chart of response and recovery time of 139-140

Chalcogenide materials with earlier reported results.

Calculation of average crystallite size calculated by 142-143

Debye sherrer’s formula and William-Hall parameters.

Constituent of SnS thin film with weight ratio is given 145

from SEM characterization.

The chapter wise conclusion of this thesis. 172

XX



TABLE OF CONTENTS

Chapter 1 Introduction
1.1 Introduction
1.2 Functional Materials
1.3  Classification of Functional Materials
1.4 Energy Materials and Nanotechnology
1.5 Energy Sources on Earth
1.5.1 Photovoltaic Cell
1.5.2 Solar Cell
1.5.2.1 Working Principle of Solar Cell
1.5.2.2 1-V Characteristics of Solar Cell
1.6 Generations of Solar Cell
1.6.1 First Generation Solar Cell (1G)
1.6.2  Second Generation of Solar Cell (2G)
1.6.5 Third Generation of Solar Cell (3G)
1.6.4 Fourth Generation of Solar Cell (4G)
1.7  Review of Literature

1.7.1 Inorganic Energy Materials for Solar Cell
1.7.1.1 Window Layer
1.7.1.2 Buffer Layer
1.7.1.3 Junction-Absorber (JABS) Layer
1.7.1.4 Absorber Layer
1.7.2 Kesterite Structure
1.7.3 Phase of Kesterite
1.7.4  Electronic Band Structure of Kesterite
1.7.5 Developement of Kesterite Solar Cell
1.7.6 CZTS Solar Cell Efficiency
1.7.6.1 Variation in composition of the constituent elements
1.7.6.2 Role of Defects in Kesterite

XXi

Page No.

1-2

3-4

S5-7
7-8
8-9
9-10
10
10

10
10

10-11

11-12
12
13
13
13
14
15-18
18-21
21-24
24-27
27-28
28-33
33-36



1.7.7

1.7.6.3 Temperature Effects on Kesterite

1.7.6.4 Energy Loss at Interface in Heterojunction Solar Cell

1.7.6.5 CdS and CZTS Interface
1.7.6.6  ZnO/CdS Interface

1.7.6.7 CZTS and Mo interface
Future of the Kesterite Solar Cell

1.8 Objectives of Thesis

1.9

References

Organization of the Thesis

Chapter 2 Synthesis Methods and Characterization

2.1
2.2

2.3

2.4

Techniques for Functional Materials

Introduction

Role of Functional Nanomaterials in the Energy Application

221
2.2.2
2.2.3
224

Zero-Dimensional (0-D) Nanomaterials
One-Dimensional (1-D) Nanomaterials
Two-Dimensional (2-D) Nanomaterials
Three-Dimensional (3-D) Nanomaterials

Synthesis Methods

2.3.1
2.3.2

2.3.3

Coprecipitation Method

Spray Pyrolysis Method

2.3.2.1 Thin-film Deposition

2.3.2.2 Advantages and Disadvantages of SPM
Hydrothermal/ Solvothermal Method

Characterization Techniques

24.1

24.2

Diffraction Methods

2.4.1.1 X-Ray Diffraction

2.4.1.2 X-ray Photoelectron Spectroscope
2.4.1.3  Scanning Electron Microscope
2.4.1.4  Energy Dispersive Spectroscope
Spectroscopy Techniques

2.4.2.1 Raman Spectroscope

XXii

36
36-38
38-39
39
40
41-42

42
42-45
46-64

Page No.

65

66-67
67-68
68-69
69

69
70
70-71
71
72-74
74
75-76
76
76-77
77-81
81
81-83
83-84
84
84-85



2.4.2.2 UV-Visible Spectroscope 85-86
2.4.3 1-V Characteristics Technique 86-87
References 88-92

Chapter-3 Synthesis and Characterization of I1-VI group Page No.
(ZnO) Functional Material without any
Surfactant for Photovoltaic Applications

3.1 Introduction 93-96

3.2  Experimental Method 96
3.2.1 Synthesis of ZnO Nanomaterials Powder 96-97
3.2.2 Thin-Film Deposition of ZnO Nanomaterials 97

3.3 Result and Discussion 98
331 X-Ray Diffraction Ananlysis 98-99
3.3.2 Scanning Electron Microscope Analysis 99-100
3.3.3 ZnO Nanomaterials for Window Layer in Photovoltaic 100-103

Applications
References 104-106

Chapter 4 Functional Material (I>-11-1V-VI,;) Cu,ZnSnS, Page No.
Synthesis without Vacuum Annealing for
Photovoltaic Applications

4.1 Introduction 107-109

4.2 Experimental Method 109
4.2.1 Synthesis of CZTS Powder 109-110
4.2.2 Reaction Mechanism 110-111
4.2.3  Thin Film Deposition 111

4.3 Results and Discussion 111
4.3.1  X-Ray Diffraction Analysis 112-113
4.3.2 Raman Spectroscope Analysis 113-115
4.3.3  Scanning Electron Microscope Analysis 115-116
4.3.4 Optical Analysis 116-117

4.4 Conclusion 117-118

XXiii



References

119-122

Chapter-5 Synthesis and Characterization of Functional Page No.

5.1
5.2

5.3

Material (IV-VI) SnS for Energy Applications
Introduction

Experimental Method

5.2.1 Preparation of SnS Solution

5.2.2  Synthesis Method

5.2.3  Chemical Reaction during Synthesis of SnS Nanoflakes
5.2.4  Device Fabrication for Photodetector

Results and Discussion

5.3.1  SnS Layer for Visible Photodetector

5.3.1.1 X-Ray Diffraction Analysis
5.3.1.2 Elenctron Microscope Analysis
5.3.1.3 Optical Analysis
5.3.1.4 Hydrophobicity Analysis
5.3.1.5 Band Structure at Interface in the Device Ag/SnS/Ag
5.3.1.6 Photoparametrs in Photodetector Device
5.3.2 SnS Nanoflakes Layer for Photovoltaic Cells

5.3.2.1 X-Ray Diffraction Analysis

5.3.2.2 Field Effect Scanning Electron Microscope Analysis
5.3.2.3 Electron Probe Micro Analysis

5.3.2.4 Non-Peel off Analysis

5.3.2.5 Optical Analysis

5.3.2.6 1-V Characteristics of SnS Nano-Flakes Layer

5.3.2.7 JABS Layer Approach in the Device Ag/ARC/AI-
ZnO/i-ZnO/CdS/SnS/ICZTS/ITO

5.3.3 Importance of JABS Layer in Photovoltaic Solar Cell

5.4 Conclusion

References

XXiv

123-126
126

126-127
127-128
128-129
129-130

130

130-131

131
132
132-133
133-135
135-137
137-141
141

141-143
143-145
145

146

146-147
147-149
149-152

152-153

153-154
155-164



Chapter-6  Conclusions and Future Prospects Page No.

6.1 Conclusion 167-173
6.2 Scope of Further Research 173-174

References 175

XXV



CHAPTER 1

Introduction



Chapter 1

Introduction

1.1 Introduction

Modern civilization is fully dependent on materials. Materials influence our daily
life of every segment of transportation, housing, clothing, telecommunication, food
production, etc. Earlier civilizations have been designated by the level of the
development of their materials such as the Stone Age, Bronze Age, and Iron Age. From
time to time, we discovered materials and techniques for producing materials that had
superior properties than to those of natural ones. These new developing materials were
potteries and various metals and alloys. The modified characteristics of materials were
not the relatively recent times that scientists came to understand the relationships
between the structural elements of materials and their properties. Today, more than
three lakhs of different materials have evolved with rather specialized characteristics
that meet the needs of our modern society and materials are included metals, metallic
oxides and chalcogenides, plastics, glasses, and fibers, etc. These materials are
functionalized with the other materials in terms of the structures to enhance the

properties of materials as per their requirement.

In this chapter, we have given the study of the historical background of
functional materials (FMs) especially energy materials and also their technical
development in the field of materials science and engineering. Materials Science and
Engineering (MSE) have played a vital role in the development of advanced materials

devices by modification of the compositions and their structures.
1.2 Functional Materials

Functional materials (FMs) are characterized as those materials, which have
particular native properties and functions of their functional property like
ferroelectricity, piezoelectricity, and magnetism or energy storage and optics for
ultrafast devices. FMs are found in all classes of ceramics, metals, polymers, and
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organic molecules as well as composite materials. Functional materials are often used
in electromagnetic applications from kHz to THz and the plasmonic properties of
metals at optical frequencies assume particular importance in many applications from
sensors to metatronics. The particular native properties of the functional materials have
been used in energy devices such as electro and magneto-caloric materials, energy
storage, and solar harvesting functional materials. Therefore, today all types of
materials viz. ceramics, metals, polymers, and hybrid materials are considered the
advanced materials as the functional materials [1]. Now, we discuss the classification
of the function materials in MSE.

Aerospace
C-C composite,
Amorphous SiO2,
Super alloy

Biomedical
Plastic, Shape
memory alloy,

Titanium alloy,
stainless steel,

PZT.

Structural
teel, aluminium alloy,
Fiber glass, Plastic,
Wood.

Smart Material
T, Ni-Ti Shape memol
alloy, Polymer gel

Electronic materig
Si, Ge, GaAs, PZT
Al, Cu, W, BaTiO:

Optical

Material Energy
Si02, GaAs, Technology and
Al203, ITO. environment

Ni-Cd, ZrO2,

Amorphous Si:H

Magnetic Material
Fe, Fe-Si, Nizn,

MInZn Ferrites, Co-Pi
Ta-Cr.

Figure 1.1: Classification of functional materials based on applications.

Page 2



Chapter 1

1.3 Classification of Functional Materials

In materials science, there are different ways of classification of materials such
as applications basis, solid materials basis and structure-properties basis. Based on
groups that possess different structures and properties, materials are categorized into
five groups as Metals and Alloys, Ceramics & Glass-ceramics, Polymers (plastics),
Semiconductors, Composite materials [2]. Based on the functional classifications, the
materials are classified on their performances like mechanical (structural), biological,
electrical, magnetic, and optical that are the most important functional properties of the
materials. The classification of FMs based on applications is shown in Fig. 1.1. The
energy conversion PV cells and energy storage devices based on functional materials
have been already developed such as amorphous silicon (a:Si:H), Cadmium Telluride,
Tin Sulphide (SnS), Cadmium Sulphide (CdS), Copper Indium Gallium Selenide
(CIGSe), Copper Zinc Tin Sulphur (CZTS), Copper Zinc Tin Selenide (CZTSe),
Copper Tin Sulphide (CTS), etc. But today researchers are looking forward to low
cost, high efficiency and eco-friendly devices based on functional materials. The
energy materials and nanotechnology of the functional materials may fulfill the needs

of human beings in modern civilization.
1.4 Energy Materials and Nanotechnology

Researchers are trying to understand the physics and chemistry of materials by
study large and complex structures. In this process, a fundamental building block in
the structure is the key parameter to know the functional properties. These new
structures are designed by the constituent’s atomic displacement and formed a new
shape of FMs. Due to this arrangement of atom’s position or a certain shape of
crystallites, the mechanical, electrical, magnetic, and other properties of FMs are
changed and modified and the characteristics of such materials are termed as
“nanotechnology”. The word nano prefixes 1nm to 100nm of the structural dimensions
of the crystallites that are characterized by microscopy techniques [3]. From
nanometer to micrometer scale dimensions, new materials with molecular or atomic
precision are broadly discovered for electrochemical energy conversions, catalysis,
nano-electronics, and bio-engineering to molecular recognitions and self-assembly of
nanostructures. The synthesis of such nanomaterials is done by two methods: “bottom-

up and top-down”. These two methods are used to synthesis the functional
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nanomaterials The functional nanomaterials convert one form of energy to another
form of energy and such FMs are used in renewable energy conversion e.g. high
performance Photovoltaic (PV) devices. The universe has lots of energy sources on the

earth in the form of renewable and non-renewable energy sources.
1.5 Energy Sources on Earth

According to U.S. primary energy consumption of the energy source in 2019, the
global energy consumption is about 100.2 quadrillion British thermal units (BTU) [4].
The historical features of average total energy consumption development at the global
are shown in Fig. 1.2, It predicts that the Renewable, Nuclear, Petroleum, Natural gas,

Coal energy sources are the major energy sources on earth.

Figure 1.2: The historical energy consumption from 1950 to 2020, [Source: Vaclav
Smile, Energy Transitions: Global and National Perspectives. & BP Statistical Review

of World Energy, 2017, copyright permission].

This data also confirms that the demand for renewable energy sources
consumption has grown exponentially in comparison to other non-renewable energy
sources. The availability of renewable sources are sufficient on earth in the form of the
sun, wind, water, air, etc. These renewable energies are not popular in daily use in lack
of efficient conversion devices. But the sun energy is harnessing by a photovoltaic
device and this device is based on the functional nanomaterials, which is also called

energy nanomaterials energy devices.
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1.5.1 Photovoltaic Cell

The Photovoltaic (PV) cell is a device to generating the electric current (direct)
from the solar light using semiconductor nanomaterials/functional nanomaterials.
When light is illuminated on the surface of the semiconductor material, excitons
(electron-hole pair) are generated and separated the electron-hole from valance band to
conduction band by the photon energy. This effect is known as “photoelectric effect”
[5]. In 1839, firstly Becquerel measured the light-dependent voltage (photovoltaic
effect) [6]. In 1954, some researchers of the Bell Laboratory, USA, discovered the pn-
junction diode semiconductor and accidentally they measured the voltage diode in the
ordinary light [7]. After one year, the same group identified the silicon (Si) pn-junction
solar cell with 6% efficiency, which was recorded as the highest efficiency in PV cells.
In 1960, Nobel laureate Shockley and Queisser established a theoretically fundamental
pn-junction solar cell with 33% efficiency in the visible spectrum [8]. This hypothesis
was based on the energy band gap of pn-junction, illuminated spectrum of light, and

thermodynamic parameters.

In 1963, Cusano fabricated a thin film of Cadmium Telluride (CdTe) with 6%
efficiency [9]. After this synthesis of Cadmium Telluride, the US satellite program
used to power the satellite with this efficiency of PV cell. At that time photovoltaic
was the most demanding field for the space mission. In 1970, Nobel laureates Alferov
designed a heterojunction photovoltaic cell, which was a new idea for the hetero-
junction nanomaterials [10]. In 1973, IBM, USA developed GaAs heterostructure with
13% efficiency [11]. In the same year, another event, Cherry Hill conference, New
Jersey USA, held and the US government support to the US Department of energy
organization, for photovoltaic research. This year consider as the scientific evaluation
in renewable energy [5]. In 1980, the solar industries started to manufacture the PV
modules of Si pn-junction in the USA, JAPAN, and EUROPE. From 1990, Arco Solar,
USA Company, started to commercialize the PV cells based on Crystalline Si,

amorphous Si, and CulnSe,, etc.

In the PV operation, the photoelectron generations are generated where PV cell
or solar cell is fabricated a junction of the doped semiconductors (p-type and n-type).
Every semiconductor materials of the solar cells obey and require the following

processes for conversion of the solar energy into the electrical energy;
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(i) The incident illuminated photon’s must have 1.1-2.0 eV energy.
(if) The generation of the electron hole-pairs.
(iii) The separation of the electron-hole pairs before the recombination.

(iv) The collection of the photo-generated charges by the metallic contacts or

electrode.

The quanta or energy of photons are the part of the sunlight spectrum that is
distributed in a range of energy. When photons have substantial threshold energy,
free conduction electrons flick from the valance band to the conduction band and
produce a “band gap energy”. During this process, bonds break and free to move in a
new energy band (conduction band). The schematic diagram mechanism of PV cell

for electricity conduction in illumination is shown in Fig. 1.3.

free (mobile) electrons
CunductionBand(cB) ¥ —> W  Tiighencrgy free clectron
AV —
(Excited state)
-ve

B

Photons
\‘ |
\ Valance band (VB)

> A

L E N EEENENILEERR.

>

(ground state)
.

External load €

{electric power)

Figure 1.3: Schematic diagram of a solar cell with electronic conduction in a

semiconductor in illumination of light.

The Fig. 1.3 shows that most of the electrons participate in electricity

conduction but some of them lose their energy and go to lower energy level. These
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electrons have the maximum chance to recombine with holes. Carriers recombination
may happen through the different modes. The radiative, non-radiative, Shockley-Read-
Hall (SRH) recombination are the main hurdles in a photovoltaic cell for electricity
generation [13]. For instant, semiconductor PV cells are fabricated of the pn-junction,
called the mind of the solar cell, and the junction has electronic asymmetry. Due to
asymmetry of electrons and holes in the opposite direction across the junction in the
illumination of light, in this process, a current flows in the short-circuiting lead [13].
The role of the pn-junction in the solar cell will be explained in the next section.

1.5.2 Solar Cell

A solar cell is a large number of panels of PV cells. The solar cell is also an
electrical device, which is used to convert optical energy into electrical energy by
electronic properties of the semiconductor material. The characteristics of the solar cell
are dark current (Ip), short circuit current (Jsc), open circuit voltage (Voc), fill factor
(FF), which are directly dependent on illumination of light and property of
semiconductor materials. For a simple conventional solar cell designing, p-type
semiconductor material is deposited on a metallic substrate, after that, n-type materials
are fabricated on that film carefully without any diffusion. In last, a metallic electrode
is fabricated on the n-type materials layer for PV device formation. These electrodes
cover film 15% area only for passing the light. However, some researchers reported
that the antireflection coating in the remaining 85% area uses to eliminate the problem

of reflection. A simple schematic representation diagram is shown in Fig. 1.4.

Rg ;
. — . — — +
% Iph | 1| |
T SZ Rsh Voc
& -0

Figure 1.4: A simple representation of schematic circuit diagram of the solar cell (In

this, Rs is series resistance and Ry is shunt resistance).
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From the above schematic circuit diagram of solar cell [14], the load current is given

as,;
i = iph - id - iT (11)

where lp, is photocurrent, iq is diode current and i, is the current through shunt

resistance.

1.5.2.1 Working Principle of Solar Cell: The schematic circuit diagram of a pn-
junction solar cell is shown in Fig. 1.5 where the n-type region has negative charge
carriers (€7 in the majority and positive charge carriers (h*) in minority and the p-type
region has vice-versa. Generally, n-type layer is a thin comparison to the p-type layer,
because light can penetrate easily into a thin layer. The penetration depends directly
upon the wavelength because the energy of the photons is inversely proportional to the

wavelength of the light [5]. This energy is given as;
E=hc/A (1.2)

where h is the plank’s constant, C is the speed of light, A is the wavelength of light.
Long-wavelength photon has small energy, which can easily cross the n-type layer to

reach the p-type region.

n-type E p-type

'l
=
| =
long & e drift \/\e _?:
/\/'\/\/\ . =
: Y 2
. i 2
medium A | [ 9
NS NI\
short A N i
Finger clcumdcl N
i Depletion
region
® < Voc ~Te

Figure 1.5: Principle operation diagram of the pn-junction solar cell.

The e and h* pairs are generated after illumination. In the depletion area, e and h*
combines, and ions of opposite charge are collected at the junction and formed an

electric field. This electric field works to push the electrons to n-type region and the
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holes to the p- type region. Metal electrodes collect these charge carriers on both sides
of the solar cell. To recombine these charge carriers, the external load is applied in

which the current is flowing.

1.5.2.2 1-V Characteristics of Solar Cell: The I-V characteristic of the solar cell is
the output i.e. the superposition of the I-V curve in the absence of light (dark state) and
presence of light (bright state) [15]. The I-V curve is generated by the solar cell output

in the absence of light (dark current) and the presence of light (photocurrent). The

open-circuit voltage (Vo) Is given as; V. = kq—Tln'Iﬁ, where Ig is the short circuit
0

current (Isc >> 1) and the general expression for the current production in the solar cell
qVv
isgivenas I =1, —1I, (eﬁ - 1) — I 4, where lg is the diode saturation current [5].

The solar cell efficiency (1) is given as;

_ FFsc Ve (1.3)

Powerincident

The solar cell efficiency (n) is directly affected with the three important
parameters viz. short circuit current (ls), open-circuit voltage (Vo), and fill factor
(FF). These parameters of PV device are determined from the illuminated I-V
characteristics, which directly affect the solar cell conversion efficiency (n). The short-
circuit current (ls) is flowed through externally when electrodes are short-circuited in
the device. The I directly depends upon the illumination light photons flux density.
When electrodes of the solar cells are not connected externally, then the charges are
collected on the electrodes in the illumination light. A voltage difference is generated
on the electrodes, called open-circuit voltage (Vo) and the maximum voltage of the
solar cell is found in the forward bias. The V,. depends on the photo-generated current

density that is given as;
Voe =" In( 22— 1) (14)
q Jo

and V. directly depends on the saturation current (/,) and the photo-generated current
(Jpr)- However, the saturation current (J,) depends upon the recombination of the solar
cell. The fill factor (FF) is the ratio between the maximum powers to the minimum

power which is given as;

_ Poweroutput _ JmpVmp (1 5)
Incident power Iscige ' .
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Based on the working principle and I-V characteristics of the solar cells. The cells
are formed by different materials. From micro scale to nano scale, the development of

photovoltaic cells are categorised into four generations.
1.6 Generations of Solar Cells

In the materials science, we have to show that the rate of perform and cost
always high for sustain the device. So, high performance and low cost of the PV
devices are the two key parameters for categrorise to development of the solar cells.

Generally, solar cells progresses are categorized into four generations solar cell:
1.6.1 First Generation Solar Cell (1G)

Generally, Si-based solar cells are considered the first generation solar cells
and such cells cover more than 80% market of the photovoltaic industry [16]. The
monocrystalline, polycrystalline, amorphous and hybrid silicon solar cells are also
considered in this generation. The material’s cost is high and performance is low due
to thickness of the devices and recombination reasons.

1.6.2 Second Generation of Solar Cell (2G)

In this generation, the thickness of the device is reduced to less than 2um and
called the thin-film solar cell. Non-silicon-based pn-junction solar cells are thin-film
solar cells which are fabricated by CdTe, CIGS, CZTS, CdS, and PbS, etc. materials.
These materials are more absorber comparison to silicon. That’s why solar cells of
these types of materials have probability to enhance the performance but their are
some challenges in these cells like use of rare earth elements, high production cost and
hazardous fabrication process. Using earth-abundant materials, reducing production
cost, and eco-friendly fabrication process, the researchers are trying to resolve these

problems and enhancing the efficiency of the photo photovoltaic cells.
1.6.3 Third Generation of Solar Cell (3G)

In this generation, a new variety of materials such as carbon nanotubes (CNTS),
silicon nanowires, quantum dots (QDs) are considered. The nano inks are used as thin
film deposition for photovoltaic cells and polymers, organic dyes, and conductive
plastics materials are also used for photo cells .
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1.6.4 Fourth Generation of Solar Cell (4G)

Flexible and foldable solar cells belong to this generation solar cell e.g. 4G
polymer solar cells [17]. In this generation, the hole transport layer of the inorganics
materials is used to enhance the photovoltaic activity.

Now, we review the functional materials for the photovoltaic cell to keep in
mind that the solar cell must be low cost, less time-consuming in synthesis and eco-

friendly devices. Such photovoltaic cells can be used to fabricate in 2G solar cells.
1.7 Review of Literature

The energy crisis is the most captivating problem in this world for the 21%
century. Coal, Oil, Gas are three main energy sources that fulfill 80% demand of the
energy consumption of the world [18]. Only twenty percent of the world's energy
consumption fulfil by renewable energy sources. According to the Impact report 2019
on renewable energy [19], Tesla’s solar roof plans have come to a revolutionary
change in the energy industries. Indeed, many governments of the world want
pollution-free vehicles and the renewable energy in the source can be achieved the
target. The idea behind it is to utilize solar energy, which is easily available, directly
accessible on earth freely and it will save the earth’s atmosphere from pollution. Solar
energy is incident directly 1.2x10° Tera Watt (TW) on the whole earth [20]. The
amount of energy is varied from place to place, time to time, and weather-to-weather
due to the orbitory and spinning motion of sun and earth [21]. The photon intensity
versus wavelength graph of the energy spectrum for solar insolation is shown in Fig.
1.6. The Fig. 1.6 shows that UV- Visible wavelength range has the maximum intensity
of the photons in the insolation light. The intensity of photon is a parameter to enhance
the absorption of the materials, which is constantly varied. Shockley-Queisser is
already theoretically proposed that single-junction solar cells have 33% energy

conversion characteristic in UV-Visible light [8].

The emerging new technology of photovoltaic cells prefers to form a device with
cost-effective, long durable, and high efficiency. This has been observed that 1°
generation solar cells have no more probability to increase the efficiency because

silicon is less absorptive material. To increase the absorption, 2" generation solar cells
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based on inorganic materials are useful, which is described in the next section of this

chapter.
A
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Figure 1.6: Radiation intensity versus wavelength of photons with the percentage in

the solar spectrum.
1.7.1 Inorganic Energy Materials for Solar Cell

In second generation pn-junction solar cells, lots of organic and inorganic
materials are considered to enhance the photovoltaic property. The main components
of such cells are absorber, buffer, window and anti-reflection coating (ARC), and
metallic electrodes. The Graphene, MXenes, and CNTSs, etc. organic materials are also
used to fabricating the efficiency of solar cells. Metallic electrode materials Silver
(Ag), Gold (Au), Nickel (Ni), Aluminum (Al), and sometimes Al+Ni are used in
photovoltaic cells because these materials have high work function and high mobility
free electrons [22]. More than 30% of light is reflected from the silicon solar cell
surface. Using antireflection coating (ARC) layers the reflection is reduced and
increased the absorption of light. The photovoltaic performance is enhanced by using
ARC of SiO,, Zn0O, TiO2, SiNx, MgF,, which has high anti-reflection and transparent
properties in window layer of solar cell[23, 24]. The MgF, layer has a wide bandgap
and it is used in CIGS solar cells and improved photocurrent density (Jpn) by 6.8% in
comparison to without ARC [25]. Generally, single-layer antireflection coatings is not
capable of covering the solar range of the solar spectrum because multilayers cover the
wide band of spectrum. So, the double layer of MgF,/SiNy is used to cover the solar
range and wide bandgap with transparent property [26]. In the double-layer

antireflection coating, higher (2.2~2.6) to lower (1.3~1.6) refractive index has used at
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the bottom layer to upper layers [27]. Other than ARC layer in a solar cell, there are
window layer, buffer layer, junction absoption (JABS) layer, the absorber layer, and

metallic contacts which are discuss below;

1.7.1.1 Window Layer: The window layer is used to reduce the recombination and
put below the antireflection layer because incident photons are absorbed by this layer.
The window layer has a wide bandgap (~ 2.6 eV) of oxide materials such as Sn, In,
Zn, and Cd metals oxide. Hence, the window layer is made of several metal oxides,
which are transparent and suitable for band structure in the solar cells. For instance,
ZnO and Al:ZnO are frequently used materials in the window layers [28]. The window
layer has a small thickness (60nm ~ 80nm) compared to the absorber layer to reduce

series resistance in solar cell devices.

1.7.1.2 Buffer Layer: The buffer layer is used to reduce the recombination at the
junction interface. Generally, buffer layer of CdS, ZnS, etc. are used as the n-type
semiconductor of Kesterite solar cells for most probably the highest efficiency. The
toxic CdS buffer layer material is replaced with the Zinc oxysulfide (Zn(O,S)) in
CIGS-based solar cells, which is a promising non-toxic n-type material [29, 30].
Because Zn(O,S) has a suitable conduction band offset (CBO) in the p-n junction
interface band structure of solar cells [31, 32]. The tunability of the band is the special
characteristic of the buffer layer. The “cliff” type band i.e. Ec (absorber) > Ec (buffer)
in the energy band diagram forms interfacial recombination [30, 33, 34]. The spike
type structure E. (absorber) < E. (buffer) in the energy band diagram that blocks
photocurrent collection for CBO larger than 0.5 eV [35, 36]. Recently, the buffer layer
material CdS is formed “spike” type band structure in the Kesterite solar cells, and
Kesterite CZTSSe (p-Type) heterojunction solar cells have been reported the 12.6%
efficiency due to spike type structure while CIGS solar cells have already been

reported the 22.6% efficiency.

1.7.1.3 Junction-Absorber (JABS) Layer: JABS layer is an interfacial layer between
the buffer and absorber layers in hetero-junction solar cells. This layer is used to
resolve the cliff-type problems, which role-play the recombination losses at the
junction in the Kesterite solar cells. The thin layer of Carbon nanotubes (CNTS),
Graphenes, MXenes, SnS nano-flakes can be used as JABS layers because these
organic materials are the unique feature of the breathing mode of cylindrical and 2-D
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type molecules. The breathing characteristics of molecules can control illumination in
the range of the wavelength of photons and increase the absorption, reducing the
heating and reflection. Another best solution is SnS (indirect bandgap) nano-flakes for
preventing the recombination losses, which traps the light and increases the absorption

coefficients.

1.7.1.4 Absorber Layer: The absorber layer of chalcogenide materials is used in pn-
junction solar cells to enhance the concentration of charge carriers because the
absorber layer has a high absorption coefficient («) more >10%. The form of
chalcogenide materials is CuXA; (where X=In, Sn, Ga, Al; A =S, Se, Te), which are
mostly used for photovoltaic purpose [37]. There are several absorber layers for solar

cells but some of them are discussed here:

1.7.1.4 (a) Cadmium Telluride (CdTe): CdTe is a photovoltaic material because it
has a large absorption coefficient (>10*cm™) [38], direct bandgap (1.45eV) [39]. CdS
heterojunction type of solar cell device had the highest efficiency of 22.1% [40], but it
has a drawback of the toxicity of the CdTe due to issue of the telluride scarcity.

1.7.1.4 (b) Cu(InGa)Se; (CIGS): CIGS is chalcopyrite semiconductors like CulnS,,
Culn,Ga;,Se2, CulnSe2, etc. and CIGS is suitable for PV applications having direct
band gaps and high optical absorption coefficients. In 1974, first time, CdS/CulnSe;
junction solar cell was fabricated and about 4.5% efficiency of CIGS was reported [41,
42]. Today, the quaternary compound CuzInGaSe, (CIGS) is the best commercialized
chalcopyrite reported with 22.6% efficiency [43].

1.7.1.4 (c) Tin Sulfide (SnS): SnS is IV-VI group FMs with high absorber, earth-
abundant, non-toxic and suitable optical band gap for optoelectronic purposes. It is a
layered structure compound similar to the CNTs or Graphene [44] and is used as an
absorber layer (p-type). The power conversion efficiency of the SnS p-type absorber
layer solar cells is 32% that is the highest efficiency compared to silicon solar cells
[45]. The functional material SnS has an indirect band gap in thin film and a direct
band gap in thick film form.

1.7.1.4 (d) Kesterite Cu,ZnSnS, (CZTS or CZSS): Kesterite solar cells are proposed
to solve the challenges of CIGS cell technology. The challenging problems in CIGS

are using rare lelements, toxicity, non-ecofriendly methods. In its solutions, Indium is
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replaced with Zn and Sn earth-abundant materials. First time, the CZTS material-based
photovoltaic cell was reported in 1988 and fabricated the CZTS photovoltaic device
with 0.7% efficiency in 1996 [46]. The record efficiency of CZTS material-based
photovoltaic cells with 12.6% was reported in 2014, which is the highest in pure
Kesterite form [47].

1.7.2 Kesterite Structure

The Kesterite CZTS is a quaternary compound, which is derived from parents
group 1I-VI Zinc blende compounds. The 1I-VI group semiconductor functional
material, ME (M = Cd, Zn, Hg; E = S, Se, Te) Zinc blende compound is functionalized
with 1l-group atom substituted by two atoms: one atom of I-group and one atom of Ill-
group atom. The functionalized compound is formed ternary I-111-V1, semiconductor

i.e. CulnS; chalcopyrite.

Elements group

I I Il v Vi

2 TEVT
Zn8
J.
@ ITEVT
IS
4+ X IRV
e CZTS

Figure 1.7: (a) Schematic diagram of progression of Kesterite materials from I1-VI to
I-1I-1V-VI compound, and (b) The functional material I-11-1V-VI (Kesterite) unit cell
CZTS.
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The scarcity and rare earth element with availability ~0.049 ppm only on earth of the
atom Indium of the Ill-group is a crucial issue. So, Il group atom Indium (6+) is
replaced by I-group atom Zinc (+2) and Il group atom Tin (+4) and formed I,-11-1V-
VI, compound. The functional material compound I,-11-1V-VI, is quaternary
compound and has one form Kesterite Cu,ZnSnS, [48]. The functionalized quaternary

compound from 11-V1 to I,-11-1V-Vly is shown in Fig. 1.7 (a).

The Cu,ZnSnS, crystallizes are classified into two main phases: (i) Kesterite
(KS, space group 14m), (ii) Stannite (ST, space group 12m) which are observed by the
experiments [49-52]. The first principle study shows that the Kesterite is the more
stable compound as compared to the mono-crystalline Cu,ZnSnS/Se, stannite structure
and found that the stannite phase has slightly higher energy than the Kesterite [53].
The copper and zinc atoms are in an alternate position (d-wick-off position) of the
space group; and there is an equal probability to take alternate statistically occupied
positions in KS form of CZTS [54].

The most energetically favorable structure of CZTS was accepted to be the
Kesterite structure is shown in Fig. 1.7 (b). The Fig. 1.7 (b) shows that there are two
alternating cationic planes: one with Sn and Cu, and another with Cu and Zn. The S
and Se anionic planes separate these cationic planes. There may be the oxidation
probability by the constituent elements i.e. Cu*, Zn**, Zn**, and S/Se?. Chen et al. [55]
analyzed the bandgap of all probable defects of Cu,ZnSnSe, and estimated levels by
density functional theory (DFT) simulations. It also confirms that the Kesterite
structure is more stable than the Stannite structure [56, 57]. More study on the

variation of S and Se quantities, the lattice parameters variation is shown in Tab. 1.1.

Table 1.1: The lattice constant and the bandgap of CZTS and CZTSe in the tetragonal

unit cell of the Kesterite structure:

Compound | Conductivity | a (A% | ¢ (A% | Band gap Ref.
(eV)

Sulphide p-type 5427 | 10.840 | 15 58]

Selenide p-type 5.40 | 10.846 1.0 [59]
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Tab. 1.1 shows that the CZTSe has a large size in comparison to CZTS because Se has
large size in comparison to S. More comparative study of the chalcogenide materials
like CZTS, CZTSe, CZTSSe, CIGS, CIGSe are reviewed with various parameters
which are helpful to photovoltaic study in Tab. 1.2.

Table 1.2: The comparative study of chalcogenide materials for a photovoltaic cell:

Properties CZTS CZTSe CZTSSe CIGS CIGSe Ref.
Lattice a=5.427, a=5.40, a=5.40 a=>5.6- a=56- | [58,59]
constants | p-10.840 | b=10.846 | b=10.846 | °° o4,

(a,c) A° c=11.0- | ¢=11.0-

11.5 11.5

Space group | |4 /142m 14/142m | 14/142m 142d 1 42d

Crystal Tetragonal Tetragonal | Tetragonal | Tetragonal | Tetragonal | [60, 61]
structure

Density 4.56 4.56 4.56 5.7 5.7 [60]
(gm/cm®)

Bandgap 1.4-1.5 1.0 1.4-1.5 1.0-1.7 1.0-1.7 | [61, 62]
(eV)

Crystal 2.86 2.86 2.86 -- -- [63]
energy
(meV/atom)

Absorption 10* 10%-10° 10%-10° 10%-10° 10%-10° [62]
coeff. (cm™)

Carrier 10%-10% 10"-10® | 10™-10% 10'718 10178 [64]
concentratio

ns (cm™)

Carriers 15/2.5 15/2.5 15/2.5 250 - [65]
lifetime
majority/min

ority (ns)

Current 10°-10° 10°-10° 10°-10° 10°® . [66]
density

(mA/cm?)

Melting 990 990 990 1,070-990 | 1,070-990 [67]
point (°C)

Efficiency 8.4 10.1 12.6 226 - [68-70]
(%)
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Tab.1.2 shows that the maximum properties e.g. bandgap, crystal structure,
absorption coefficient, carrier concentrations and lattice parameters of the Kesterite are
similar to the CIGS. However, CIGS based solar cells are already commercialized in
the market. Beside these, the charge carrier concentration and current density of the
Kesterite are slightly better than the CIGS, which is the positivity in CZTS for
photovoltaic. The main factor of the high efficiency of CIGS is the charge carrier’s
lifetime (~250 ns). The lifetime of the charge carrier’s shows very low recombination
rate in the illumination. On the other hand, CZTS has a very low charge carrier
lifetime (2.5/15 ns) and showed the very high recombination rate. The major problem
of this single phase CZTS is resolved by single phase synthesis of pure CZTS
materials. After that CZTS could be the counterpart of the CIGS. For this, the
physical, chemical and structural properties of the CZTS are compared with the CIGS
as well as the others compounds like CIGSe, CZTSe, and CZTSSe, as tabled in Tab.
1.2. The CZTS based photovoltaic cell has low efficiency, but this can be enhanced by
the modification of structure and phase.

The kesterite has the crystalline structure within the Cu-Zn layers with a
disorder at z = ¥4, and %, which is experimentally observed [71]. The KS and ST
structure shows the tetragonal structure with different arrangements of Cu and Zn
lattice positions. The KS-type structure has the cation layers Cu-Sn, Cu-Zn, Cu-Sn,
and Cu-Zn alternate at z = 0, ¥4, %, and %, respectively, whereas Zn-Sn layers alternate
with Cu-Zn layers in the stannite-type structure. In KS and ST-type structures, Sn and

S are occupied the same lattice positions and formed a certain phase.
1.7.3 Phase of Kesterite

The synthesis of single phase of quaternary chalcogenide compound (Io-11-1V-
V1,) is a complicated task because of the existence of the multi phases in the form of
secondary and ternary phases. These phases influence the histrionics change in the
property of the Kesterite.

In the synthesis of the CZTS, some phases are found like quaternary
(Cu2ZnSnSy), ternary (Cu,SnS3), binary compounds (CusS, ZnS, SnS, Cu,S, SnS,). The
properties of secondary and ternary phases like electronic, optical and structural, etc.
are compered with the properties of quaternary phase CZTS in Tab. 1.3. The effects of
these parameters on solar devices are described in Tab. 1.3.
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Table 1.3: The comperative characteristics of the secondary, ternary and Kesterite

phases are given below [72]]:

Properti CZTS ZnS CusS Cu,S SnS; Cu,SnS;
es
Band gap 1.4-15 3.54-3.68 1.55 1.21 2.2 0.98-1.35
(eV)
Structural | Kesterite | Sphalerite & | Hexagonal | Chalcocite | Rhombo- | Cubic and
properties | type |4 Wu_rtzne crystal hedral Tetragonal
143m
Electrical Semi- Insulator, p-type metal like, n-type p-type
properties | conductor, p-type highly
p-type defective
Effecton | Absorbing | Active area/ Positive Short the n-type, Affect
solar cell material | photocurrent | response solar cell forms carrier
reduce diode and | Collection
barrier at
for electrode/
carrier Ve
collectio
n
Removal ZnS:HClI, KCN KCN KCN KCN
of ZnSe: Etching Etching
Secondary (KMnO,+H,
phases SO,) / Na,S
Etching

Tab. 1.3 shows that binary phase ZnS is the major problem because it is

generally formed during synthesis at low temperature and insulator type (Bandgap >3
eV) phase. To optimize the suitable phase for photovoltaic purposes, it is compulsory
to take one parameter constant and varying other parameters [73]. Several research
works have been done on the Kesterite with the variation of the composition of the
element, temperature, and pressure [72]. The variation of these parameters affects the
performance of solar cell because these effects are reduced the recombination loss, and
increased the charge carriers by the defects formation inside the materials. Hence, the
growth of the single-phase of Kesterite can control some phases and defects by the

limitations of elements composition ratio Cu/(Zn + Sn) and Zn/Sn. There are two

Page 19



Chapter 1

ways: (i) either Cu poor or (ii) Cu rich, that is considered for better performance of the

solar cell because it changes the composition ratio.

CuS

Cu,SnS,(CTS)

Cu-rich region

Cuw/(Zn+Sn) 40 Cu,ZnSnS (CZTS)

=1.25
I \/  \/l 2
_i— Cu/(Zn+Sn) .

Cu-poor region

o NN NN
LN N NNNN NN,
KNI,

mol % of ZnS

ZnS 40 60 70 80
Zn/Sn Zwsn  mol % of SnS
=1.35 =0.80

Zn-rich region <—|—> Zn-poor region

Figure 1.8: Phase diagram of the CZTS pseudo-ternary system is consists of Cus,
ZnS, SnS with a ratio of 50:25:25, respectively.

The single-phase formation of Kesterite is found in the narrow range of chemical
energy, —0.4< u <0, where phase space is studied by the first principle method [74-
76]. For the stability of CZTS, the formation energy of Kesterite must be —4.21eV and
the formation energy of the most probable secondary phase (ZnS) is —1.75 eV. Mostly,
the copper defect vacancies with the Cu-poor and Zn-rich conditions are associated
with high-efficiency devices. Mitzi et al. [77] recommended the conditions of Cu-poor
and Zn-rich for the growth of world record highly efficient CZTS,Se device under the
equilibrium conditions. Kategri et al. [78] investigated the pseudo-ternary phase
diagram of the Cu,ZnSnS, system to grow the formation of the Kesterite family and
proposed CZTS has a high dependency on composition and temperature and improved
the performance of the photovoltaic devices. The pseudo-ternary phase diagram is

shown in Fig. 1.8.
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1.7.4 Electronic Band Structure of Kesterite

The CZTS contains eight electrons around each anion (4xS%) and forms the four
covalent bonds with a closed valence shell of cations (Cu or Zn or Sn). The whole
system shows a complete system of the quaternary molecule, which has a particular
electronic band structure. The electronic band structure has the different density of
states for different structure. The density of states of CZTZ and CZTSe are analyzed
[79] and shown the electronic band structure of CZTS and CZTSe are shown in Fig
1.9. The Fig. 1.9 shows the four symmetry directions of CZTS band structure similar
to the CIGS,Se band structure and the dashed lines at zero energy level denotes to the
valence band maximum energy. The shifting of electron’s atomic energy levels in the
CZTS is due to electromagnetic interaction between the electron’s magnetic dipole and
make the spin-orbit coupling. The spin-orbit interaction represented by the different
energy bands, but the index of the bands (j=vi, v2, vz and c;) refers to spin-
independent bands, where c; represents the lowest conduction band or conduction
band minimum (CBM) and v; represents the topmost valance band or valance band
maximum (VBM). The chain of explanation of the band structure for I,-11-1V-VI,

(CZTS) was found the results with the following points [80]:

RS

% The quaternary compound l,-11-1V-V1, semiconductors have the direct bandgap at
the I"-point (the calculated bandgap energy shown in Tab. 1.4).

% The top valence band (VBM) has an anti-bonding component of p-d orbital
hybridization between the VI-group anions and I-group cations.

>

%+ The bottom conduction band (CBM) has an anti-bonding component of s-s and s-p
orbital hybridization between the IVV-group cation and VI-group anion.

Table 1.4: The calculated I -point band-gap energy (Eg) of Kesterite and Stannite:

Methods | CZTS Kesterite | CZTS stannite | CZTSe Kesterite | CZTSe stannite
(eV) (eV) (eV) (eV)
GGA+QP 1.56 142 1.05 0.89
HSE06 1.47 1.27 0.90 0.70
GW, 1.57 1.40 0.72 0.85
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Figure 1.9: The electronic band structure E; (k) of the Kesterite and Stannite structures
of CZTS and CZTSe along with four symmetry directions.
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When the IV-group cations change from Si to Sn, the band gaps of CZTS are
decreased and identified by GGA, GGA+HSE, HSE functional method as shown in
Fig. 1.10. These analyzed results support well with bandgap determination by the
various measurement techniques [81-86].

I L4 I L4 ‘ L4 T .
3.0 F ® HSE .
) s I A HSE+GGA ]
s | B cca )
% 2.0 - E
b ——

— [ ‘ . \\\\ 1
I S yo - -
Y 1.5 D \:
1.0 b -
= Cu,ZnSiS, Cu,ZnGeS;  Cu,ZnSnS,’
0.5 y
0.0 D—<

A | A | A | A |
Si Ge Sn

Group IV cation

Figure 1.10: The study bandgap variation of Kesterite Cu,Zn-1V-S,; with I\V-group

cations change from Si to Sn.

The electronic parameter (bandgap) is obtained by the semi-local functional
PWO1 [87]. The hybrid functional theory of Hartree-Folk approximation [HF] is used
for quantitative estimation of the changing bandgap with the HSE (Heyd-Scuseria-
Ernzerhof) and the screening constant (omega=0.11Bohr™) [87, 88]. The energy

exchange-correlation is given as;

E S5 (w) _1 E oSk 4 3 ESPESR 4 EPBER L ECPF (1.5)
4 4
In the egn. (1.5), the first term represents “the exchange component of electron-
electron interaction (in short-range or Fock exchange energy); and second, third, fourth
terms are the “the exchange energies in short-range”, “the exchange energies in long”,
“direct exchange energy”, respectively. These parameters are calculated by the
Generalized Gradient Approximation (GGA) density functional. The calculated energy
band gaps of CZTS and CZTSe are matched with the experimental results [85, 89, 90].
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Chen et al. [87] explained the energy stability in the band gaps, which are followed as:

(i)  The Kesterite has lower energy than the stannite and the Wurtzite (WZ) Kesterite

has also lower energy than the Wurtzite stannite.

(i) The Kesterite structure is more stable than the stannite (Cu,Cd-1V-S, series

exception case in the Stannite).

The energy difference between Kesterite and Stannite becomes smaller

monotonically as IV-group cations changes from Si to Sn element.
1.7.5 Developement of Kesterite Solar Cell

In 1988, first time, Ito and Nakazawa [91] declared the photovoltaic effect in
CZTS and found an open-circuit voltage (Vo.=165 mV). In 2001, Friedlander and
Kategri et al. [92, 93] reported the conversion efficiencies with 2.3% and 2.63%,
respectively. In 2008, the Kategri group reported the improved efficiency of the
Kesterite (pn-junction) solar cells by 6.3% through the optimization on annealing in
the sulfur atmosphere [94]. In 2010, Todorov et al. [95] reported that CZTS,Se based
solar cells has 9.6% efficiency. In 2014, the efficiency of the Kesterite CZTS,Se-based
thin-film solar cells was reported 12.6% [96]. The total progress of the highest

conversion efficiencies of Kesterite in lustrum timing is shown in Fig. 1.11.
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Figure 1.11: Total progression of Kesterite solar cell efficiency from 1996 to 2018.
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The highest efficiency of CZTS/Se was reported by joint research of the IBM,
Tokyo Ohka Kogyo (TOK) and Newport Corporation verified independently [97-101].
The current highest conversion efficiencies of the Kesterite has been reported by
different synthesis methods are shown in Tab. 1.5.

Table 1.5: The current highest reported conversion efficiencies of Kesterite solar cell
synthesis by different methodis shown with V. open-circuit voltage, Js. current
densities, and fill factor (FF):

Methods Materials | Voc Jsc FF | Conv. | Time | Ref.
2 .
(mv) (mA/cm®) effi.
(%)
CBD method (non- CZTS 610 17.9 62.0 6.67 2008 | [102]
vacuum)
Thermal evaporation CZTS 661 195 65.8 8.84 2011 | [103]
(vacuum)
Spin coating CZTSe | 42238 38.7 61.9 10.1 2012 | [104]
(Vacuum)
Electro-deposition CZTSe 390.0 35.3 58.0 8.0 2014 | [105]
(Non-vacuum)
Hydrazine- slurry CZTSSe | 5134 35.2 69.8 12.6 2014 | [68]
method (vacuum)
Spray Pyrolysis CZTSSe - - - 51 2014 | [106]
method (non-vacuum)

Larramona et al. [107] reported 5.0% efficiency of the CZTS solar cell by spray
pyrolysis method, in which non-vacuum technique was used. The non-vacuum spray
pyrolysis method is used to synthesize the oxide and sulfide because this method is
very cheap, easily available, and having some advanced properties in the film like high

roughness surface of film, easily grow the multilayers in the controlled thickness. The
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conversion efficiency of pure sulfur based on the sprayed Kesterite is shown in Tab.

1.6. Some important parameters in spray method are carrier gas, spray atmosphere,

substrate temperature, and annealing condition. These parameters can change the

characteristics of Kesterite material.

Table 1.6: The highest conversion efficiency of pure Sulphur based sprayed Kesterite:

FF
Precursors/ Substrate Rd R
- Jee v Eff, | "R
Spriytype/ solventy | temperature A””;i'_'ng oc ;%) @ Ref.
ey ] condition 2 rea 0
carriergas | cy/ etching (majem) | (mV) (cm?) el | em?)
CuCl,,Zn
C|21
Pneumatic | oMC Nz; 525°C,
Xy NaHS/ 300°C/ | 15min+H, 19 630 50 5 4/ [108]
_ water+eth | HCI (8%) | S; 525°C, 0.25 300
robotics . '
anol/ N, 60min
(glove
box)
CuCl,,
ZnCH,CO
. OH,
p 1 g
;“?‘;T;t)'c sncl,, 331 3?6‘?ni’n 8.3 430 | 52 | 18 252/ [109]
NH5CSN
Ha/ water/
air (air)
CUClz,
ZnCH3CO
OH, Ar
P i | KCN ’ 34.3 1
neumatic SnCly, 360/ KC S+S1+580 0.8 421 14 8/ [110]
/ NH;CSN (1%) 0 . 0.09 89
C, 30min :
H./ water/
Ar (Ar
box)
CuCl,,
. ZnCH5CO
Pneumatic OH Ar
1 ) 33
/ A’A;:z”d sncl,, 22(01;():“ S+Sn+580 | 107 | 407 14 71072 [111]
carrior cas | NH3CSN ’ 9C, 30min 0.09 '
g Ha/ water/
Ar (Ar)
Pneumatic | CuCly, 350 KCN Ar, 10.3 356 | 325 | 12| 16/ | [108]
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ZnCH,CO
OH,
SnC|4,
NH;CSN
Ha/ water/
Ar (Ar)

(1%)

S+Sn+580
°C, 30min

0.09

61

Pneumatic
/

CuCl,,
ZnCHsCO
OH,
SnCly,
NH;CSN
Ha/ water/
Ar (Ar)

450 KCN
(1%)

Ar,
S+Sn+580
°C, 30min

7.5

361

37.1
0.09

15

[112]

Pneumatic
/

CUClz,
ZnCH;CO
OH,
SnCly,
NH;CSN
Ha/ water/

220 KCN
(1%)

Ar,
S+Sn+580
C 30min

10.7

407

33

1.4

17.3/
70.8

[113]

Ar+H,
(Air)

After study the Tab.1.6, we have investigated that the conversion efficiency is
directly related to open-circuit voltage, current density, fill factor, series resistance.
More study to these types of parameters for CZTS photovoltaic efficiency are

discussed in the next section.
1.7.6 CZTS Solar Cell Efficiency

The solar cell efficiency depends on open-circuit voltage (Voc), current density
(Jsc), and fills factor (FF). The CZTS solar cell efficiency parameter open-circuit
voltage (Vo) is urged by carrier generation and recombination near the charge-
separating junction in solar cell and played a dominant role as shown in Fig. 1.12. The
CdS/CZTSSe solar cell has a conversion efficiency of approximately 12.6% [8].
Hence, researcher understands the junction characteristics, current collection, and
recombination mechanisms in the current generation of devices have deliberated the

fault deficit in the efficiency of the solar cell.

2 13

In the Kesterite solar cells, the “junction characteristics”, “current collection”

and “recombination mechanisms” parameters are modified by changing in parameters:
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2 (13

“composition of element/defects and generated granaries”, “substrate temperature”,

“annealing”, “sulpherization”, “concentration”, “pH of salt's solution” and “interface
carrier recombination center”. These parameters directly affect to bandgap, radiative
and non-radiative recombination. The CZTS has a direct bandgap of 1.1-1.6eV,
radiative and non-radiative recombination having a high absorption coefficient in the
visible energy range. Some of them parameters of CZTS for photovoltaic cells are

discussed below:
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Figure 1.12: Development of conversion efficiency of Kesterite thin-film solar cells

with efficiency parameters.

1.7.6.1 Variation in composition of the constituent elements: The variation in
composition parameter is directly correlated to the characteristics of material structure.
The variation in constituent elements quantitatively (Cu poor and Zn rich ratio) effect
Kesterite structure improves the photovoltaic efficiency [114]. This relation in
constituent elements composition versus efficiency is shown in Fig. 1.13 and the
highest efficiency of the CZTS cell is achieved within the range of 0.80-0.90 for
Cu/(Zn + Sn) and 1.2-1.3 for Zn/Sn ratio. Sahayraja et al. [115] announced that the
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particle size increases with increasing the Cu/(Zn+Sn) )= 0.80-0.90 and Zn/Sn=1.2-1.3

ratio and found grain size up to >1 um.
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Figure 1.13: The elemental composition versus efficiency of Kesterite solar cells.

The ratio of Cu/ln and Cu/(In+Ga) in Kesterite (CIS, CIGS,) is reported the
highest efficiency that is the best applicable for photovoltaic cells [116-119]. The

whole discussion of the parameter and its effects on characteristics are discussed in

Tab. 1.7.

Table 1.7: The role of constituent elements composition ratio in the Kesterite

characterization analysis:

Methods/ | Precursor Salts/ Ratio Characterization | Application | Ref.
Materials Solvents/ Cu/(Zn+Sn) s
Temperature or Zn/Sn
¢ 0.90-1.10
Co- Cu, ZnSe, Sn, Se/ e Single-phase
evaporation | Tq,=623°K , 0.85-1.15 | 4 polycrystalline [120]
/| CZTSe Tan=723°K
o Kesterite
e The intensity of
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(112) increased
e FWHM decrease

e Bandgap and
resistivity (23-
0.020hm-cm)
decreased with
ratio increases

e Grain size
decreases with
ratio decreases

¢ Grains densely
packed and
roughness 3-5
nm in Cu-poor

e 3=0.568 nm,
€c=1.138 nm

e a=5.432 and
c=10.835
Angstrom.

o Anti-sites Zng,
or Cusp, Snzy,
and Vs, vacancy
defects

e Intensities tell

Multilayer Stannite phase
of absent
precursors ZnS, SQ’ CU/. A . [121]
by e- Tu=550" C with 0.813-0.659 |*® _Verage grain —
Nitrogen (1 hour) Size

evaporation
/| CZTS e The energy gap
(1.47-1.63 eV)

increases with
the ratio of Tin

e The density of
acceptor defects
Vsn, Cus,, and
Zng, anti-sites
reduced Tin
content

Rch- Cu, ZnS, Sn, SnS/ | .75.1.25, -Optl_mumband Solar cell | [122]
sputtering/ flow rate: 50 gap=1.5eV
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CZTS sccm, Ar gas: 0.80-1.35 e Abs. coef.=10
pressure= 0.5 Pa, fem™
Sub. Rotation= 20
pm, Pre-sputter ¢ Pseudo-ternary
T CuS-ZnS-SnS
time=3 min, .
T.=580°C (5° phase diagram
C/mnt)
e Polycrystalline
e Non-
Cupric chloride, stoichiometric
Zinc Acetate, (pH=3)
Spray Stannic Chloride, « Band
Pyrolysis/ | Thiourea/ pH: 3.0, 0.90-1.32 [123]
CZTS | 45,55/ T,,=643 gap=1.45eV
K, spray rate 12 e a=0.542nm, c =
ml/min, 1.085nm
e Resistivity =0.1-
2.9 Qcm
e Grain size >1
pm increased
¢ Resistivity
Vacuum decreased
evaporation cu, Zn,_Sn, % 0.82-1.06, (2'5x19;1_ Solar cell | [124]
1 CZTS salts, T¢,,=550"C, 11 7.0x10°)Qcm
e Better
crystallinity
with increasing
ratio
e Amount of Zn
or Sn decreased
Copper acetate with increasing
monohydrate, Zinc Cu ratio
acetate dihydrate, o
Tin chloride die- * The grain size
Sol-Gel/ hydrate, DW, 0.73-1.0, increased as the | Solar cell [125)
CZTS ammonium 1.15 ratio decreased (2.03%)

acetate, N, and

H,S (5%) at 500°
C for 1 hour

e The bandgap
(1.62-1.40)eV

e Cu/(Zn+Sn)=0.8
0 exhibit the
highest effici.
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due to the large
grains

CuCl,,
Zn(CH3C02)2
SnCl,, SC(NH,),/

e Increasing
temperature (°C)
helps grain size
growth (550° C
- 580°C)

Spray Tow=450°C, air o CTS, CZTS Solar cell
pyrolysis/ | Pressure=20,000P 0.73-1.0 phases (0.49%) [126]
CZTS a, Sp_r:fty o Low-frequency .
deposition band presented
rate=3ml/min
(20min time) o Low resistivity
with high ZnS
binary phase
concentration
e Transmittance
wavelength
range (250-2500
nm)
e Spurious phases
(CupexS,
Cu,SnyS,, Sn,Sy)
¢ Band gap 1.48-
1.62eV
Multilayer Zns, Sn, Cu, * Bandgap
orecursors | Tew=150, multiple ;:‘“_”kage W't:
e increase 0
by e-beam | [ayers structure: 0.92-0.75 the [Cul/[Sn] [127]
evaporation | zns/Cu/Sn/zZnS/C ratio defect-
I CZTS u/Sn/zns

induced on the
bandgap

e Shrinkage
acceptor defects
(Vsn, Cusy, and
Zng, anti-sites)
created by
reduced Tin
content

¢ Density and the
energy gap is
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not influenced
by the Zn
content but
influenced
[Sn])/[Cu] ratio

Co-
evaporation
| AZTSe

Ag, Zn, Sn, Se/
T.w=150°C,
Tan=500°C,

Thickness-2um,

Etching by KCN

(1M) for 3 min/
pressure =107

Torr

Ag/Sn =
1.50-1.85,

Zn/Sn =
1.03-1.15

Ag-poor
(smaller grains)

ZnSe, Ag,Se,
AgsSnSe;
secondary
phases

Carrier density
(~1012 /cm?®)
and electron
mobility (~100
cm?/V.s)

The PL intensity
reduced on
increasing Sn
(decreasing the
Ag/Sn ratio)
increase average
grain size

Minimize non-
radiative
recombination

Prevent bandgap

Narrowing or
the formation of
deep defects on
high Ag/Sn ratio

Solar cell

[128]

After study the Tab. 1.7, the suitable constituent elements composition ratio is
Cu-poor and Zn-rich that would be laid 0.80-0.90 for Cu/(Zn +Sn), 1.1-1.3 for Zn/Sn,
and 1.6 for Cu/Sn to get the high-efficiency Kesterite solar cells.

1.7.6.2 Role of Defects in Kesterite: The lattice defect is an important parameter to

reduce the loss of electron-hole pairs by recombination and the role of defect is a

feasible parameter for photovoltaic semiconductor devices. The defects are identified
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in the form of vacancies, anti-sites, interstitials, and defect complexes, which are

indicated in Tab. 1.8. The defects also generate the shallow donor and acceptor levels,

and mid-gap and deep trap state between the band gaps of the Kesterite [129].

Table 1.8: The defect, ionization level, and impacts on solar cell description are given

below:
lonization Formation
Type of defects level of Energy (eV) Impact on CZTS solar cell
Defects gy
Ve 1 Acceptor (-) 0.02 lonized from (0/0) to -1 state and
transition level g(-/0) forms the
shallow state (favorable)
Van 2 Accept;)r (2- Deep levels (unfavorable)
Ven 4 Accept;)r (4- Deep levels (unfavorable)
Vse 1 Donor (-) Mid-gap state (unfavorable)
Cugz, 1 Acceptor (-) >0.02 Deeper than V¢, (favorable)
Zncy 1 Donor (-) The shallow level near the
conduction band (unfavorable)
Cus 1 Acceptor (1- Deep and multi-levels
) (unfavorable)
Shey 2 Donor (2+) Deep level and mid-gap state
(unfavorable)
ZNsn 2 Accep)tor (2- Deep levels (unfavorable)
Snz, 2 Donor (2+) Mid-gap states (unfavorable)
Cu; 1 Donor (2+) Shallow states near conduction
band (unfavorable)
Zn; 2 Donor (2+) Mid-gap states (unfavorable)
Stoichiometry defect: Cuzn+Zncy low impact on
>2

Cuzn+anU!

optoelectronic properties and
another decrease the bandgap 0.3
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Cusp+Sngy, eV

Zr]Sn+ Sr]Zn

Non-stoichiometry

defect: (VcutZncy), Significant impact and

(Vzn+Snz), ~0.3-0.6 responsible for local variation in
(Znsp+2Zncy), chemical potential
(ZCUZn+SnSn)

The V¢, Cuz, and Cuzy+Zng, defects in CZTS are feasible to improve the
characteristics but the other defects (i.e. Vzn, Vsn, Vs, Vse) are unfavorable. The defect
Vcy is the vacancy of the Cu atom that generates the displacement of the atom in the
unit cell of the CZTS. Similarly, other vacancies also generate the displacement of the
related atoms. When the Cu atom displaces by the Zn atom in the CZTS, then anti-site
defect Cuz, is generated and similarly, other anti-site defects are also generated.
However, when two anti-site defects combine then they make defect complexes [130-
132]. These defects have a special ionization level due to which the number of a
charge carrier or conductivity (p-type) and recombination are affected as Vs and Vse
form the mid-gap states while the Vz, and Vs, form the deep levels and midgap states
within the bandgap range and Cuz, and Znc, form the shallow acceptor and donor
levels, respectively [133]. The anti-site Snz, forms the two midgap states and
interstitials Cu;, Zn; form the shallow donor level.

The ratio Cu/(Zn+Sn) and Zn/Sn enhance the characteristics due to the
formation of the anti-site defects V¢, and Cuz,, and affects the p-type conductivity of
CZTS [134]. The shallow donors of Znc, defects ionizes to positive charge and
behaves like an electron sink and hole barrier in CZTSSe solar cell. This defect creates
inhomogeneity and increases the electron recombination as well as the open-circuit
voltage. The limited V. is controlled by deep-level recombination centers in the bulk
interface and grain boundary [135, 136]. The defect (VcuytZncy) helps in the
transportation of charge in CZTS,Se because the defect repels the majority charge
carriers (holes) and collects the electrons to the n-type buffer layer that can be created
by the Cu poor and Zn rich condition [137]. But V. reduces in CZTSSe devices due to

defects by the recombination centers at interfaces and grain boundaries in the bulk
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material. The point defect creates bandgap fluctuations due to non-uniform chemical
stoichiometry [136]. Some defects like Zns,, Ose, Naj, at the grain boundaries create
the barrier for holes and help to transport the electrons through the grain boundaries
[138, 139].

1.7.6.3 Temperature Effects on Kesterite: The substrate temperature and annealing
or sulpherisation are other parameters that affect electronic properties of Kesterite. In
the annealing process, lattices are mismatched in CZTS, and diffusion of atoms is
created across the interface. The effect of temperature investigate at room temperature
(Ry) to 450°C and the crystalline structure of the Kesterite is found at 370°C [140]. The

grain size is increased with increasing temperature.

From the review literature of temperature effect on Kesterite structure, the spray
pyrolysis method at 340—410°C temperature is suitable for the synthesized of Kesterite
where the annealing temperature of Kesterite is 460-580°C. These temperature ranges
are proposed for better results to improve the qualities of the absorber layer of the
CZTS. But the secondary phases, defects, and Mo(S/Se), layers are created between
the absorber and Mo metallic layer. However, the Sn and S elements are evaporated at
this temperature. So, these elements needs to create non-stoichiometric CZTS film at
high temperature. Hence, balanced stoichiometry is obtained by controlling the

temperature and the ratio of the constituent elements like Cu, Zn, Sn, S, Se are taken.

Mkawi et al. [141] studied the chemical composition of the CZTS thin-film
misbalanced of increasing the annealing temperature 460-580°C, where the resultant
phase of the CZTS is misbehaved. Zhou et al. [142] proposed that the absorption
coefficient varies with temperature and photon energy. Hence, the oxide type
impurities of the CZTS thin film can be removed by annealing at high temperatures
and the elements have sufficient energy to form the proper structure. But in this
process, the sulfur is also evaporated. To resolve this problem, the inert atmosphere
(Argon or Nitrogen) or hydrogen sulfide (H.S) is required for the synthesis of CZTS

during the annealing.

1.7.6.4 Energy Loss at Interface in Heterojunction Solar Cell: The phase impurity
and the poor interface quality increase the energy loss and reduce the performance of

the solar cell efficiency in the heterojunction device. So, the interface quality can be
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improved using the interfacial layer or JABS layer, where the JABS layer sandwitches

between the buffer and absorber layer. As we know that, the physics of solar cell

efficiency is directly dependent on the open-circuit voltage (Vo), short circuit current
density (Jsc), and fill factor (FF). The open-circuit voltage (Voc) is reduced by the
interface recombination of the device. To elucidate the open-circuit voltage deficit, the

mechanism of the carrier recombination is analyzed by the equation below:
V., =—2-"In=% (1.6)

where Ea=activation energy for recombination, A=ideality factor, q=electronic charge,

k=Boltzman constant, Jypo=reverse saturation current density, and J =photocurrent

density [143].
® o
Metallic grid |J' A/NY
= e Al-ZnO
Window layer ZnO
Buffer layer CdS/ ZnS
0 CZTS
ack contact Mo
Substrate Soda lime glass

Figure 1.14: The schematic diagram of the heterojunction device structure of the
CZTS solar cell.

The heterojunction device structure of the CZTS solar cell is shown in Fig.
1.14. Secondary phases and defects are created at the interfaces by the inter diffusion
of the materials. The annealing does the inter-diffusion and the secondary phases
create like Cu,S at CdS/CZTS and ZnS and SnS; at CZTS/Mo interfaces [144-146].
However, the Cd is diffused into CZTS, and Zn and S are diffused into the CdS layer.
As a result, the band alignment is switched at CdS and CZTS interfaces and makes the
“cliff type” structure in the band alignments due to which carrier transport disrupts and

loses the energy [147]. Another reason for energy loss is the MoS, or MoSe; layers. In
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the sulfurization process, MoS, or MoSe, layer is created at the CZTS and Mo
interfaces, and this process is very difficult to increasing the efficiency of the solar cell
[148-150]. But the layers affect the open-circuit voltage due to the shifting band
alignment between CZTS and Mo interface [151].

Trammel the flow of electron 2 Elow of electron easier

™ —————wo
5 [ cBm | © O
m |
%6 | zno )
VBM

Energy(eV)
Energy(eV)

Figure 1.15: Behavior of conduction electron in heterojunction device band structure.

1.7.6.5 CdS and CZTS Interface: The CdS (n-type) and the CZTS (p-type) layers
form a p-n junction in the metal grids in the form of AlZnOli-
ZnO/CdS/CZTS/Mo/SLG for fabrication of a solar device, where Al: ZnO is the
aluminum-doped zinc oxide. The pn- junction of the CdS and CZTS interface is the
interested research work because the maximum charge carriers losses near the
interface are due to the recombination and the band offset on the transportation of
charge carriers. There are two types of recombination/band offset that are formed: (i)
spike and (ii) cliff. Scheer et al. [152] explained that the spike barrier is trammel and it
is restricted to flow of electrons from CZTS to CdS. As a result, V. of the device
increases. The cliff type barrier or negative band offset helps to flow electrons from
CZTS to CdS and as result, the Js, Vo, and FF enhance [153]. The mechanism of the

charge carrier’s transport across the potential barrier is explained in Fig. 1.15.

The “cliff type” structure and “spike type” structure are observed in CdS/CZTS
interface and CdS/CZTS,Se interface respectively [154, 155]. Tajima et al. [156]
estimated the conduction band offset (CBO) at the CdS/CZTS interface by the valance
band offset (VBO). The X-ray photoelectron spectroscopy is used to measure the
energy bandgap. The flat band conduction band minimum (CBM) was reported which
shown in Fig. 1.15. This condition helps to charge transportation smoothly at the
junction CdS/CZTS interface.
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Figure 1.16: The state of conduction band offset (CBO) at junction Mo:MoS,,
ZnO:CdS, CdS:CZTS.

1.7.6.6 ZnO/CdS Interface: To enhance the efficiency of the Kesterite solar cell, i-
ZnO/Al: ZnO, In203, ZnSnO, GaP materials are used as a window layer. Such
materials are highly conductive having a wide optimal bandgap and are highly
transparent in the desired spectrum [157, 158]. These layers are used in the CZTS and
CIGS solar cells. Janotti et al. [159] analyzed that i-ZnO/Al: ZnO is the best window
layer and showed a positive response such as improved V. for the solar cell
application [160]. The band alignment of the ZnO and CdS interface is investigated for
the CIGS absorber [161]. The band alignment is explained the charge carrier's
transportation as shown in Fig. 1.16. But another investigation shown the flat band
offset as CBO=0.1+£0.15¢V and VBO=-0.96 + 0.15eV, which supports the charge

transportation at the interface [162].
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1.7.6.7 CZTS and Mo interface: The charge collection point/electrode is the charge
carrier loss in the device of the solar cell. This is the deleterious effect to enhance the
efficiency of a solar cell because V. is affected. So, lots of metallic-coated substrates
are used to collect the charges. The metals W, Mo, ITO, FTO, Cr, V, Ti, Mn, Au, Ni,
Ag, Pt, Nb, etc. are used to collect the charge carriers as the electrode [163]. Mostly,
Mo is used in high-efficiency solar cells such as CIS, CIGS because it has ohmic
contact, good adhesion, and formed the diffusion barrier layer (MoS/Se), [164, 165].
Hence, the Mo metal is used in the Kesterite solar cell that may increase the open-
circuit voltage (Voc). Scragg et al. [165] observed that if the electrodeposited
CZTS/Mo/SLG film is annealed/sulfurized, at 550 °C, then the thickness of the film is
increased with the increasing time and the decreasing temperature, where grain size
also reduces the film thickness [166]. The thickness of the MoS; layer was helpful in
the device performance if TiN layer is used [167, 168]. The band offset CBO is 0.36
eV at the Mo/MoS; interface as shown in Fig. 1.16 [169].

Currently, there are some intermediate layers used to improve the back contact
of the CZTS solar cell. These intermediate layers are taken like TiN, Silver, Bismuth,
Carbon, ZnO, Al,Og3, TiB, at the CZTS and Mo interface, etc. The coating of these
materials is applied on the substrate in the nanometer range. The intermediate layer
TiN was deposited in the CZTS and Mo interface by a sputtering process, and the
efficiency of 5.5% with 621 mV open-circuit voltage, 18.71mA/cm? current density
and 47.1% fill factor of the CZTS solar cell was reported [150]. The CZTSe with TiN
layer has also been reported with an efficiency of 8.9%, 385 mV open-circuit voltage,
42.60mA/cm? current density, and fill factor 54.2% [149].

If the 10nm thickness of the ZnO layer is used in between Mo and CZTS
layers, the efficiency is also enhanced from 2.5% to 6.0% due to the reduction of the
series resistance (R;) [170]. Liu et al. [171] reported the enhancement of the efficiency
of the solar cell from 1.13% to 4.3% with decreasing the voids and the thickness of the
MoS;. Some researchers suggested that MoS; is beneficial for the high efficiency of
Kesterite solar cells but others researchers were against such type of fabrication.
Hence, there are lots of investigations required to justify the mechanism of MoS; at the

interface of CZTS, where MoS; is beneficial or not.
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1.7.7 Future of the Kesterite Solar Cell

The big challenge for the low-cost Kesterite (CZTS/CZTSe/CZTS, Se) solar cell
is to enhance the conversion efficiency. The main reason for the low efficiency of
Kesterite (CZTS) solar cells is the high loss of charge carriers by the recombination
during charge transportation and the charge collection at the electrode. The charge
carriers loss affect directly by the interfacial layer between the absorber and the buffer
layers and the absorber and the metallic contacts. As discuss earlier that CdS is the
best buffer layer for the CIGS solar cell, but it is not suitable for the CZTS,Se solar
cell because the recombination timing of the CZTS,Se solar cell at the interface is very
low as compared to the CIGS solar cell. The main reason for low recombination in the
CdS/CZTS interface is Cd diffusion in the absorber layer at the time of solar cell
fabrication. The interface of CdS/CZTS has a spike type band offset with 0.4 eV
energy [172]. Hence, it is required to develop a suitable buffer layer for replacing the
CdS layer, i.e. appropriate function interfacial layer between the buffer and the
absorber. The carbon nanotube (CNT) is the best solution to the above-discussed
problem. The cylindrical molecules of CNTs have been already shown valuable
applications for electronics, optics, nanotechnology, and another field of materials
science because the CNTs have a unique feature-breathing mode of cylindrical type
molecules. The feature of the nanotube structure is to make fine-tuning through the
narrow selectivity of the wavelength of emission and can be detected by light. Due to
the breathing mode of the cylindrical molecules of the carbon nanotubes (CNT), the
CNT may be the suitable interfacial layer to reduce the recombination between the
absorber and the buffer layers. Similarly, Graphene nano layer may also be the another

best solution for this problem.

The Mo(S,/Se,) layer is another hurdle for the efficiency enhancement of the
Kesterite solar cell. The Mo interface plays a vital role in the enhancement of the
Kesterite solar cell because it has maximum series resistance. The Mo(S2/Se) layer is
formed often in the Kesterite solar cell during the annealing process. Hence, two points
are clearly concluded that (i) avoid annealing process of the solar cell after the
complete fabrication of the device, and (ii) remove the Mo metal by the high work
function metal such as Ni (5.22), NiO (>5.2), Pd (5.22), Pt (5.64) [[173, 174]. Here,

the fabrication of the device without annealing may be a wonderful investigation
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because this process avoids the formation of MoS,/Se; layer and is helpful to short out
the energy loss problem. The diffusion of the metallic salts across the interfaces in the
absorber layer is helpful to have a high work function. In the presence of the high work
function layer, all charge carriers (holes) must be collected in the electrode in the right
manner to enhance the efficiency of the solar cell. This charge collection phenomenon
form the ohmic contact with the Kesterite solar cell and have more probability to

extract the charge carriers.
1.8 Objectives of Thesis

Based on the literature survey of the functional materials for energy devices,
we focus our study on the selection of functional materials having eco-friendly, non-
toxic, and low-cost constituent elements and ecofriendly synthesis methods. After
selection of the constituents for compositions and synthesis methods, the XRD, EDS,
FESEM/SEM, UV-Visible and |-V characteristics use to characterize the as-
synthesized functional materials and study the electronic and optical properties of the
FMs for energy application. These characteristics study of the energy materials are
used to enhance the efficiency of the photovoltaic solar cell, photodetector, etc. The
photo parameters properties and I-V characteristics are investigated to understand the
photodetector mechanism.

1.9 Organization of the Thesis

This presented thesis is organized into six chapters. The content of each chapter

is given below:

First chapter gives a brief introduction of the functional materials, synthesis,
characterization, and potential applications. Here, we have given the study of the
historical background of functional materials (FMs) especially energy materials, and
also their technical development in the field of Materials science and Engineering
(MSE). MSE has played a crucial role in the development of advanced materials
devices by modification in the structures of materials for different applications in
solid-state physics, and these materials are known as functional materials in MSE. This
chapter mainly focuses on the photovoltaic functional materials such as CZTS, SnS,
Zn0O, CdS, etc., and also describes the CZTS phases, electronic band structures, and
important parameters to enhance the photovoltaic efficiency. CZTS is an I,-1I-1V-VI,4
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group functional material. The literature survey of the Kesterite materials is the main
part of this chapter that presents the brief history of the photovoltaic properties of
Kesterite solar cells and their effective parameters for high efficiency. These various
types of effective parameters in photovoltaic applications are discussed briefly and
resoluted the hurdles of efficiency of solar cells problems. Besides this, we also try to
find out the issues of the Kesterite materials based on the structure, band structure,
electronic structure and studied how to get more than 20% efficiency of solar cells

using the different buffer layers.

Second chapter deals with the synthesis methods and characterization
techniques for energy materials. The synthesis methods especially Co-precipitation
Spray Pyrolysis and Hydrothermal/Solvothermal methods are described and it is
explained that how these methods are suitable to synthesis the functional
nanomaterials for photovoltaic devices. These synthesis methods must usually of low
cost, less time consuming and eco-friendly. The synthesized functional materials are
analyzed by X-Ray diffraction (XRD), UV-Visible (UV-VIS) Spectroscopy, and
Scanning Electron Microscopy (SEM) / Field Emission Scanning Electron Microscopy
(FESEM), Energy Dispersive X-Ray Spectroscopy, X-Ray Photoelectron
Spectroscopy (XPS), etc. Besides this, brief studies of the photovoltaic nanomaterials
are also included in this chapter, which suggests the basic motivation to work in this
field.

Third chapter includes the synthesis of ZnO nanomaterial without any
surfactants and characterization for window layer in solar cell applications. Scanning
electron microscope (SEM), X-ray diffraction (XRD), and Energy Dispersive X-ray
spectroscopy (EDS) are the necessary characterization techniques used for the
confirmation of the shapes and sizes of ZnO nanoparticles. The study of powder ZnO
nanoparticles is the versatile application in a window layer of the third-generation

solar cell, and such powder is also beneficial for commercial productions as well.

Fourth chapter deals with the synthesis and characterization of functional
material (lo-11-1V-V1,) viz. Cu,ZnSnS, without vacuum annealing for solar cell
absorber layer application, which is a low-cost and less-time consuming and
ecofriendly co-precipitation method. In the synthesis mechanism, the functional

materials are synthesized without any surfactants and vacuum/noble gases, which
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makes it an economically low-cost method in comparison to the other methods. The
novelty of this work is the synthesis of spherical CZTS nanomaterials without any
sulpherization/vacuum/inert annealing. The surface-to-volume ratio of the spherical
CZTS nanomaterials has enhanced the solar energy conversion and this is an
appropriate property for photovoltaic materials. The characteristic results of the CZTS
show them best materials for photovoltaic devices. However, the thin film of the CZTS
nanomaterials is the economically cheapest and the suitable material for Kesterite solar

cells applications.

Chapter five contains the synthesis and characterization of functional material
(IV-VI) SnS for energy applications. After synthesis of the SnS nanomaterials by low-
cost Co-precipitation method, thin-film is fabricated with help of the self-made spray
pyrolysis method (SPM). The first time, the grown thin films by SPM method are
found to have hydrophobic and scratchproof nature of SnS nano flakes. The synthesis
of SnS thin film for photodetector by the SPM route has found with low
response/recovery time in comparison to the CVD route The stability of the SnS
photodetector is also found to be stable for around one year. The SnS thin film also
resolves the usual problem of thermionic and diffusion losses, and recombination; and
SnS thin film can be used as a JABS layer in the hetero-junction device with structure
Ag/ARC/AI-Zn0/i-ZnO/CdS/SnS/CZTS/ITO.

Chapter six gives the brief conclusions and future prospects of the research
work presented in the thesis. In this chapter, we discuss how the functional materials
can be used to resolve the issues of stoichiometry phase, toxic environment, time
taking processes, and cost of materials and synthesis methods. Among these problems,
thermionic and diffusion loss, and recombination, are also resolved by selecting
suitable functional materials and techniques. For the synthesis of the suitable
functional materials, we have explained the synthesis methods having low cost and
suitable characterization techniques for the as-synthesize and their applications in
fabricating energy devices. Besides this, the prospects of the photovoltaic
nanomaterials are also included in this chapter, which suggests that, if we follow the
low-cost synthesis routes, then we can fabricate low cost, less time consuming, and
eco-friendly photovoltaic devices. In this way, functional materials may be cheap and

best for energy device fabrications. In addition to this, such studies give basic
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motivation to the researchers to look their research work into the field of using

functional materials as the energy materials.

If researchers adopt the co-precipitations to synthesize the materials like ZnO
for window layer and CZTS for absorber layer, the results of the Kesterite structure
based photovoltaic devices will be competing for the champion results of the
conventional photovoltaic devices and such devices have cheap, non-toxic, and
ecofriendly features. The researchers can also adopt the simple thin-film spray
pyrolysis method for SnS hydrophobic photodetector with the best photo response and
recovery time. This simple method may also be used in the mass production of

devices.
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Synthesis Methods and Characterization
Techniques for Functional Materials

2.1 Introduction

As we know that the renewable energy is the main source of energy in coming days.
Therefore, the renewable energy attracts its importance progressively among the people
and researchers. There are several ways to convert the renewable energy into useful
energy in the field of nanoscience and nanotechnology. The utilization of nanotechnology
can enhance the electrical energy from solar energy via opto-electronic devices like
photovoltaic cells, light emitting diodes, and photodetectors, ets. Due to the ability of
voltage generation and current density of functional materials (FMs), the solar cell is
regarded as the most promising opto-electronic device for solar energy conversion. The
opto-electronic devices are made of nanomaterials especially FMs with advanced
characteristics. The synthesis of FMs by nanotechnology can improve the performance
and reduce the cost of devices. The improved performance and reduced cost of FM
nanomaterials or nanoparticals (NPs) can be used in solar energy conversion devices. So,
nanotechnology is also being used to modify the crystal structure at nano scale in which
the ratio of performance to cost always becomes high for energy applications like
photovoltaic/solar cells. Nowadays, 40% of the solar energy utilizes via renewable energy
devices where the hetero-junction photovoltaic (PV) devices are widly used. The hetero-

junction PV devices are fabricated by several different methods.

In this chapter, we study the cost-effective and eco-friendly synthesis methods like
co-precipitation, spray pyrolysis and hydrothermal methods for FMs, and the
characterization analysis of as-synthesized FMs via characterization tools. In the
characterization tools, x-ray diffraction (XRD), X-Ray photoelectron spectroscopy (XPS),
scanning electron microscope (SEM), field effect scanning electron microscope
(FESEM), Raman spectroscopy, UV-Visible, I-V characterisation technique, etc. are used

to investigate the properties of FMs for energy materials application.
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2.2 Role of Functional Nanomaterials in the Energy Application

Several applications of FMs have been proposed already, but in 1958, the first time,
functional nanomaterials were used practically to powering satellites as the photovoltaic
(PV) solar cell [1]. But the low efficiency and extravagant cost of the devices are two key
parameters in the PVs that reduced the interest in the application of FMs. The solution of
these two problems is resolved by the nanoscience and nanotechnology approaches in
material scinence and its innovations in photovoltaic solar cells increase the demand of
the FMs. The semiconductor or metallic nanomaterials have formed high performance
and long durable devices because properties of the nanomaterials depend on their
processing of the structures. The structures and compositions of nanomaterials are used to
control the performance and cost of the device. The metallic nanomaterials e.g. copper
NPs (<50nm) change the behavior of ductility comparison to bulk form. The change in
the structure of the magnetic nanomaterials exhibited the superparamagnetism property.
The quantum confinement effects are present in the semiconductor quasi particles e.g.
quantum wells, quantum wires, and quantum dots., and surface plasmon resonances
effects present in metal nanomaterials. The dimensionality of a semiconductor is directly
corelated to the level of electron density. So, two dimension (2-D) semiconductors are
behaved as quantum well because free electrons restrict in one dimension in thin film.
Researchers have also demonstrated that the absorption of solar radiation is much greater
in nanomaterials thin-film based PV devices than continuous sheets of bulk material
based PV devices. Because nanoparticles are smaller and can absorb a greater amount of

solar radiation.

In this chapter, we discuss the synthesis methods of functional nanomaterials to
control the cost and performance of the photovoltaic based solar cells. The nanoparticles
(NPs), nanowires (NWs), nanocrystals (NCs), quantum dots (QDs) are the differents
shapes of the nanomaterials, which play a vitol role in generating photo excited charge
carriers. These photo-excited charge carriers are helpful to enhance the efficiency of
solar cells [2]. In the metallic-based photovoltaic device, the photon absorption property
enhances the PV solar devices due to surface plasmon effects (SPE) in metallic
nanomaterials. The surface plasmons, in the depletion region interface, are the electrons-
holes oscillations that are created generally between the two different materials. The
conflict of “effective carrier’s collections” and “high absorption of incident light” are

resolved by the metal nanoparticles absorption layer in the PV devices. The reason behind
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it is the scattering and concentrations of the light mechanisms and surface plasmon
polaritons (SPPs) in the nanomaterials. The phenomenon of light concentration in the
devices is due to the localized field of surface plasmons surrounding the particles and
supported the higher absorption of photons [3]. If the metallic nanomaterials are used
underneath the bottom interfaces between the absorbers layers, then the nanomaterials
convert the incident light into SPPs. In this phenomenon, the electromagnetic waves
travel along with the surface the interface of the layers. At the plasmon resonance
frequency of the metallic particles, the SSPs are greater than the dimensions of the
metallic particles that is the reason for the enhancement of the absorption [3]. The
nanomaterials are implanted into the bulk form to gain light absorption with the excited
surface plasmons. Hence, the concentrated incident energy is localized to the surface
plasmons field. This energy is induced to produce more photo-excited electron-hole
pairs. The nanomaterials have different sizes for the photovoltaic solar cells due to their
dimensions and they are categorised into zero Dimension nanomaterials, One Dimension

nanomaterials, two Dimension nanomaterials and Three dimension nanomaterials.
2.2.1 Zero-Dimensional (0-D) Nanomaterials

As we have discussed that the nanotechnology of nanomaterials is the main
technique to reduce the size of the materials. Due to quantum confinement, the
nanomaterials are used to enhance the charge carrier’s generation of the photovoltaic
solar cell and to reduce the photo absorptions. The excited single pair of electron-hole is
generated by one absorbed photon and such generations of charge carriers are increased
the solar cell efficiency up to maximum 33% that is called the Shockley Queisser limit
[4]. The Shockley Queisser limit can be achieved the high efficiency with help of the

quantum dots or 0-D nanomaterials by the simple generation of excitons [5].

As we know that the high-energy photo-excited carriers are dissipated very fast in
bulk-size semiconductor materials, due to the inelastic scattering of carriers-phonons. The
best solution to this problem is quantum dots, which can slow down to photo-excited
carries dissipation. The discrete energy levels in quantum dot (QD) extremly lower the
rate of the dissipation process allow the extra energy to generate a new pair of excitations.
The variation in bandgap can be achieved by adjusting the nanomaterials sizes of QD [6].
The examples of QDs are Lead Sulphide, Selenide and Telluride, Cadmium Selenide, and

Indium Phosphide, etc. The quantum dots of Lead sulphide, Selenide and Telluride,
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Cadmium Selenide, and Indium Phosphide, etc. demonstrate the multiple excitons

generation effects [7-12].
2.2.2 One-Dimensional (1-D) Nanomaterials

Nano-tubes (NTs), nanorods (NRs) and nanowires (NWs) belong to one-
dimensional (1-D) nanomaterials, and such nanostructures promise to increase energy-
density and cycling-life of energy for energy application. Fig. 2.1 shows the exact
dimensions of materials. The optical loss is reduced by the field concentration effect of
nanomaterials. The NWs have an absorption cross-section greater than the physical cross-
section. [13]. The enhancing effect in arrays NWs is produced by using a higher refractive
index. This enhancing effect exhibits a cavity effect or light trapping by the multiple

reflections from the boundaries of wires to enhance efficiency [14].

NMs classification based on dimensionality

(¢ ) (4 % i N i S
0D 1D 2D 3D
Nanospheres, Nanotubes, Thin films, plates, Bulk NMs,
clusters wires, rods layered structures polycrystals

2%

Metal nanorods,
Quantum dots Ceramic crystals

Carbon coated
nanoplates Liposome

Carbon nanotubes,
Fullerenes Metallic nanotubes

Polycrystalline
Graphene sheets

Gold nanowires,

Gold nanoparticles Polymeric nanofibers, ‘
Self assembled structures Layered nanomaterials Dendrimer

\& H N VAN 7N J

Figure 2.1: The classification of nanomaterials based on dimensionality: 0D, 1D, 2D, 3D.

To get the best results, the incident light wavelength’s order should be the same range of
“diameter” and “pitch of the nanowire” arrays and the dimensions of the nanowires. 1-D
functional nanomaterials can be applied in PV devices with various multipurpose designs.

An array of such unit cells can arise plane with resin or spin-on-glass (SOG). The upper
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surface of the NWs can be exposed by etching or chemical-mechanical machining to

allow contact with the transparent conducting oxide such as Indium tin oxide (ITO) [15].
2.2.3 Two-Dimensional (2-D) Nanomaterials

This type of nanostructures are mainly used in thin-film solar cells because of
their smaller size in materials and electron transport characteristics, which results in high-
performance devices. The energy density of 2-D nanomaterials varies constantly, which is
the main feature of the thin-film and 2-D nanomaterials may be most probably engineered
on the wafer shape or thin film. The interlayer space between the layers is manipulated by
the non-layered materials and is known as 2-D nano-fluidic channels. These
nanomaterials can also be engineered into different sized porous structures for energy

storage and catalytic applications purposes.

There are several techniques such as spray pyrolysis, dip coating, and
electrodeposition. to fabrication the 2-D nanomaterials. The thin film, plates, and layered
structures can be synthesized by spray pyrolysis methods, which is a simple and cost-
effective method. In spray pyrolysis deposition, a metallic thin-film of the nanomaterials
can be formed on a substrate in nanometers size for photovoltaic application purposes. At
high temperature, the heating substrate induces agglomeration by surface tension and an
array of hemispherical nanoparticles with considered sizes. These types of structures are
suitable for the plasmonic light trapping phenomenon.

A template technique could allow greater control over nanoparticle fabrication [16].
The Si is commonly used material in current for profitable PV devices. The Si is
extensively used in the electronics industry for the etching process. These are the main
advantages of Si wafers. For this requirement of an ordered array of Si NWs, there is a
prototype mask required for the dry etching process [17].

2.2.4 Three-Dimensional (3-D) Nanomaterials

This type of structured material is rarely used for photovoltaic purposes because
the 3-D nanometer scale of the nanomaterials for the solar device is very expensive. This
type of materials are used in first generatons of solar cells. So, 3-D nanomaterials have

not been applied in the field of photovoltaic energy conversion applications.
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2.3 Synthesis Methods

There are several methods are used to synthesize the nanomaterials for example
top-down and bottom-up approaches. We choose some selective methods to keep in
mind, easily feasible synthesis of nanomaterials with abundant and rcofriendly elements.

Hence, we have followed three synthesis methods as;
2.3.1 Coprecipitation Method

The co-precipitation (CPM) method is a method of precipitate of materials, which is
generally soluble under the employed conditions. The CPM is also known as the
controlled precipitation method, which is a basic route of a wet-chemical method for the
creation of nanomaterials. In this method, the precursors are inorganic salts that are
decomposed in di ionized (DI) water as a solvent to get a homogeneous solution.
Generally, metal oxides are synthesized in an open atmosphere; and metal sulfides may
also be synthesized in an inert atmosphere by this method. Metal oxides synthesis
flowchart is given below in Fig. 2.2 [18]. In this method, the insoluble products are found

under the high saturation condition.

The nucleation growth of the nanomaterials form a lot of small particles, which are
agglomerated rapidly to each other. The size, shape, and morphology of the products in
the Co-precipitation method are affected by Ostwald ripening and agglomeration
processes. In the next step, the supersaturation condition is the necessary condition to
produce precipitation in the wet-chemical method. Besides this, pH, temperature, and
concentration of solutions are the factors that influence the shape, size, and morphology
of the nanomaterials [19]. After precipitation, the next step is filtration and then washing
off the vyields/products. In the last step, the calcination process is used to change
hydroxides into oxides having finite crystal structures. In this process, NaOH, NHj,
NH4OH, and Na,CO3; are used as a precipitating agents. The surfactants work the

avoiding agglomeration and use to control the particle size of the nanomaterials [20].

The strengths of the CPM method is a simple and fast method, controlled particle
size and composition; additions to this, there are several prospects to modify the particle
surface state, and overall similarity. We can control the particle size by “changing the

temperature of reaction” and “surface functionalization”.

Page 70



Chapter 2

e

Anion = Cation
solution solution

{
.

- ¢
Y~
-

-3

R

~

00—

X0ORS

Precipitation

~
= ,- -
.
D

Filtration

S

Calcination

o

‘ Sample ready for characterization J

Figure 2.2: Schematic co-precipitation method flow chart diagram of image view.

The CPM method does not involve the use of any organic solvents in the synthesis
process but has limitations such as contaminations get precipitated with the by-product. If
the reactants vary with different precipitation rates, the synthesis of the nanoparticles does
not get in the well-shapes [21]. Hence, the top-down approach, in the next synthesis

method, discuss to resolve these types of problems i.e. the spray pyrolysis method (SPM).
2.3.2 Spray Pyrolysis Method

The spray pyrolysis method (SPM) is a simple, less time-consuming and cheapest method
for thin-film deposition. The SPM has a lot of advantages related to the coating technique,
which is used in layered devices like solar cells, photodetectors, sensors, solid oxide fuel
cells, etc. This process produces oxide (e.g. Y203 stabilized zirconia, Al203, MgO), and
sulfide (in inert/sulfide-atmosphere) thin films of high quality at rather low costs. This
method delivers the capability to deposit the thin layers on various substrates such as
soda-lime glass (SLG), a metallic substrate, fiber substrate, etc. The formation of the

oxides layers on the surface of the heated substrate is very homogeneous and good
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adhesive with the substrate during pyrolysis process. The thin-film morphology is
controlled by the substrate temperature, distance of the nozzle to substrate, and
concentration of the solvent parameters in this method. The surface of the thin-film is
rough and more porous at high temperatures and the cracked films are found at low
temperatures. The crystallinity of the materials, texture and other physical properties of
the deposited films also influence by substrate temperature in this method. Another main
parameter like “precursor solution” also affects the morphology and the properties of the
deposited films. Keeping in mind the above parameter, we can synthesize the thin-film of

the nanomaterials.

Figure 2.3: Schematic diagram of self-designed spray pyrolysis set-up.

2.3.2.1 Thin-film Deposition: During the film deposition by spray pyrolysis, many
processes occur sequentially e.g. precursor solution atomization, droplet transport, and
vaporization, spreading on the substrate, drying, and decomposition of the precursor salt
as shown in Fig. 2.4. These processes improve the film quality from an application
requirement point of view. The pyrolysis methode follows three main steps: atomization,
transportation of the aerosol, and decomposition of the precursor on the substrate. In the
atomization process, droplets are generated from the spray solution by a nozzle with
initial velocity towards the substrate. Airblast, ultrasonic, or electrostatic techniques may

also be used at this stage. There are various atomizers used to resulting the droplet size,
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rate of atomization, and initial velocity of the droplets. In this process, the size of the

generated droplets depends solely on the fluid charge density level p is given as [22];

,» [—a)3s,
=l — |-, 2.1
r [ﬂJQP D

o ~a
where & =permittivity, qg=elementary charge, and (7j =1 x 10" J (constant).

b ¥
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Figure 2.4: Schematic diagram of evaporation precipitation drying decomposition
sintering [Source: Messing, et al., J. Amer. Ceram. Society,76, (11), 2707 1993, copyright
permission [23]]

Atomization of liquids is the most important parameter to know which type of
atomizer is best suited for each application, and it is also important that how the
performance of the atomizer is affected by variations in liquid properties and operating
conditions. The performance of the atomizer is directly affected by “the variations in
liquid properties and operating conditions”, and suggests this that the atomization of
liquids is the most important parameter to change the film’s chemical and physical

characteristics.

Fig. 2.4 shows the total mechanism of the droplets, in the transportation of the
aerosol from the nozzle tip to the substrate surface. But many droplets are carrying
precursor atoms without forming a powder to the substrate. Sears et al. [24] investigated
the mechanism of SnO, film growth and studied the effect of Gravitational, electric,
thermo-phoretic, and Stokes forces. The above discussion suggests that the fabrication
phenomenon on the film is affected by the vapor of droplets that passed close to the hot
substrate (just like the CVD phenomenon). The droplet strikes onto the substrate, and
forms a powdery deposition. At high temperature, this powdery material is formed a

certain shape and size based on the free energy of the molecules at that time.

Page 73



Chapter 2

The substrate temperature is the key parameter and it plays a major role in
enhancing the properties of the films. The high temperature of the substrate makes the
best crystalline nature in the film [25, 26]. The size of the grains is determined by “initial
nucleation density” and “recrystallization”. At high temperature, the larger size of the
grains is increased in the recrystallization process [27]. During the increase of substrate
temperature, the surface of the film is transformed from a crack state to a “dense state”
and then to a “porous” state [28]. The reason for the non-uniformity of the film is the
variation of the substrate temperature at different points. The physical and chemical
characteristics of the deposited state of the materials are changed, due to the composition
ratio of the precursors. The spray pyrolysis experiment is done in an open atmosphere,
due to which there is maximum chance to makes the secondary and ternary phases in the
film. For instance, SnS is sprayed on the heated substrate, and various phases (Sn,Ss,
SnS,, SnO,, etc.) are created and deposited in the film. Hence, we can say that the
synthesis of the single phase of the material is very critical in an open atmosphere.
Generally, the secondary phases are presented as-synthesized thin film, from lower to
higher substrate temperature [29].

2.3.2.2 Advantages and Disadvantages of SPM: The SPM has a lot of advantages,
along with its simplicity in the synthesis. It is used at a broad level for commercial
purposes for the preparation of semiconductor thin films. This SPM method is suitable to
dope the films with effectively any elements fraction by dopant adding in the precursor's
solution. This method can yield “large-area, high-quality adherent films of uniform
thickness”. These two reasons are validated to commercialize this SPM method. So,
validation of the advantage of this method is the large area and high quality of target
without any vacuum and valid reason for the industrialization of the SPM.

The “film quality”” and “thickness of the films” can be controlled easily over a wide range
by varying the spray parameters such as spray rate, time, the concentration of the precursor
[27] The logical advantage of this method is to produce robust free materials at moderate
temperature (100°-500° C). In the layered film or wafer, the composition gradients are

distributed throughout the film by the composition variation.

There are also few disadvantages of this method for thin-film preparation that film is
gained non-uniformity from larger grain to smaller due to uncontrolled spray droplet size.
The wastage or unwanted precursors are dopant during the spray deposition and the main
disadvantage that it has a very slow deposition rate.
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2.3.3 Hydrothermal/ Solvothermal Method

In Hydrothermal method, it is carried out heterogeneous reactions at high
temperature (>100°C) and high pressure (1bar) to the aqueous solution for producing the
crystallized structure [30]. Various inorganic materials like metal oxides, chalcogenides,
metal-organic frameworks, porous materials, and nanomaterials are synthesized by
Hydrothermal method at ambient conditions. The hydrothermal method is based on that
premise where the materials are dissolved in aqueous, under excessive temperature as
well as pressure conditions. The higher-valence metal oxides are prepared under closed-
system in Hydrothermal synthesis [31]. The Hydrothermal technique for functional
nanomaterials is the environmentally benign type method and it is good to control the
particle shape and size. This method can be used to grow the materials at high vapor
pressure and melting point. Moreover, hydrothermal processing can also be used for
producing large and high purity crystalline, single phase, and multi-component oxide
materials having well-controlled compositions. The cost of instrumentation is affordable
in comparison to other advanced methods. The limitation of the method includes the
inability to observe the crystal during its growth [32]. Fig. 2.5 shows the experimental
set-up of the Hydrothermal method containing the “stainless steel lid, bursting disc,
Teflon cup, and stainless steel shell”.

Figure 2.5: Schematic representation of Hydrothermal Experimental setup.

The advantages of this Hydrothermal method, as the top-down chemical synthesis, are to
attain the transition metal compounds without oxidation states. This method is useful for
preparing low-temperature phase materials and metastable compounds, e.g. tellurium
iodides (Tezl and B-Tel) and they have narrow particle size distribution, controlled
morphology, and high purity without post-annealing at high temperatures, the crystalline

powder is formed. However, the disadvantage of this method is having a limited quantity
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of synthesized materials. Another disadvantage of this method is that there may blast like
a bomb at high temperature and pressure, if negligence is done during the experiment.
Solvothermal and Hydrothermal synthesis method are similar, but the only difference is
that use of organic solvents like toluene, decalin, and octadecene in the Solvothermal
method instead of water in the Hydrothermal synthesis method. The inorganic
nanocrystals are prepared extensively by Solvothermal reactions. The “size and shape” of
nanocrystals are created by controlling the concentration of precursors solutions and the
temperature. So, the size of nanocrystals increases with increasing precursor
concentrations. The formation of rod-shaped nanocrystals requires a high chemical
potential environment viz. high monomer concentration in solution. Thus, the addition of
capping agents such as long-chain alkanethiols, alkylamines, and trioctylphosphine oxide
controls the size as well as shape in the Solvothermal synthesis process.

In the whole research work, we have adopted the aforesaid methods to synthesize
the nanomaterials of the functional materials. To characterize the nanomaterials, we have

characterized the as-synthesized sample with characterization techniques.
2.4 Characterization Techniques

Characterization techniques are used to analysis of the pre-synthesized materials. It
is the basic process of materials science to investigate the properties of materials based on
the internal structures especially the shape, size, and morphology of the materials.
Different—different instruments are used to analyze the properties of the material of the
elemental composition, morphology, structure information, shape, size as well as
chemical and physical property. UV-Visible (UV-VIS) Spectroscopy and X-Ray
Diffraction (XRD), etc. are used to analyze the optical and structural properties of as-
synthesised nanomaterials. Scanning Electron Microscopy (SEM) / Field Emission
Scanning Electron Microscopy (FESEM) and X-Ray Photoelectron Spectroscopy (XPS),

etc. are used to observe the surface morphology and binding enrgy properties.
2.4.1 Diffraction Methods

Nanostructures have attracted enormous interest among science community due to
a rapidly development growing class of FMs and growing their applications. Several
techniques have been used to characterize the size, crystal structure, elemental
composition, and a variety of other physical properties of nanoparticles. In many cases,

there are physical properties that can be assessed by more than one technique. The
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individual strengths and limitations of each technique the choice of the most appropriate
method is become more complicated. The diffraction of X-rays from crystals has become
invaluable to all areas of materials research. The use of diffraction as a characterization
tool becomes almost a century and the field continues to evolve today with new tools
continuously enabling new dimensions of characterization. The most traditional uses of
diffraction lead to the characterization of crystal structure, phase evolution, particle size,
crystallographic texture and lattice strains, and are carried out in all areas of materials
research. Hence, some of diffraction methods are discussed below.

2.4.1.1 X-Ray Diffraction: In 1913, the English scientists father and his son Bragg
discovered a phenomenon of the “powder X-ray diffraction” of crystal-like by an X-ray
beam [33]. In 1916, first time, German physicists Scherrer and Debye revealed the x-ray
diffraction for polycrystalline materials. In the X-ray diffraction phenomenon, wave
interference produces, when X-rays interact with a material in a particular reciprocal
space then exhibiting periodic and regular structure patterns. The reason behind this
interference is the wavelengths delivered by the X-rays are comparable with the
interatomic distance of a crystal. The X-rays are diffracted after the strikes from an
atomic plane and then they are produced a phase-angle at a certain wavelength. If there is
a definite periodicity in the plane, then the diffracted waves in the same specific angle
possess a similar phase and generate a resultant interference. Hence, interference are
proportional to the number of planes that generate the diffracted wave and allow
identifying the structure of studied material. So, XRD is a primary and standard tool to

determine the structures of materials these days.

For materials identification, XRD powder method is a simple method to know the
nature of the crystalline material. Every substance has characteristic of an X-ray pattern in
a crystalline state to identify the crystal phase by this method. These patterns are collected
in databases of the Joint Committee on Powder Diffraction Standards (called JCPDS) and
grouped index of organic, inorganic, and mineral compounds. There is another
information like “size of the crystallite”can be obtained from the XRD pattern using the
Debye Scherer formula. So, the crystallite size is analyzed the crystal unit cell by
measuring the “extension of the X-ray diffraction of a flat reflection”. The reason behind
the broad and narrow peaks in the XRD pattern is due to the periodicity of the crystallite
domains in phase reinforces the X-ray diffraction. If the crystals are periodically arranged

with defects-free, the X-ray be diffracted at the same angle. If the crystals have non-
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periodically arranged atoms and a very low degree of frequency viz. the peaks can be
broaden. The procedures of the data analysis of the XRD patterns are the following three
steps and it use to determine the unknown crystal structure by the XRD data patterns
obtaining from diffraction angle versus intensity of the diffracted rays.

% Calculation of “the size” and “shape” of the unit cell by the angular positions of the

diffraction peaks.

< Analyze “the number of atoms per unit cell” from the size and shape of the unit cell,
the “chemical composition” of the specimen, and its “measured density”

< Deduction of “the atom positions within the unit cell” from the relative intensities of

the diffraction peaks

Here, we focus on the first step that study the angular positions of the diffraction
peaks, which is used to analyse the shape and size of the crystal strucure.

The indexing of the XRD patterns is important in the diffraction analysis where
Miller planes are assigned by each peak during the indexing of the pattern. Here, we are
going to give the basic of indexing diffraction patterns in which XRD patterns were
obtained from materials like a cubic structure. To analyze the results from the XRD

patterns of cubic structure, we follow the following steps as;

% The interplanar spacing distance (d) between adjacent planes in the set (hkl) of a

material with a cubic structure and lattice parameter (a), and obtained from the

equation:

1 h?+k*+I?

PO (22)

% On comparing this to Braggs law (2d sin®=n 1)

1 h*+k*+1> 4sin°®

- a2 2 @3
. 5

sin“ @ = h? +k?+1° 2.4

sin® @ oc (h* +k? +17) (2.5)

Page 78



Chapter 2

It means as® increases, planes with higher Millar indices (hkl) diffract with different

intencities.

R/
L X4

First reflection is followed due to diffraction from Miller planes (100) i.e. h®+k®+1°=1
for primitive cubic plane, (110) i.e. h?+k*+I*=2 for body-centered cubic plane, (111)
i.e. (h?+k?+1°=3) for face-centred cubic lattices. The value of h?+k*+I* can be

obtained by dividing the sin®® value by the minimum one (sin>® value of the first

reflection) and multiplying the ratio by the appropriate integer.

The sin*® value is calculated by dividing from the smallest value (first reflection)

for all diffraction peaks.

If these are not an integer, then multiplied by 2 or 3, and found complete integer from

the ratio.
The hkl value can be identified from the quadratic forms as listed in Tab. 2.1.

We may also index the diffraction pattern using the ratio of 1/d® value instead of the

sin® ©® values, where @ is a directly measurable quantity.

Table 2.1: Lattice type identification by lattice parameters a,b, & ¢ and «, # and Y are

analysed by (hkl) values:

h2+k2+12 (hkI) Lattice (a=b=c; a=f=Y=90°)

1 100 P

2 110 P

3 111 P,F,D

4 200 P,ILF

5 210 P

6 211 P

8 220 P,I,F,D

9 300, 221 P

10 310 P
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11 311 P,F,D
12 222 PIF
13 320 P

14 321 P, I
16 400 P,I,F,D
17 410, 322 P

18 411, 330 P, I
19 331 P,F,D
20 420 PLF
21 421 P

22 332 P, I
24 422 PI,F,D
25 500, 430 P

26 510, 431 P,
27 511, 433 P,F,D
29 520, 432 P

30 521 P,
32 440 P,I,F,D
33 522, 441 P

34 530, 433 P, I
35 531 P,F,D
36 600, 442 PIF
37 610 P

38 611, 532 P,
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40 620 P,I,F,D

(P=Primitive cubic, 1= Body-centered cubic, F= Face centered cubic, D= Diamond cubic)

The similar process follows for others FMs like metal, semiconductor, ceramic and
advanced composite materials. Hence, we conclude from this table that the selection rules
are presented the reflection planes (h, k, 1): all integers for Primitive simple cubic (SC),
h+k+l is even integers for body centered (BCC), and h, k, | all are even or all odd for
Face centered cubic (FCC) (e. g. h*+k*+1%is 1,2.3.4,5,6,8............ for SC, h®+k*+1? is
2,4,6,8,10,12,14,16............ for BCC and h*+k*+°is 3,4,8,11,12,16............ for FCC).

2.4.1.2 X-ray Photoelectron Spectroscope: The photoelectric effect was discovered by
Hertz in 1887 and more explained by Nobel laureate Einstein in 1905 [34]. P. D. Innes
experimented with the coupling of Rontgen tube and Helmholtz coils in 1907 and
recorded in a photographic plate that “the electron bands emission depending on their
speed” [35]. When electrons are irradiated with light of a certain wavelength, they are
emitted to specific value which depend on their atomic binding forces, which means
photoelectrons near the sample surface escape without losing energy through collisions
and defact subsequently. The energy are characteristics of the atomic and molecular
orbitals are studied from which they are originated. When we select the emitted electrons
with high-energy light (X-rays), then each atom generates a characteristic pattern of
signals depending on its oxidation state and present amount. The Kinetic energy of
photoelectrons is differentiated between “the energy of the X-ray photon” and “the

binding energy of the electron”.

X-ray photoelectron spectroscopy (XPS) is a low-resolution quantitative method
demonstrated by Nobel laureate Siegbahn in 1981 [36]. This was the first invented
electron spectroscopy device for chemical analysis (ESCA). Generally, XPS uses
monochromatic X-ray radiation to probe a sample in vacuum. In this method, X-ray
photons collide with electrons of the sample and cause the emission of photoelectrons
from the sample. The signals correspond to the specific emitted electron configuration for
each element. To generate the atomic percentage values, each obtained XPS signal must
be corrected by dividing the signal intensity i.e. number of detected electrons by a

“relative sensitivity factor” and normalized over the entire detected elements [33].

2.4.1.3 Scanning Electron Microscope: A scanning electron microscope (SEM)

produces highly magnified and resolved images of a material when a highly focused
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electron beam is scaned on the surfaces of the material. The SEM gives the information of
the material having the chemical compositions and their topology when a highly focused
electron beam interacts with atoms of the materials. The two-dimensional scanning beam
of SEM on the surface of the materials is used for the surface image formation by

collecting the secondary and backscattered electrons.

The upper surface area of the sample is scanned by the electron beam where the
high energetic electron lies through the electron gun. The secondary and backscattered
electrons are part of electron microscopy technique. A highly energetic electron falls on
the sample, and the interaction between the arrangements of the atoms with a beam of
electrons is used to investigate the surface of the sample. The morphology images of the
sample is visualized on the computer screen through the secondary and backscattered
electrons [37]. Power supply, vacuum system, cooling system, and vibration-free floor,
ambient electric and magnetic fields room’s infrastructure are the requirement for the
SEM. An electron gun, lenses, scanning coils, detectors to collect signals (secondary and
backscattered electrons as well as X-ray), sample stage, display/data output devices are
the basic components of the SEM. Fig. 2.6 represents the set-up of SEM. When an
electron beam hits the sample, many different types of signals are generated, which are
eventually used to observe or analyze the morphology/ topology of the specimen/material.
These signals include secondary electrons, backscattered electrons, Auger electrons, X-
rays. The SEM uses for revealing the morphology of surface details of the materials,
high-resolution images; detect the compositional difference, and elemental microanalysis

(EDX) as well as particle characterization.

Figure 2.6: External view of scanning electron microscope [Source: USIC, BBAU,

copyright permission].
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The advantages of the SEM are high-resolution image, fast recognition of existing
elements, and the SEM is also supported with other tools like EDX; but SEM has also
some limitations with the need for a typically high vacuum, destroy sample for further
analysis, and need to cut the size of specimen, etc. [38]. With these limitations of SEM,
the SEM analysis is popular among characterize the morphology of the micromaterials
and nanomaterials. The field effect electron microscpope FESEM gives high resolution
images compere to the SEM. So, FESEM used to investigate the shape and size with the
high resolution surface morphology.

The Field Emission Scanning Electron Microscope (FESEM) is a technique to use
as microscopy, which is similar to the setup of SEM. The difference between FESEM and
SEM is only the electron gun, which is led in the system. The FESEM, JSM 7610F,
consists of the Schottky field emission electron gun that makes the use of electric field
emission to lower the work function and increase thermionic emission of tungsten. The
field emission gun is produced an electron beam and greater current density or brightness.
The JSM 7610F FESEM is equipped with the gentle electron beam mode that gives high-
resolution images even the low accelerating voltage from 100V to 3.9 kV without
damaging the specimen surface. The FESEM is working on Schottky emission affected
by the high electric field is employed to the heated metal surface. A tungsten single
crystal (tip radius of few hundred nm) coated with ZrO acting as a cathode. The ZrO
coating reduces the work function to enhance the emission current at low cathode
temperature. Thermo electrons are shielded from the emitter by applying a negative
voltage to the suppressor electrode. The advantage of FESEM is that the electron beam
current highly stable because the emitter is placed in an ultra-high vacuum of the order of

107 Pa and it produces a larger probe current [39].

2.4.1.4 Energy Dispersive Spectroscope: EDS is also known as energy dispersive X-ray
(EDX). Occasionally, it is also termed energy dispersive X-ray microanalysis (EDXMA).
This technique is used to investigate the elemental composition of the specimen or
sample. The sample may be of any forms such as solid powders, solid thin films, and
liquid samples, etc. [40]. The SEM setup has also been included with the EDX having an
extra detector of X-Ray. EDS or EDX is part of X-ray Fluorescence (XRF) spectroscopy
where the ejected X-rays from the sample are analyzed to investigate a sample in
response to interacting with electrons when the interactions between EM radiation and

sample. The basic principle of the EDX is that every atom of a special atomic structure
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and it is allowed X-rays characteristic of an element of atomic structure to be recognized
especially when the interactions between EM radiation and sample [41]. The electron
beam excites an electron in an inner shell and emits electrons from the inner shell when
generates an electron-hole by absorbing the energy. The X-ray energy is released from a
sample when filling up the hole with the outer electrons, which can be examined through
an EDX spectrometer [42]. The EDX is generally used to investigate the composition of
elements in the specimen and it is also given the percentage of oxide of the elements in
the sample/material [43].

2.4.2 Spectroscopy Techniques

Spectroscopic techniques are used to convey out information of a strong modern
analytical framework of the creation of new FMs. It is focused on the development of the
physical foundations of new FMs. The main objective of the technique is to analysis the
how materials useful for studying the elemental, chemical, and molecular structure,
structural completeness of the surface interphase boundaries and nanostructures, and
materials metrology. The objective of this technique to analysis of FMs like Auger
Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XRF), Secondary lon
Mass Spectrometry (SIMS), Scanning lon Microscopy (SIM), etc. These techniques
belong to modern spectroscopy technique. These modern technoques allows us to
investigate elemental, chemical composition, atomic structure, structural completeness of

solid surfaces, surface layers, phase boundaries, and nanostructures.

2.4.2.1 Raman Spectroscope: Raman spectroscopy is a fundamental form of molecular
spectroscopy [44, 45]. The structural properties of the molecules are analyzed by
vibrational transitions using Infrared (IR) absorption and Raman scattering [46, 47].
Raman Spectroscopy determines vibrational and rotational energy level spacing from the
energy (in terms of wavenumber) shifting of the scattered light. Molecular transition
energies are observed by measuring the shifts in the frequency of light scattered when a
molecule is subjected to an intense beam of monochromatic light. The discovery of the
light scattering phenomenon viz. “Raman effect” was invented in 1928 by Indian
Scientist Raman [48]. Nowadays, this effect is commonly used to study the purity of the
molecules by the vibrational states of the molecules. This vibrational study was done in
the absence of intense monochromatic light sources, optical components, and detectors.
The use of Raman spectroscopy has been used to solve the fundamental and technological

problems. The Raman spectroscopy techniqueneeds the high-throughput monochromators
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and sensitive detectors of laser. The Raman scattering is a phenomenon of two photons
event in which polarizability of the molecule changes concerning its vibrational motion of
the molecule [49]. The interaction of the polarizability and incoming radiation of laser
creates an induced dipole moment in the molecule. The emitted radiation by the induced

dipole moment contains the information of both Rayleigh and Raman scattering.

2.4.2.2 UV-Visible Spectroscope: It is an excellent physical tool where the Ultraviolet,
UV-Visible, and near-infra-red (IR) wavelength spectrum are considered for investigation
of the optical properties of the incident light. To study the optical properties of the
incident light with the sample, the Beer-Lambert law is used to calculate the absorption of
the light in terms of the length of the sample and concentration of material in the sample.
Generally, the wavelength of the electromagnetic spectrum are 300-400nm for ultraviolet
region, 400-765nm for visible region, and 765-3200nm for the near-infra region (IR).
This spectroscopy technique is used to study the absorption of liquids, gases as well as
solids through radiation [50]. The absorbance of ultraviolet-visible (UV-Visible) light
gives different-different spectra of the FMs and the spectra of the FMs used to study the

spectroscopic properties of materials.
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Figure 2.7: Schimatic process of UV-Vis spectroscopy an external view image [Source:

USIC, BBAU, copyright permission].
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The basic principle of UV-Visible spectroscopy is a collision of light with the
specimen. When photon energy falls on the specimen, the electrons may be excited from
the ground energy state and reached a excited energy state. It shows exciting photons, and
sometimes it shows de-excitement, due to the absorbance and emission of light. After this
process, the revealed spectrum is observed . UV-Visible spectra is more significant than
the energy difference of ground and excited energy state is equivalent to the UV-visible
radiation [51]. The working mechanism of the UV-visible spectrometer is shown in Fig.
2.7. UV-Vis spectroscopy is used to calculate the band gap of compounds using

absorption spectra of the UV-Vis spectroscopy, which is based on the Tauc-plot [52].
2.4.3 1-V Characteristics Technique

The 1-V characterstic technique is used to study the property of photodetector to
measure the photoparameters via device analyzer (Keithley unit model 6517 B). In this
process, a white light source lamp (AM 1.5) of 550 nm wavelength is incident on the
film, after that, the voltage is applied onto the electrodes and measured the current in the
same electrodes. A self-made drived circuit is used to measure the dark-current and
photo-current. The Keithley unit Model 6517 B source meter is used to measure the 1-V
characteristics of the device. The Fig. 2.8 shows the process to study the I-V
characteristics for SnS nano flakes thin-film.

This chapter concludes the synthesis and characterization methods for Functional
materials (FMs). The best synthesis methods for FMs have discussed and also discussed
the characterization techniques of as-synthesis of FMs. By these methods, we can propose
the FMs for phovoltaic devices. 2-D nanomaterials i.e. thin films are mostly used in the
photovoltaic 2" generation solar cells. The 2-D FMs are already available in the market
and these materials are used to fabricate the energy devices. But the cost of such energy
devices became very high due to a high cost of synthesis process and use of rare earth
elements compositions. Besides this, the complicated and conventional synthesis

processes make it time consuming as well as hazardious for environment.
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Thin film Surface

Figure 2.8: The schematic diagram of Keithley (unit model 6517 B) set-up for I-V

characteristics measurement.

In this Ph.D. research work, we tried to study, how the energy devices are
fabricated with low cost, less-time consuming, eco-friendly method. For this, we have
focused on the abundant elements composition and synthesis process of FMs. The XRD,
XPS, SEM, FESEM, EDS, UV-Visible, Raman spectroscopy and impedence analyser
have used to characterize the as-synthesized FMs for energy device applications.
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Chapter 3

Synthesis and Characterization of II-VI group
(ZnO) Functional Material without any
Surfactant for Photovoltaic Applications

3.1 Introduction

Renewable energy is an essential energy in this era and it is one such option of
energy which is limitless. This energy is directly related to the environment. The
scientists and researchers from different streams are working together to make the
feasibility of renewable energy for society without harming the environment of the
surrounding medium. In the field of renewable energy, enormous advancement has
been done in the forms of a different novel device as photovoltaic cells, biofuel, fuel
cells, photo-detectors, etc. [1]. As a source of renewable energy, solar energy fits for
an absolute solution to the energy problem to the replacement of carbon-neutral
energy. At present, scientific advances in the field of energy sources have materialistic
solar devices but such available equipment are costly and also harmful to the
environment with 25% efficiency. To fulfill the demand of renewable energy, the solar
devices viz. solar cells need to refine and satisfy the challenge of high efficiency, low
cost, stability, and ecofriendly [1]. Currently, a scientific community needs solar cells
that have highly efficient, cost-effective and environment-friendly to address the
problem of solar energy resources. Many scientists and researchers are synthesizing
the different materials to use in efficient solar cells and other solar devices. The
synthesized compound or composite materials can be binary, ternary, quaternary and
other highly complex materials, and the properties of the materials and their
applications also depend on the structure and the composition of the materials as well
as the synthesis route of the material, for promising efficient materials to use in solar

cells.
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The transparent conducting oxides (TCO) films are conductive for electromagnetic
(em) waves and electrically conductive for optoelectronic devices such as flat solar
panel display. TCO films are made by organic and inorganic materilas and such
organic and inorganic TCO films are used for solar cells applications. However,
indium tin oxide (ITO) is maximum used in PV devices as a transparent conductive
oxides due to low resistance, highly electro and photo conductive and suitable band
gap [2]. Among the different hybrid materials as well as complex materials, ZnO is
very easy to fabricate and shows excellent properties to use in different applications

including solar devices.

ZnO is a very favorable material for photovoltaic cells due to its salient
characteristics of non-toxic, highly stable at normal temperature, low cost, stability as
well as easily synthesis with efficient electronic and optical properties [3-5]. The
structure of ZnO shows wurtzite with the distance between the parallel planes of
atoms; a=0.325nm, b=0.521nm, excitation binding energy (BE)=60meV, and
Eq=3.37eV, which support the excitonic emissions at room temperature [6-8]. To
control the optical properties of ZnO, the researchers have tried to tune the
conductivity of ZnO material with doping of oxides [5]. To obtain the uniform size and
shape of ZnO nanomaterials, various synthesis methods have been used like Spray
pyrolysis, Thermal decomposition, Sol-Gel, Chemical vapor decomposition (CVD),
and Coprecipitation, which obtains suitable shape and size of the nano materials for
appropriate application [9-11]. Among all points of synthesis routes, Coprecipitation
method is efficient to yield controllable morphology and reproducibility of
nanomaterials using low-cost materials [12, 13]. ZnO layers can be prepared by a
number of methods most often by magnetron sputtering either from group of the same
elements or reactively from metal targets. Due to the unique electronic and optical
characteristics of ZnO nanoparticles, ZnO has various applications in various
electronic and optical devices such as lasers, gas sensors, photocatalysts, nano-

generators, biosensors, varistors, photodetectors and acoustic wave devices [8].

The hetero-junction PV devices are used to conversion the solar energy into
electric charge and fabricated by the combination of two components: (a) Organic
semiconductor allocation the light harvesting and generate the electric donar charge,
(b) Inorganic semiconductor behave as electron acceptors [14]. In these types of
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inorganic PV devices, the electron mobility of ZnO is highly stable in physical and
chemical form of materials. Due to this stable characteristic of ZnO, the electron
acceptors characteristics in organic semicondoctors are replaced by the electron
mobility of ZnO. In inorganic solar cells (ISCs), the total energy generation
mechanism is similar to that of the organic solar cell system (OSCs). In this
mechanism, the illumination light generates exciton i.e. electrons and holes, and then
diffuse to them (donor/acceptor) at interface within a certain length of diffusion [15].
In the PV devices, the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) gap generated in the band structure at the
doner-accepters interface. This interface delivers a dynamic force to the charge carriers
to neutralising the binding energy of excitons and detaching them onto two free
carriers bia charge transfer. The free charge carriers are transferred to the cathode
(positive charge carriers) and anode (negative charge carriers) by the acceptor and
donor atoms/molecules in the materials [3]. The nanoparticles, nanowires and
nanorods of ZnO are used as window layer for photovoltaic applications due to high

photocurrent density.

In the natural resources of water, the various toxic inorganic substances like F,
As, Pb, Cu, Cr, Hg, Sb etc. and organic polluted substances like household wastes,
commercial wastes, pesticides and microorganisms are found [17]. Besides this the
anthropogenic activities like sewage and cosmic activities are caused to contaminant
the natural water [18]. Inorganic waste ingredients in groundwater are the main
problems of atmospheric pollutions where inorganic chemicals, carcinogenic organic
and infectious pathogens are polluting the ground water day by day. The inorganic
pollutants are mainly found for two main reasons: first is a lack of information about
the chemicals to be disposed off, and the second is the failure to eliminate
anthropogenic pollutants from nature. As a result, the inorganic ingredients in the
environment are responsible for the pollution of the ground water because the
inorganic ingredients include nitrates, nitrites, fluoride, arsenic, irons, manganeses,
lead, mercury, chromium, cadmium, and aluminum are pollutants in the wastewater
[19]. If the impurities of wastewater ingredients need to be removed, then such
wastewater is recycled into potable water. The synthesized ZnO nanomaterials are also
used in the wastewater treatment applications. The impurities of wastewater

ingredients are removed by photocatalytic process of the ZnO nanomaterials. The ZnO
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nanomaterials absorb light and generate electron-hole pairs. The separation of excited
charges carriers transfers to the surface of ZnO nanomaterials photocatalysts produces
the redox reactions that is used to remove the impurities from wastewater [16].

In this chapter, we have discussed the synthesis of ZnO nano-material using
the Coprecipitation method without any surfactant for window layer in PV devices.
The confirmation of shape and size of ZnO nanoparticles can be done by the necessary
characterizations like scanning electron microscope (SEM), X-ray diffraction (XRD),
UV-Visible and Energy Dispersive X-ray spectroscopy (EDS). Using the above-
mentioned characterization tools, we have determined the bandgap, porosity as well as
surface morphology of the prepared ZnO nanoparticles. By doping of different
appropriate materials in the ZnO nanoparticles, the conductivity of the ZnO
nanoparticles can be enhanced [20]. The recent development of aggregated
nanocrystalline ZnO in Dyesensitized solar cells (DSCs) shows a high improvement in
the photo conversion efficiency of the ZnO-based DSCs [21, 22].

3.2 Experimental Method

The core materials for synthesis of ZnO nanoparticles, have taken the laboratory-
grade Zinc acetate (98.5% pure Zn(CH3;C0OO),.H,0) and Sodium hydroxide (98.5%
pure NaOH) from Thermo Fisher Scientific Pvt. Ltd. India. The chemical wet methods

are adopted to synthesis the desired ZnO nanoparticles.
3.2.1 Synthesis of ZnO Nanomaterials Powder

Using the suitable ratio of core materials, ZnO nanoparticles were synthesized
by CPM route without any surfactants. In this synthesis process, Zn(CH3COO),-2H,0
(0.2M) and deionized water (DI) were mixed forcefully up to 3hours at 60°C
temperature. Further, 150ml solution of distilled water and NaOH (1M) were mixed
dropwise at a 1.5ml/minute rate. The filtrate obtained by a white precipitate of solution
with pH=9 is washed with DI water and ethanol to filter out unwanted products by
precipitate. After the removing unwanted products, the filtrated compound of ZnO was
dried for at least 24hours at 80° temperature. With this described process, we have
prepared three samples of ZnO nanoparticles with pure phase compound (sample-A),

calcinated the compound at 600°C (sample-B), and annealed compound at 800°C
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(sample-C). Further, we have characterized the as synthesized samples with different

tools to look into the desired application of solar cells.

| op |

U

White color precipitate (9 pH)

Dried for 24 hours at 80° temperature

Figure 3.1: The flow chart diagram of ZnO nanomaterials synthesis by

Coprecipitation method.
3.2.2 Thin-Film Deposition of ZnO Nanomaterials

To get the best result of surface morphology of the ZnO material by scanning
electron microscope, we have fabricated thin-film on the soda lime glass (SLG)
substrate. First of all, the SLG substrate was washed by detergent powder and cleaned
by an ultrasonic bath in DI water and ethanol mixture and was dried at 80°C in an oven
before the deposition of the CZTS solution. The precusrure solution of ZnO was
prepared in ethylene glycol (EG) and found a homogeneous dispersed solution after
ultra-sonication. The ZnO solution was deposited by drop-casting methods on heated
hot plate at 60°C and was repeated this process 3-5times to get the best thickness of the
film. The ZnO film was dried on a hot plate at every process of deposition. The surface
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morphology of the ZnO thin film was analyzed by the scanning electron microscopy

(SEM) and results are discussed in the next part in this chapter.
3.3 Results and Discussion

For the desired application of the ZnO nanoparticles, the pre-synthesized ZnO
thin film was characterized by using powder X-ray diffraction (XRD) and scanning
electron microscope (SEM) methods. XRD method was employed to study the size
and shape of prepared materials in the diffraction ranges between 20° and 80° (degree)

i.e. 20° < 2e< 80° (degree), with CuK, monochromatic radiation with wavelength A=

0
1.5418 A . The SEM (JEOL-scanning electron microscope) was used to analyze the
surface morphology of ZnO thin film These characterization methods are discussed in

the following subsections.
3.3.1 X-Ray Diffraction Ananlysis

As discussed earlier, we have synthesized three samples of the ZnO
nanomaterials i.e. without calcinated at room temperature 35°C (A sample), and
calcinated at 600°C (sample-B) and 800°C (sample-C). Fig. 3.1 revealed that the XRD
patterns of all three samples of as synthesized ZnO (A=R;, B=600°C, and C=800°C)
are strong patterns. These diffraction peaks in the XRD patterns have (100), (002),
(101), (102), (110), (103), (112), and (201) planes of ZnO nano material [23]. Also,
wurtzite structures of ZnO nanoparticles of annealed samples were confirmed by
JCPDS card no. 36-1451. The intense peak values of (100), (002), and (101) crystal
planes are found at angle (20) in degree 31.75° 34.40° and 36.24°, which is shown in
Fig. 3.2. Due to absence of any impurity in the as-synthesized samples, the XRD
patterns shows by the miller planes of ZnO samples. The obtained diffraction peaks in
XRD patterns of ZnO samples get stronger as well as sharper with the higher
calcination temperatures. The results reveal to enhance the crystalline nature of
prepared materials. Using Debye Scherer method, the average crystalline size of the
ZnO nanoparticles is found to be 22.54nm and 28.15nm with lattice parameters a, ¢ as
0.3248nm, ¢=0.5205nm. The obtained results also support the formerly published
paper by Lee et al. [23].
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Figure 3.2: XRD patterns of ZnO nanoparticles (a) ZnO at 35°C, (b) ZnO calcinated at
600°C, and (b) ZnO calcinated at 800°C.

3.3.2 Scanning Electron Microscope Analysis

The surface morphology and EDS analysis of ZnO nanoparticles on the glass
substrate prepared by Coprecipitation are shown in Fig. 3.3. The surface morphology
in Fig. 3.3 shows only the spherical and rod shape of the ZnO nanoparticles and the
absence of other sizes and shapes of the nanoparticles. As-prepared thin films are
micro-porous and rough, that indicating the absorption of electromagnetic radiation in
solar cell applications. In addition, EDS analysis of the synthesized ZnO material at
the atomic scale is given in the Tab. 3.1. This analysis shows the strong peaks of zinc
and oxygen in as synthesized ZnO nanoparticles. At room temperature without
calcinate sample of ZnO comprises 73.70% of Oxygen and 26.30% of Zinc. After

calcination, Zn ratio is increased with calcinate temperature.

Table 3.1: EDS analysis of Zinc oxide nanoparticles at various calcinated

temperatures:
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Elements present Amount Ratio Amount Ratio Amount Ratio
(Rt =35°C) (T=600°C) (T=800°C)
O 73.70% 63.02% 69.99%
Zn 26.30% 36.98% 30.01%
Total amount 100% 100% 100%
percentage=

Figure 3.3: SEM results of ZnO nanomaterials at different calcinated temperatures

and Room temperature.

3.3.3 ZnO Nanomaterials for Window Layer in Photovoltaic

Applications

On the basis of above characterisations results of XRD, SEM, EDS, ZnO
nanomaterials are suitable for window layer applications. The schematic representation
of window layer in hetero-junction photovoltaic device is shown in Fig. 3.4. The
hetero-junction photovoltaic device has the different multilayers of different functional
materials such as ITO/CZTS/CdS/i-ZnO/Al:ZnO/ARC/Ag, where ITO is used as

conducting substrate, CZTS is used as absorber layer, CdS is taken as buffer layer,
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intrinsic ZnO (i-Zn0O) and Aluminum doped ZnO (Al:ZnO) are used as window layers,

ARC is used as anti-reflection coating and silver past (Ag) is used as electrode.

As we know that the window layer is used to reduce the recombination of the
charge carriers below the antireflection layer in the photovoltaic cell because window
layers with high band gaps have passed the photons to the absorber layer either CZTS
layer or SnS layer material. In hetero-junction thin-film solar cells, the window layer is
mainly used to form pn-junctions with the absorber layer. The window layer is desired
to achieve a high bandgap, small thickness and low series resistance for high optical
throughput. The high electrical conductivity must be combined with a low value of the
optical absorption constant (o) in the visible range. The absorber layers should have
high optical absorption coefficient with high mobility, good carrier lifetime, and

advanced crystallographic properties [24].

\ i1-ZnO

ITO

Figure 3.4: Representation of window layer (i-ZnO) in the hetero-junction Kesterite

solar cell.

The several metal oxides are used as the window layer, because they are
transparent and suitable for band alignment in the Kesterite PV devices. The Sn, In,
Zn, and Cd metals oxide have wide bandgap larger than 2.6eV, which can be used as
the window layer. The window layers of the ZnO and Al: ZnO materials are frequently
used in the photovoltaic cells due to high bandgap [20]. The large band gap window
layer materials is absorbed the negative charge carriers from the buffer layer and
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reduced the recombination at the interface in kesterite PV devices. This window layer
should have a small thickness (60-80nm) comparison to the thickness of convemsional
absorber layer. Such thickness of the absorber layer is used to reduce series resistance
in the thin film PV devices. The ZnO window layer, as a specific structure, can be
considered to use in PV devices having some major purposes: (i) to form the n-type
half of the p-n junction, (ii) to minimize to conduct recombination near the
absorber/window interface, and (iii) current to metal grid. It is also obvious that the
window layers should be transparent to incident light such that incoming light reaches
easily at the absorber layer.The thin film ZnO nanomaterials can be fabricated by
simple SPM without any surfactant and this method is best option for mass production

of ZnO in industry.

The Fig. 3.5 shows the schematic illustration of the conventional thin-film
layer stack used in chalcopyrite solar cell and its associated energy band diagram in

short-circuit and dark conditions [26].

CIGS CdS

14 I-Zn0O

04 E_
T 4.
< Transparent front-
" Metal-grid contact (ZnO:Al)
w . [‘N"TN” |

— Intrinsic layer (-Zn0O)
] —Buffer layer (CdS)
-31 — Absorber (CIGS)
» —Back contact (Mo) E on
o ’

Figure 3.5: Schematic illustration of the conventional thin-film layer stack used in
chalcopyrite solar cell and associated energy band diagram in short-circuitand dark

conditions, ref. [26].

The chalcopyrite solar cell consists of a back contact with a substrate (not shown), a p-
type material (CIGS), n-type material (CdS), and a metal grid. In between the buffer
layer and metal-grid, the intrinsic and transparent contact layer are used for transport
of charge carriers and ARC respectively. Now the electron-hole pairs are generated in
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the p-type material (CIGS), when high density of low energy photons reach into the
CIGS. It is only possible when high density photons passes through all these layers
(buffer, intrinsic, transparent and metal grid) without loss of energy then a large
number of electron-hole pairs are generated after absorption of the high density of low

energy photons.

Based on the synthesis and characterization analysis, elemental compositions,
shapes, sizes and surface mophology the pure ZnO nanomaterials are found suiable for
photocatalytic activity, which may be used for the removal of arsenic ingredient from
water [27].

3.4 Conclusion

In this chapter, we have concluded that the zinc oxide nanoparticles were
synthesized by the low-cost and ecofriendly Coprecipitation method without any
surfactant and this method is the best option to industrial production of ZnO
nanomaterial without any surfactant. As-synrthesized material without any surfactant
is crystalline similar results to synrthesized material with surfactant. It means that the
synthesis of ZnO nanomaterials without any surfactant reduce the cost of the material
production in their potential applications. The hexagonal wurtzite and polycrystalline
nature of ZnO was confirmed by XRD patterns with lattice parameters a= 0.3248nm,
¢=0.5205nm. The crystalline nature of as synthesized ZnO material increases with
calcinating temperature. As synthesized powdery ZnO nanomaterial has versatile
applications including photovoltaic devices as a window layer and third-generation
solar cell. Besides this, ZnO nanomaterial is also beneficial for the commercial use of
other applications like water treatment in the photocatalytics process i.e. the as-
synthesized ZnO material may be useful for the removal of arsenic ingredient from

water.
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Functional Material (I-II-IV-VI.) Cu.ZnSnS.
Synthesis without Vacuum Anneahing for
Photovoltaic Applications

4.1 Introduction

The functional material of I-11-1V-V1, group i.e. Cu,ZnSnS, (CZTS or CZSS) has
attracted enormous attention in promising development of solar energy conversion,
hydrogen production, light emitting diode (LED), etc. The reason behind the emerging
advancement of CZTS material is it’s high absorbent (>10%cm™), and contains the
sustainable earth-abundant elements like Cu, Zn, Sn, S that makes it low cost, non-toxic,
environment-friendly device [1-3]. CZTS has tunability bandgap from 1.0 to 1.8 eV,
which is an advanced feature to promote application as an absorber layer in PV devices.
More discussion about this material for solar energy conversion applications has already
been discussed in the chapter-1. From the “Introduction” chapter, we concluded that
binary and ternary phases are the major problems in the CZTS, which are removed by the
sulfurization process [4]. Some researchers have also been tried to resolve these major
issues from I-11-1V-VI, material by an effort of either sulfurization process or inert
annealing process, which has a lot of hurdles in synthesis processes [5]. The
sulfurization/annealing process makes it costly and time taking process. Hence, CZTS
synthesis methods have gained much attention for the exploration of novel methods

across the globe.

To overwhelm the problems of the sulphurization/inert annealing process, lots of
researchers have been used various methods for synthesizing CZTS nanomaterials (NMs)
for wide photovoltaic applications [6]. The various methods like Coprecipitation [5], Sol-
Gel [7], Solvothermal [8], Hot-injection [9], One-pot synthesis [10] and Microwave-
assisted synthesis [11] are used to synthesis of CZTS NMs for photovoltaic materials
applications. In the photovoltaic device, the CZTS is used as an absorber layer. The active
area efficiency of CZTS solar cell was 6.77% by the fabrication of sputtering method [2],
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and 8.4% by the co-evaporation deposition method [12]. The high vacuum system in the
thin film deposition process is the costly method for of CZTS solar cell, and non-vacuum
system can provide low cost synthesis of CZTS solar cells. The most useful non-vacuum
approaches include spray pyrolysis, electro-deposition/electrolysis  deposition,
Coprecipitation and ink approaches [13-16]. Among the above non-vacuum methods, the
CZTS nanomaterials are synthesized in the form of powder, ink and thin-film. In these
forms of nanomaterials, they have been found stability for the large scale production of
CZTS materials [17]. The CZTS based solar cells were reported 5.1% efficiency by the
solution ink methods [18]. However, by replacing the Zn atom with the Cd atom, the
efficiency of Cu,Zn;4Cd,SnS, was found 9.24% [19]. The efficiency of powdery CZTS
(CZTS,Se) nanocrystals fabricated device reported 7.2%, which was stable for powder
form CZTS NMs [20]. The dry nanocrystals based approaches draw more and more
attention to the peoples because the solution ink method can control the stability and

phases during the film deposition.

In the Mo/Absorber layer/buffer layer/nanostructured metal oxide/metal grids
device, Pal et al. [21] found the drawbacks of thermal instability in the absorber layer.
There is another limitation of photovoltaic that is the erosion reaction due to which
surface instability of CZTS increasing at back contact of Mo layer [22]. The metallic
oxide layers between the CZTS and Mo contact prevents the direct contact of CZTS and
conducting substrate, can overcome this type of problems. According to Yan et al. [23]
offered a thin layer of TiO, in CZTS PV device with a conversion efficiency of 2.15%.
Hamady et al. [24] observed theoretically to make a novel approach of InGaN Schottky
based solar cell device, which can enhance the efficiency 22%. In this device, they also
proposed that GaN could be replaced by the CZTS absorber p-type layer.

In this chapter, we have synthesized CZTS nanomaterials (NMs) by facile and
low-cost  Coprecipitation  method  without vacuum and  without inert
annealing/sulfurization, where the ethanol and water mixture were used as a solvent. This
synthesis method is easy and simple synthesis and ecofriendly technique at room
temperature (R; ~35°C). In this synthesis, we have not used any surfactants and
vacuum/noble gases, which made it low-cost, and cheap, economically in comparison to
other methods. The ethanol-solvent plays an important role in the formation of tetragonal
structural CZTS phase in spherical NMs. The novelty in this work is that CZTS NMs

(spherical) has synthesized without any sulphurization/vacuum/inert annealing, which
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impart the huge sulfur to save the atmosphere. Hence, the surface-to-volume ratio of
CZTS NMs materials enhances the materials properties and appropriate characteristics of
the materials, and the CZTS NMs may use as the photovoltaic absorber layer for solar

energy conversion.
4.2 Experimental Method

Precursors Cupric (Il) chloride (CuCl,.2H,0, 98.5%), Zinc (Il) acetate
(Zn(CH3COOH),.2H,0, 98.5%), Tin (I1) Chloride (SnCl,, 97%), were taken for metallic
cations “Cu, Zn, and Sn”, which was collected from Thermo Fisher Scientific Pvt. Ltd.,
India, and thiourea (NH,CSNH, (reagent grade with 98%) was taken for “S” anion, which
was collected from Sarabhai Chemicals Pvt. Ltd., India. The ethanol was taken from
analytical reagent grade and De-ionized (DI) water from De-ionized water unit from

Department of Chemistry, Babasaheb Bhimrao Ambedkar University, Lucknow, India.
4.2.1 Synthesis of CZTS Powder

To synthesize the CZTS NMs, we have taken the above precursors in certain
stoichiometric ratio. First of all, metal precursors Cupric (1) chloride (8mmol,
0.5455gm.), Zinc (I1) acetate (4mmol, 0.3512gm.), Tin (lI) Chloride (4mmol, 0.3034gm.)
were dissolved in ethanol and water in a beaker. After the stirring vigorously for 10
minutes, the thiourea (20mmol, 0.6090gm.) solution with ethanol and water was added
quickly and stirred continuously. After the 3-4hours, we found the transparent
homogeneous solution. Then mixture was transferred into a simple oven at 210°C for
3hours and cooled down to the room temperature and got the black color precipitate (ppt).
This ppt was centrifuged with alcohol and water three times at 7000 round per minute
(r.p.m.) for 15 minutes and washed several times. After this process, the precipitate (ppt)
was dried at 80°C in the simple oven and crushed into a fine powder by using a mortar
pestle and named as sample-A. In a similar process, sample-B and sample-C were
prepared with the Sulphur salts variation of 18mmol (0.5480gm.) and 16mmol
(0.4871gm.), respectively. The whole synthesis of ZnO NMs powder is shown by a

schematic diagram in Fig. 4.1.
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Figure 4.1: Schematic diagram for synthesis process of CZTS NCs by a chemical route.
4.2.2 Reaction Mechanism

During the synthesis process, metallic precursors react with organic solvent
ethanol and form the metal alkoxide [M(Tu)m]-OR. At this step, thiourea reacts with
metallic cations (Cu®*, Zn?*, Sn?*) and forms the metal thiourea complexes. This metal
alkoxide reacts with [M(Tu)m]-X and forms the ester group complex
[M(Tu)m]—0—[M(Tu)m]. The complex [M(Tu)m]—O—[M(Tu)m] breaks into the binary
sulfides e.g. Cuy,S, ZnS, Sn,S, SnO, and volatile matter. At this stage, nucleation and
growth of the nanomaterials are started and formed the polycondensation reactions. The
[M(Tu)m]-0O—[M(Tu)m]complexes are subjected to alcoholysis, and condensation

reactions at 210°C and formed the CZSS spherical NMs. All steps of probable reactions
are shown from eqn. (4.1) to eqn. (4.6) and given below:

metal(M) —anion + Thiourea(Tu) — [M (Tu)m]—anion (4.1)
[M(Tu)m]—anion+ ROH — [M(Tu)m]—OR + H —anion 4.2)
[M(Tu)m]—anion +[M (Tu)m]-OR — [M(Tu)m]- O —[M(Tu)m]+ R —anion

4.3)
[M(Tu)m]-0 -[M(Tu)m]+R - X —Cu,S +ZnS + Sn, S + Sn0O, +Volatilgmatter)

(4.4)

Cu,S +2ZnS +5n,S — Cu,ZnSnS, (4.5)
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Cu,S +2ZnS +5n0O, +S — Cu,ZnSnS, (4.6)

The symbols used in these equations are M, X, Tu, and R, x which means M=metal
ions (Cu®*, Zn®*, Sn?*), X=anions (CH3COO™ or CI), Tu= thiourea and R=organic
molecular chains of ethanol, x= quantity of elements. The volatile mixture CS,, CO,,
NO,, SO,, H,0, and NH,CI are evaporated during the synthesis in oven at 210° C. The
organic solvent such as ethanol easily formed the [M(Tu)m]-X from metallic cations &
anions [25, 26]. Generally, NMs synthesis in traditional non-aqueous solutions, O is
formed the metal-oxygen—metal bond by the precursors [27]. Actually, M—O bonds, M-S
bonds, and O—M-S bonds of the thiourea—metal complex [M(Tu)m]-O—[M(Tu)m] system

is coexisted in the precursors Gel formation step [25].
4.2.3 Thin Film Deposition

For the film fabrication of CZTS, soda lime glass (SLG) was used as substrate to
deposit the CZTS film by spin coater, Systronics (HSC-8000) Pvt. Ltd. India. Before the
deposition, the SLG substrate was cleaned by an ultrasonic bath in distilled water and
ethanol and was dried at 80°C in an oven. For the deposition, the CZTS solution was
prepared in ethylene glycol (EG) and found a homogeneous solution after ultra-
sonication. The film was deposited at 1000 r.p.m. for 30 seconds and repeated it 3-5 times
to get the best thickness. This film was used to the characterization to observe the surface

morphology by appropriate characterization techniques.
4.3 Results and Discussion

For phase purity and structural analysis, the CZTS NCs were characterized by
Bruker D8 Advance X-ray diffractometer with 0.154056nm wavelength of X-Ray (Cu K-
alpha radiation). The angle range was fixed 20°-70° and scanning rate of the sample was
slow. For the optical analysis (such as absorption & bandgap evolution) of the sample,
UV-visible absorption using a UV-Visible spectrophotometer (Evolution 201), Thermo
Scientific Pvt. Ltd., U.S.A., was used in Nanoscience and sensors laboratory, Department
of Physics, Babasaheb Bhimrao Ambedkar University, Lucknow, India-226025. The
vibrational molecular study of the CZTS was done by the Raman spectrometer model
(HORIBA Scientific, Jobin-Yvon Lab RAMHR 800UV) Pvt. Ltd., France, with laser
light source wavelength 514 nm. The surface morphology of spin coated CZTS NMs was
analyzed by SEM-JEOL Scanning electron microscope (JEOL Ltd. Tokyo Japan, JSEM-
6490LV).
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4.3.1 X-Ray Diffraction Analysis

The X-Ray diffraction patterns of CZTS NCs is shown in Fig. 4.2 in which
diffraction angle was taken 20° C to 70° C with slow scanning rate. The XRD patterns
reveal that the signature of projecting peaks at angles (260) 28.5° 47.3° and 56.2°
corresponds to the planes (112), (200), and (312), respectively. This result is well
matched with JCPDS card no. 26-0575 and found that CZTS is a tetragonal structure with
Kesterite phase. This result reveals that low peak intensity of the plane (312) presence in
sample-C are justified the minor impurities or deformations. In the XRD patterns,
samples-A and B have high intensity peaks in comparison to sample-C that means A and
B samples are less impure comparison sample C, and found the probability to pure the
phase of Kesterite. Here, the peak positions and intensities are slightly decreased from
sample-A to sample-C and it means the crystallinity decreases with sulphure ratio
increases. The average crystalline size 15nm, 17nm, and 17nm was analyzed of sample A,
B, C, respectively by Debye-Scherer’s formula.

e N\ j .

=

> (112) (220)

‘® «wwwsC_Ethanol

5 =B Ethanol

E == A Ethanol

e CZTS kesterite
312)
L] L] L) L]
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Figure 4.2: XRD patterns of CZTS samples A, B, C with the variation of concentration of
Sulphur, comparative with standard CZTS Kesterite.

Cheng et al. [26] showed the XRD patterns of CZTS where Cu3SnS,, CusSnSy,
CuS, Cu,S, SnS, SnS, plane peaks were absent. This prediction reveals the purity in
CZTS material, which is similar to our XRD results. Hence, CZTS NMs are to be found
in the pure quaternary phase in nature, but XRD patterns of CZTS, CTS, and ZnS are
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indistinguishable, because the peak (220) in the CTS and ZnS has the same as the peak
positions of plane (220) in the CZSS. For the suitable phase identifications in CZTS,
further analysis is required e.g. Raman spectroscopy. Therefore, Raman Spectroscopy of
the A, B, and C samples was done to distinguish the phases of CZTS, CTS, and ZnS

materials.
4.3.2 Raman Spectroscope Analysis

The presence of spatial distinguishable phases can be distinguished through the
Raman spectra. Minute differences in the phonon densities of states between the different
chalcogenide phases can be distinguished from the shifting peaks in the Raman scattering
of the samples. Himmrich and Haeuseler [27] announced that CZTS phases with its
family of phases can be distinguished by the study of Raman spectroscopic
characterization. They found one strong peak and two weak peaks of wavenumber at 336
cm™ and 285 cm™, 365 cm™, respectively. The review literature of CZTS in Raman
spectroscopy confirms that strong and weak intense peaks positions are found at
wavenumber regions 332-339 cm™ and 251-288 cm™ and 368-374 cm™ [28, 29].

Fig. 4.3 shows the Raman spectrum of CZTS NMs for sample-A, B, C, which
were synthesized through Coprecipitation method without any surfactants. In this figure,
Raman spectra are compatible with the XRD results, because XRD data were confirmed
that the prepared CZTS NMs are tetragonal Kesterite phase structure. In this Raman
spectrum, high intensity (major) peaks at 328 cm™, 332 cm™, 333 cm™ with two shoulder
peaks at 288 cm™ and 351 cm™, 288 cm™ and 352 cm™, 288 cm™ and 355 cm™ were
found for prepared sample-A, B, C, respectively. These results are good in the case of
announcement of samples. The reason behind this is the high amount of sulfur, that was
taken for the optimization conditions of the stoichiometric ratio. In this synthesis method,
the excess sulfur supply evaporates and supplies the sulfur atmosphere to maintain the
stoichiometric ratio. In Fig. 4.3, some minor peaks are observed with less intensity at 475
cm™ and 575 cm™, which confirms that there may be the phases of Cu,SnS; and ZnO
[30]. But XRD characteristics have verified already that such compounds (Cu,SnS;3 and

Zn0) do not exist in CZTS material in Coprecipitation method.
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Figure 4.3: Raman spectra of CZSS Kesterite (NCs) synthesized from Cu®", and Sn*" at
210°C while varying the S: M ratio. The sulfur source thiourea was varied from 16, 18,

20mmol i.e. sample A, B, and C, respectively.

The peak intensities of Raman Spectroscopy are shown lower and broader as
confirmed by Fig. 4.3. The reason behind the broadening of peaks intensity is due to the
phonon confinement in the CZTS NMs. It leads to break up the selection rule and it
means that the non-zone-center phonons will participate in scattering [27]. However, this
observation confirms that peaks are shifted towards the higher wavenumbers (e.g., 332 to
333 cm™). Sample-A has the wave number 328 cm™, which is out of Kesterite
wavenumber range 331-339 cm™, which was also confirmed by Wang et al. [28, 31]. So,
these results confirm that sample-A has not pure stoichiometric ratio and not fruitful for
photovoltaic applications. The inhomogeneity in the structure is detected by peak shifting

towards the higher angle side due to the disordered cations within the sub lattice. The
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secondary phases of Cu,S, SnS, SnS,, ZnS, Cu,SnS3, and CusSnS, were not detected in
these Raman spectra. After analyzing the XRD and Raman characterizations, we have
concluded that Sample-B has given the best results for photovoltaic applications due to
the proper stoichiometric ratio for a stable CZTS compound. The morphology of the

samples is studied by scanning electron microscopy.
4.3.3 Scanning Electron Microscope Analysis

Surface analysis of the spin coated CZTS thin film was done by scanning electron
microscope (SEM). To characterize the film, we have mounted the sample with platinum
(Pt) coated on mounting stand. The surface morphology of CZTS NMs thin film with “S”
element variations is shown in Fig. 4.4 (a), (b) and (c). The roughly distributed spherical
type CZTS NMs on SLG substrate is shown in sample-A and it was found the cracked
and clustered film, which is not useful for photovoltaic applications. However, the SEM
analysis of the sample-B & C shows the changed size and shape of CZTS NMs. These
samples have less cracked and clustered in comparison to sample-A, which is useful for

photovoltaic applications.

The reason behind the cracking of the CZTS film is high rate of the solvent
evaporation. This type of cracking problem may be removed by reducing the evaporation
rate. The agglomeration is another problem, which is generated due to the anisotropic
growth of NMs during fabrication process. The reason behind the anisotropic growth is
the selective binding nature of ligands. If S element precursor thiourea increases, then the
CZTS crystal growths of sample-A to sample-C are also increased. This effect is already
discussed in XRD and supported the results. In the morphology analysis, reason behind
the different resolutions of characterization images are that image of the surface was not
clear. The size distribution with the fraction percentage of the CZTS NMs on the
substrate (sample-B) is shown in Fig. 4.4 (d). Having a good phase and morphology in
sample-B, the optical bandgap was analyzed only to see the suitability for the application

of the photovoltaic cells.
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Figure 4.4: SEM images of CZTS powder thin film with Samples A, B, and C,

respectively, and (d) size distribution with fraction percentage.
4.3.4 Optical Analysis

By the XRD and Raman characterization analysis, the sample-B was found to be a
good material for photovoltaic applications. The optical analysis of sample B was done by
UV-Visible spectrometer to characterize the band gap, which is shown in Fig. 4.5. The
optical bandgap energy of the sample B was analyzed by using the Debye-Scherer’s
formula azA(hv-Eg)l’z/hv for direct bandgap and it was found 1.33 eV. This band gap is
suitable for photovoltaic cell application, which was already theoretically predicted by
Shockley and Queisser and is called Shockley and Queisser limit for PV cells. Besides
this, the XRD analysis has been also shown that the Cu,SnS; and ZnO phases do not
exist. It means, CZTS is free from the Cu,SnS; and ZnO. So, in the absence of
sulphurization and salinization processes, the CZTS NMs impart less toxicity of the
unusual materials in the synthesis and it is useful for the environment.

The nanomaterials of CZTS enhances the surface to volume ratio properties of the
synthesized material and it reduces the size of the material. In this order, quantum
confinements phenomenon is occurred in many electronic levels of CZTS NMs. In the

deposition of CZTS thin film process, one dimension of the material is reduced to nano
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size and occured the quantum well due to restriction of the freely motion of electrons in
2D.
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Figure 4.5: UV-visible absorption spectrum of the CZSS NCs. Inset shows the plot of

(ahv)’vs. hv.

The single quaternary phase, good surface morphology, suitable optical bandgap
was found in the sample-B that means CZTS nanocrystals may be very useful material for

photovoltaic cell applications.
4.4 Conclusion

In this chapter, we were synthesized the CZTS NMs with varying “S” the 16, 18,
and 20mmol of precursor thiourea by the cost effective Coprecipitation method. For the
fabrication the film, spin coater was used and dried it in a simple oven. The as-
synthesized materials were done characterization analysis by XRD, Raman, and SEM
techniques. The characterizations were confirmed that the sample-B with 18mmol
thiourea concentration was found to be the best optimization result having the good
morphology of the polycrystalline Kesterite phase. The average crystalline size of
sample-B was analyzed and found about 17 nm. The optical band of CZTS NMs was
found to be 1.33eV, which indicates that CZTS NMs suitable for photovoltaic cells.
These exciting results for sample-B demonstrate that the synthesized CZTS NMs by
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Coprecipitation method without sulphurization may be fulfilled the promise of a low-cost
thin film for photovoltaic cell application. The novelty of this work is in the synthesis part
where the CZTS is synthesized by Coprecipitation method without any sulphurization and
solemnization processes. Such way of synthesis of the materials has less toxic as well as
low hazardous for the environment. From this, we have revealed that the synthesis of the
CZTS NMs by the Coprecipitation method without sulphurization may be the
economically cheapest and low hazardous for the environment. The thin film of as-
synthesized CZTS NMs may be used for Kesterite PV cells applications and best

composition for mass production of solar cells based on Kesterite CZTS nanomaterials.
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Synthesis and Characterization of Functional
Material IV-VI) SnS for Energy Apphcations

5.1 Introduction

In recent years, various 2-D layered materials have been attracted much more
attention to researchers to fulfil the demand of the current challenges of optoelectronic
devices. Most probable various layered materials are transition metal binary-
chalcogenides [1-3], Graphene and MXenes [4, 5], CNTs [6, 7], etc. Based on spectral
regions for photodetection, optoelectronic photodetector devices are categorised into three
types of photodetectors: Ultra Violet (UV, 10-380nm), Visible (VIS, 380-740nm), and
Infra-Red (IR, 740nm-1mm). Lots of UV radiations (10-380nm) are insolated on the
earth's surface, but they are restricted by the ozone layer, atmospheric dust, and moisture.
The photodetectors in UV radiation (10-380nm) are known as “Solar Blind
Photodetectors (SBPs)”, and the photodetectors in the visible range (380-740nm) are
known as “UV Blind Photodetectors (UBPS)”. The UBP or visible photodetectors are
widely used in spectroscopy, astronomy, imaging, medical diagnosis, and visible light
communication applications. The photodetectors devices are fabricated by the
multifunctional nanomaterials. The drawbacks of these photodetectors are low
performance, short stability and use of hazardous elements. The fabrication of eco-
friendly FMs by low-cost processing techniques is the solution of such problems [8].
Therefore, the low cost photodetectors are developed using the nanostructure materials.
This impressive progress has been made in 2-D layer chalcogenide-based photodetectors
because they have good absorption and optoelectronic properties of materials with high

performance. [9, 10].

In semiconductor devices, IV-VI functional groups of compound PbS, PbS,Se(.x),
SnTe, SnSe etc. have more attention due to their probable applications in optoelectronic
devices such as solar cells, photo diodes, and LEDs traffic light, hydrogen generation
devices etc. There are various 2-D layered semiconducting materials such as Si [11], GaN
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[12], CdS,Se [13], TiO, [14], ZnS [15], SnO, [16], SnS; [17], MoS, [18],WS; [19], SnS
[20], SnSe [21], have been great vigority in optical and optoelectronic properties for
photo detective behavior. Recently, earth abundant constituents elements based detector,
SnS, has much attention to make optoelectronic devices because SnS has high absorption
constant (10° cm™), low cost, ecofriendly and easily fabricated device [22]. The SnS is a
p-type semiconductor (2-D layered) with indirect band gap (1.0-1.2 eV) and direct band
(1.3-1.9 eV) [23-25]. In general, the indirect band gap is found in thin film SnS layer, and
the direct band gap is found for thick SnS layer [26]. Fig. 5.1 (a) shows the 2-D layered
SnS materials with orthorhombic structure of double layers and Fig. 5.1 (b) shows the
single molecule of SnS which was produced by BURAI software 1.3.2. In the Fig. 5.1(a),
Sn and S are connected to each other by covalent bond in zigzag form. In bulk form, the
SnS layers are connected by van-der-waal force. Sn and S has oxidation valancy +2 and -
2, and has the orthorhombic unit cell with lattice parameters a=3.98 A, b=4.33 A and
11.18 A [27]. The 2D layered SnS thin films have been deposited by different techniques
such as magnetron sputtering [28], thermal evaporation [29], chemical bath deposition

[30], chemical vapor deposition [31], and spray pyrolysis method [32].
‘ Sn

®h)

Figure 5.1: (a) Double zigzag layer of SnS molecules, (b) Single molecule of SnS.

The film deposition type methods are used to fabricate the optoelectronic devices
by different group of researchers. In above mentioned fabrication method, Spray
pyrolysis is the modest, less-time consuming, ecofriendly method and easy to scale up for
commercial production among them. First time, Reddy et al. [33] synthesized the SnS
nano-flake by spray pyrolysis for photovoltaic. Liu et al. [34] and Zheng et al. [35]

reported the fastest response time 5.1ms and 15.1ms for SnS nano-flakes and nanowires
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respectively, which was synthesized by chemical vapour deposition (CVD) method. The
CVD synthesis method needs vacuum with inert atmosphere that makes it costly and non-
ecofriendly. Fast photo response and recovery time at room temperature are key points for
this investigation. Some Researchers have been achieved significant success in important
parameters of photoresponse and recovery times. The main issues in the CVD method are
still remaining such as use of toxic, costly elements, and vacuum, inert atmosphere. Other
issues like adhesion with substrate and hydrophilic surface are also important points being

considered in fabrication of the devices.

SnS is a binary compound of the same groups, which is easy to synthesize and
directly may be used as an absorber material for photovoltaic application. First time, Cho
et al. [36] reported the hetero-junction SnS/CdS solar cell efficiency 4% in which SnS
used as an absorber layer. The binary nano-flakes of SnS were synthesized by cost
effective method like spray pyrolysis method (SPM). Due to non-peel off property,
roughness film surface and indirect band gap nature, SnS may used as a junction-absorber
(JABS) layer in Ag/ARC/AI-Zn0O/i-ZnO/CdS/SnS/CZTS/ITO hetero-junction PV device.
Because CdS/CZTS interface has cliff type band structure, That’s why different types of
recombination: thermionic and diffusion losses, interface recombination, Shockley Read
Hall (SRH) recombination [37]. Due to these major problems of charge carriers loss, the
efficiency of CZTS based solar cells couldn’t touch the efficiency of CIGS till date, while
the maximum properties of the both materials are same [38]. These problems can be
resolved by using a new type arrengment of layers in solar cells. In this approach, the
JABS layer may be used in the middle of absorber (CZTS) and buffer (CdS) layer in
Ag/ARC/AI-Zn0O/i-ZnO/CdS/SnS/CZTS/ITO. This approach will give an innovative idea
to enhance the efficiency of photovoltaic devices because the thin film hetero-junction,
JABS layer in the PV devices, makes it cheaper and ecofriendly in comparison to the
Graphenes, MXenes, CNTSs. In our view, it is adoptable in photovoltaic industry and it
will replace in coming solar devices. Besides this, the layer will give stability and long

durability to device, due to non-peel off property.

In this chapter, hydrophobic and scratch proof SnS nano flakes are synthesized by
SPT method. The photodetector properties of SnS by SP method were competitively
better than the photodetector properties of SnS by the CVD method [39]. Such thin film
of SnS nano flakes can be used as a JABS layer in Ag/ARC/AI-ZnOli-
ZnO/CdS/SnS/CZTS/ITO hetero-junction PV device to resolve the thermionic loss,
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diffusion loss and recombination problem in photovoltaic cell. The hydrophobicity and
adhesion property of the sprayed SnS thin film gives advanced feature to photodetector
device. This feature may be better option in atmospheric dusty area to autoclean the
device. Hence, hydrophobic property resolves the problem of accumulated dust from
optoelectronic devices. This cost effective and ecofriendly route of spray pyrolysis
synthesis method may be industrialized. In this way, the SPM route can be superior over
the CVD route for synthesis of SnS thin film photodetector. The stability of the SnS
photodetector is also analyzed after one and half year and result reveals the stable of the

device.
5.2 Experimental Method

All chemicals were purchased from Fisher scientific, India. Tin (Il) chloride
(SnCl,.2H,0) and thiourea (CS(NH,).), ethanol and de-ionized (DI) water were the
analytical reagent grade. The soda lime glass (SLG) substrates were purchased from
HIMEDIA, India. All reagents and solvents were used without any further purification

process. The SLG substrates were used by well manner purification.
5.2.1 Preparation of SnS Solution

In this synthesis, all chemicals are used of analytical grade and without any
purification. The spraying precursor of SnS was prepared without any surfactant. In this
process, tin chloride (SnCl,.2H,0, 0.1M) and thiourea (CS(NH,),, 0.1M) were mixed in a
solvent mixture of Deionized (DI) water and ethanol. The molar concentrations of Sn and
S ions are fixed as [Sn]/[S]=1. After stirring at room temperature, we get the light milkish

white homogeneous solution in which Sn (1) and S ions presented as shown in Fig. 5.2.
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SnCh Precursor\.
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' Nozzle

..... Droplets
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Drying
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Droplets

Nano Flakes

Figure 5.2: The Schematic diagram of synthesis SnS nanoflakes on SLG by SPM.
5.2.2 Synthesis Method

The spray pyrolysis method is self-assembled in our laboratory and this spray
pyrolysis set-up is cost effective method for low-cost device fabrication. For the sample
preparation, soda lime glass substrate (SiO,) was cleaned by ultrasonic bath in DI water
and methanol, respectively. By this process, the adsorption property of the film is
enhanced and the film contact become strong. The precursor solution was prepared for
spraying with the mixed solution of DI water and ethanol in ratio 3:1. Here, the ethanol is

used to reduce the surface tension of water. Above precursor solution was sprayed by
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glass spray nozzle onto the sodalime substrate at 350°C. The distance between nozzle to
substrate was 30cm. This distance plays key role to make the hollow shape droplets,
which helps to synthesis the nano flakes structure. In spraying process of precursors, the
spray rate (5-8ml/minute) was controlled by an air compressor. To balance the
temperature of substrate, spray process was repeated randomly for 4-5 times. After that
hot plate was cool down to room temperature normally, and SnS nano-flakes are formed
on substrate, which is shown in Fig. 5.3. For reducing the possible contamination of
Sn,S3 and SnS; phases, we have selected the Sn(ll) salt rather than Sn(lV) salt. The molar
concentration of tin chloride and thiourea were fixed at 0.1M and the [Sn]/[S] ratio was 1.
The ratio Sn/S was maintained for 1 till synthesized the film. After stirring one hour at
room temperature (Ry) 40°C, a homogeneous whitish solution was achieved. Hence, the

prepared solution of SnS Chalcogenide was sprayed on the soda lime glass (SLG)

substrate.
[ ~~,,
M o o= SnS
% £ X > Unit cell

SaCh2H.0

[NHLCSNH, |

Nano Nakes

Figure 5.3: Schematic diagram of the formation of synthesis SnS nano flakes.

Water
ethawol

Sprayed at 360%C

In the SPM, the precursor solution was sprayed on the glass substrate with keeping
constant substrate temperature 360°C for the JABS layer. The compressed air by
compressor (2.5HP) was used as a carrier gas. The pressure of carrier gas was 1.5bars and
the spray rate was 5ml/minute. The distance between nozzle to substrate was constant at
30cm during spraying process. In the thin-film growth process of SnS material, the nano

flakes of SnS are formed on the surface of SLG substrate, which is shown in Fig. 5.3.
5.2.3 Chemical Reaction during Synthesis of SnS Nanoflakes

SnS nano flakes based chalcogenide layered thin film was deposited by spray
pyrolysis method (SPM). The thin film of chalcogenide SnS material was formed by

following possible mechanism of chemical reaction [40]:
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SnCl,.2H,0 + H,0 + 2C,H;OH —>  Sn(0OC,Hs), + 2HCI + 3H,0

(5.2

Sn(OC,Hs), —> Sn"" + 2C,HO" (5.2)

NH,CSNH, + 2H,0 + 2C,H;OH ——  2NH; + CO, + H,S +2C,H;OH (5.3)
The overall ionic reaction is;

2NH; + CO, + H,S +2C,H;0H 2NH," + 877+ €O, + 2C,HsO" + 2H" (5.4)

Sn*™t + S - SnS (5.5)

Hence, finally the metal ions, thiourea complex, ethanol and DI water were makes the

precursor solution, inwhich the metal ion Sn is interacting with S ion.

Thus, the SnS and SnO, phase formation are given by the equation;

SnCl,.2H,0 + NH,CSNH, +H,0 —®  S$nS + 2HCI + H,0 +2NH," + CO, +
+ 2C2H50H 2C2H50- + Sl’l02

(5.6)

The sprayed thin-layered material of chalcogenide SnS is shown in Fig. 5.4. The
Fig. 5.4 clears that the nano-flakes are formed on the substrate. In the starting point of
spray, fumes from the nozzle transported the SnS, SnO,, HCI, H,O, and C,HsOH
compounds with carrier solvent into a form of tiny droplets.

5.2.4 Device Fabrication for Photodetector

For the device fabrication, sprayed thin-film SnS is used without any treatment.
The silver paste was used to prepare the both electrodes of metal and mde a device
Si0,/SnS/Ag. This device is dried at 80° C temperature on heating plate for 8-10 minutes.

After the cooling it, the photodetector is ready to characterize.

To measure the photoelectric measurements, Keithley unit model 6517 B was
used as a device analyzer. In this measurement, a white light source lamp (AM 1.5) of
550 nm wavelength is used on the film and illumination is deposited directly. After that,
we have applied the voltage in the electrodes and measured the current in the same
electrodes. A self-made drive circuit is used to measure the dark-current and photo-
current. The Keithley unit Model 6517 B source meter has used to measure I-V

characteristics of the device. To confirm the stability of the device, we have repeatedly
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measured the photoresponce characteristics after six months to one year. The results were

repeated same as similar to the initial results.

Thin film Surface

Figure 5.4: The photodetector set-up of SnS thin film nano-flakes for photoresponse

measurements.
5.3 Results and Discussion

The structural properties of sprayed chalcogenide SnS thin film were analyzed by
X-ray diffractometer system XPERT-PRO in the diffraction ranges of angle 20° < 26< 80°
with monochromatic source rays CuKa radiation (A=1.54180A°). SEM analysis was
carried out through the JEOL/EO. The optical properties of the chalcogenide layered
material SnS thin film were studied in the UV-Vis-IR range using a UV-Visible
spectrophotometer 201. The probe contacts were developed on both ends of thin film
using a silver paste with an average electrode separation of ~1cm. Thus, synthesized
binary nano flakes thin film was employed to measure the I-V characteristics by
homemade Keithley unit (model 6517 B). The set up of the photodetector is shown in
Fig. 5.4.

5.3.1 SnS Layer for Visible Photodetector

In this chapter, we have synthesized the SnS layer with slightly variation of

temperature of substrate and found SnS nanoflakes type structure. These structures are
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used in photodetectors and photovoltaic cells applications. The description of both

applications are described in two parts in 5.3.1 and 5.3.2.

5.3.1.1 X-Ray Diffraction Analysis: SnS is a type of layered structure of semiconductor
material. It has zig-zag structure that is shown in Fig. 5.1 (a). This zig-zag structure
supports to the bend shape crystals (nano flakes) during the spray process. The XRD
characterization of SiO,/SnS film was done for phase identification. The phase structure
and phase purity of the SnS materials was studied and the phase patterns are shown in
Fig. 5.5 (a).
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Figure 5.5: (a) XRD patterns of SnS and matched with JCPDS card no. 39-0354, (b)
SEM Image, (c) EDX Image shows the presence of Sn, S, Si, O and Cl elements, (d)
Absorption plot of SnS flakes at wavelength 200nm to 1000nm, (e) Absorption edge plot
identified 382.88nm, (f) Tough-plot of SnS with analyzed result of band gap 1.98eV.

All peaks are indexed to orthorhombic structure of SnS phase of P6nm space
group. The JCPDS card no 39-0354 is supported to our indexing results [41]. There are
no other crystalline impurities peaks detected in the indexing and revealed that SnS is in
pure form. In Fig. 5.5 (a) shows that slope is identified in the base line from higher to
lower angles. The reason behind it, is soda lime glass (SiO,) substrate because presence
of peak (210) plane justify it [42, 43].

5.3.1.2 Scanning Electron Microscope Analysis: Electron microscopy analysis of silica

substrate justify that the amorphous nature and supported to the presence of element Si
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and O by EDX analysis, because SnS film was deposited on the silica (SiO;) substrate.
Fig. 5.5 (b) shows the typical FESEM image of layered polycrystallite SnS nano flakes
thin film and represents that they have uniform flakes deposition in randomly oriented,
and rough surface morphology onto the substrate without any cracks. These irregular
interconnected flakes trap the light and increase the absorption of thin-film and supports
to the optical characteristics results. The nanoflake type shapes are also helpful for strong
absorption phenomenon and wettability characteristics [44, 45]. Fig. 5.5 (c) shows the
EDX analysis of SnS film by Energy dispersive X-Ray electron microscopy. The selected
area of the film from SEM result analysis is identified that elements Sn, S, Si, O, Cl are
present there. Herein, the presence of Si and O are justify that film was deposited on soda
lime glass substrate. Here, presence of Cl with very low intensity is due to precursor salts
of cloride, thats why we can ignore it. So, we can say that SnS is in pure form and

supported to the XRD pure phase results.

5.3.1.3 Optical Analysis: The Fig. 5.4 (d-f) shows the spectroscopic analysis of sprayed
SnS thin film absorption, absorption-edge, tauc plot. In this analysis, Fig. 5.4 (d) shows
the absorption of UV-Visible light of range 200-1000nm but the strong absorption peaks
were identified at 200-700nm. In Fig. 5.5 (d) and (e), noise is identified at lower
wavelength, which may be the instrumental error distortion. The absorption edge was
extrapolated 383nm as shown in Fig. 5.5 (e). It confirms that the minimum 383nm
wavelength range energy photons are started to excite the exciton for the generations of
charge carriers. That’s why; we can say that this is better result at minimum lower
wavelength for photocurrent generation purpose. The energy band gap is analyzed by

absorption spectra of SnS film using the following relation [46]:
ahv = B(hv — E5)" (5.7)

where B is the constant which is directly dependent on transition probability,
h,v,a and n symbolize the planks constant, frequency, absorption coefficient and
transmission type parameter respectively. Fig. 5.5 (f) shows the tauc plot of
(ahv)? verses hv graph for energy gap analysis. The band gap energy (E,) was identified

by extrapolating a line of (ahv)? to intercepts the hv axis and obtained the 1.98 eV band

gap. The wavelength (623 nm) was identified by the formula, 1 = ? = 623nm for the
g

band energy gap. Hence, it confirms that SnS layer works strongly to enhance the
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electron-hole exchange when visible wavelength range 383-623 nm interacts due to

excitonic effects [47]. This result suggests to make a Visible light photodetector.

5.3.1.4 Hydrophobicity Analysis: The wettability characteristic is an important property
of optoelectronic devices for dusty area in the open atmosphere. This characteristic
directly affects the device efficiency because muddy layer of the dust particles covers the
device’s active surface by hydrophilic nature of the film [48]. So, hydrophobic surface of
the device is required to gain the efficiency. By this hydrophobic nature of the SnS film,
the surface removes the dust particle automatically by droplet of air moister that is the
mechanism similar to lotus leaves cleaning of dew drops. Lotus leave surface is
superhydrophobic as shown in Fig. 5.6 (a) and (b) [49]. Fig. 5.6 (c) shows the contact of
water droplet with leave’s micro structured surface. The schematic diagram of
superhydrophobic phenomenon is clearly shown in Fig. 5.6 (d). A lot of researchers have
extremely interested to develop superhydrophobic surface as it has anti-contaminating
nature and self-cleaning ability of surface by moister dew. These characteristics can be
controlled by composition variation materials and surface morphological structure shapes.
Herein, Fig. 5.6 (e) shows the front view of water droplet onto sprayed SnS thin film. Fig.
5.6 (f) shows the surface morphology of SnS thin film, which is micro-structured
pyramids of nano orders flakes at the top view as 313x306x255nm® scale. This nano scale
order measurement of surface leads to the lotus leave surface as ref. [49], and edge-vise
view of SnS film’s surface morphology is shown in Fig. 5.6 (j). The Fig. 5.6 (j) confirms
how the edges are embedded on the top view of SnS film. The micro structured pyramids
of nano orders flakes shape in nanometer scales. On comparing to surface morphology of
the SnS film to lotus leave SEM results, it confirms that layered SnS film have more nano

order edges and roughness on the top view similar to lotus leave at particular area.
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Figure 5.6: (a) Top view of water droplet on lotus plant’s leave, (b) SEM morphology of
lotus leave [Koch at al. Soft Matter, 2009, 5, 1386-1393, copyright permission [49]], (c)
Water droplet contact with nanostructured surface of leave, (d) Schematic diagram of
superhydrophobic nature of lotus leave (>>90°), (e) Front view of water droplet on
sprayed nanostructured SnS thin film, (f) Surface morphology of SnS at the top view
from the SEM image, (g) Contact angle measurement of water droplet tangent with
sprayed SnS thin film surface (80°<90° angle), (i) Schematic diagram of hydrophobic
nature of SnS nanostructured (approx. 90°), (j) Edge view of SnS film surface SEM
result, (k) Front view of droplet on bare glass substrate, (I) Angle measurement of droplet
tangent with bare glass substrate (46°<<90°), (m) Schematic diagram of water droplet on

bare glass substrate (<<90°).

Fig. 5.6 (g) shows the contact angle measurement of water droplet tangent with sprayed
SnS thin film surface is ~80° which is equivalent to approximate 90° (80°<90°). The 80°
angle shows the hydrophobic nature with poor wettability and goes to near about super
hydrophobic (=90) nature [50]. Fig. 5.5 (c) and (h) illustrate the contact area of the
water droplet on the protrusions layers surface i.e. Cassie Baxter (CB) state and wenzel-
wenzel (W-W) state. These two states are contact angle measurements related to the
wetting property of the film. Fig. 5.6 (i) show the schematic diagram of hydrophobic

nature of SnS nanostructured i.e. approximately 90°. The Fig. 5.6 (i) clearly reveals that
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deposited SnS films by spray pyrolysis method are hydrophobic in nature and also have to
super hydrophobic due to protrusions layered surface. The water droplet makes an angle
nearly 46° with bare glass substrate, which is hydrophilic (46°<<90°). This type of surface
is harmful for optoelectronic devices due to adhesive property of the film. This
hydrophobic characteristic supports to make the device with auto-clean surface, which is

helpful to save the manpower.

5.3.1.5 Band Structure at Interface in the Device Ag/SnS/Ag: Spray deposited film
SnS is best absorber and suitable for optoelectronic devices purpose because it exhibits
the photo parameters. Fig. 5.7 (a) presents the schematic of the visible photodetector
device of SnS layered with Ag contact of electrode. The equivalent circuit diagram of
fabricated photodetector is shown in Fig. 5.7 (c) in which photo parameters are shown
like applied input voltage=+5V, illumination current =I,, dark current = lg, junction
capacitance =C;j, junction resistance =R;, series resistance =Rs, photo current =l The
photo parameters are analyzed in the next section of 1-V characteristics. For metallic

electrode fabrication, Silver (Ag) is used. The reasons behind the choosing of material

(Ag) as a electrode are: (a) the difference between the work functions of metal (¢,,) and
semiconductor (@;) should be minimum, (b)d, should be greater than the electron

affinity of semiconductor (x,). To fulfill these conditions, we have fabricated Ag

electrode on SnS thin film for photo response testing. The contact of metal-
semiconductor-metal (Ag/SnS/Ag) is represented by bricks as shown in Fig. 5.7 (b).

Devika et al. [51] studied the @, , ., ¥, parameters for different metal contacts with SnS
i.e. Al/SnS, In/SnS, Ag/SnS and Sn/SnS. Here, we have estimated the barrier height (@5 )

for Ag/SnS junction using the formula ¢, =Eg4- (¢,,- 1, ). The @,,, x, values are taken from

Ref. [51] and estimated the barrier height 0.82eV. This barrier height is an important
feature for quick response in energy band diagram at Ag/SnS interface as shown in Fig.
5.7 (d) and (e) in dark and illumination for forward bias. According to Bueno et al. [52],
Ag/SnS structure is exhibited tunneling and field emission (ohmic) behavior below the
<6V and thermionic emission (Schottky) behavior at higher (>6V) voltage. Here, the I-V
characteristic of Ag/SnS structure shows the linear curve on applying voltage +5V and it

shows the ohmic contact behavior. The barrier heightgg is reduced in the illumination

region (shown in dotted red line in Fig. 5.6 (€)) comparison to dark region. The linear 1-V
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characteristics for dark and illumination confirms and supports the ohmic behavior as
presented in Fig. 5.9. Ohmic contact is significantly gradable for device performance, and
it can pass the required current with a voltage drop [53]. This junction is more suitable for
the device efficiency compare to rectifier junction because ohmic contact has negligible
junction resistance (Rj=0). At the Ag/SnS junction, the bands are bending downward to
align the Fermi levels (as shown in Fig. 5.7 (b) and (c)) because work function of Ag and
SnS are very closer to each other. In the dark region, depletion layer is formed at Ag/SnS
junction with barrier thickness (o). In this junction, the opposite charge is collected as
+ve in Ag and —ve in SnS sides. In this state, charge carrier concentrations in SnS are
very low in the dark region, due to which barrier thickness (o) is high and the hopping
probability is reduced. This thickness hinders the carriers flow of a very few holes or
electrons cross the barrier due to which very less dark current is detected as shown in Fig.
5.7 (e).
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Figure 5.7: Schematic diagram representation: (a) Photodetector device with average
wavelength 550nm light source for photo response measurement, (b) Photodetector
contacts with metal (Ag)/Semiconductor (SnS)/metal (Ag) bricks, (¢) Equivalent circuit
diagram of photodetector (Input voltage=+ 5V, illumination current =I,, dark current = I,

Junction capacitance =C;j, Junction resistance =R;, Series resistance =Rs, photo current
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=lpn) (d) The electronic band structure for forward bias in dark region, (e) Electronic band

structure for forward bias in illumination region at -5V to +5V.

In the illumination region, electron-hole pairs are generated in SnS and increased
the holes into majority charge carriers. As a result, barrier thickness (o) is decreased on
increasing the concentration of charge carriers in SnS material. This makes probability to
hopping of holes to barrier height. In this mechanism, junction resistance is reduced. For
forward bias, holes are attracted towards —ve end of Ag and electrons are attracted
towards the +ve end of Ag. As holes are moving towards the -ve end of Ag, Fermi level
raises up to voltage V in Ag to balance Fermi energy. In this process, valance band
energy is shifted to voltage V as shown dotted red line in Fig. 5.6 (e) and this voltage is
known as photo voltage (V). This phenomenon reduces the recombination probability in
SnS and increases the lifetime of charge carriers [54]. In the illumination state, the barrier
thickness (o) is reducing, the holes will be hopping or tunneling to the —ve end electrode
easily compere to dark region and increasing the photo voltage (V). That’s why the
response time of the film is directly affected with hopping phenomenon of holes and it
helps to make the high response device of photodetector [55, 56].

5.3.1.6 Photoparametrs in Photodetector Device: Fig. 5.8 (a-d) show the typical photo
response output characteristics of sprayed SnS thin film for two terminal device (diode)
characteristics, in dark and illuminated white light source with average wavelength
550nm, at room temperature. To measure the photo resistance of the film, the light source

was turned ON/OFF periodically in 30seconds. The decreasing in the photoresistence of

l
tdquin’

the device was analyzed by the formula AR = where | is length, d is width and t is

thickness of the SnS thin film and q is electronic charge and p is the mobility, and An is
change in the concentration of charge carriers thats are generated in illuminated light [57].
The electrical resistance of the device is decreased from 0.7883 MQ to 0.0103 MQ (i.e.
AR=0.7780 MCQ) within 30seconds loop for dark and illumination light (100mW/cm?)
and this change in the resistance is supported to the photo resistive behavior [58]. This
result is shown in Fig. 5.8 (a) and reported very low resistance, which is suitable for
photodetector purposes. The Ag metal has less resistance in comparison to SnS
semiconductor. So, the whole resistance of the device (Ag/SnS/Ag) is included the
junction resistance (R;) and series resistance (Rs) of the device. The variation in the
electrical resistance can be explained by the photo excited/generated charge carriers (as
shown in Fig. 5.7 (e)).
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Figure 5.8: Photo-resistance of sprayed SnS thin film: (a) Resistance vs. time graph, (b)
Current vs. time graph, (c) Current vs. time graph at different illumination intensities for

illumination, (d) response vs. recovery graph at 100mW/cm?.

In the forward biasing, holes are hopping to the interfacial state of the band and collecting
by —ve (Ag) electrode. As a result, junction resistance is reduced to negligible value. This
junction resistance is negligible in illumination comparison to dark region. This
photoresistence value of the device is repeated the same results after one year or six
months, which strongly supports to make the stable device for long period. The dynamic
resistance of thin-film for illuminated and dark light can be attributed by following
relations [59]:

R, =R, [1 + exp (T : )] (5.8)
responce

R; =R, [1 — exp (T : )] (5.9
recovery

where Ry is the steady state resistance and R;, Ry are the dynamic resistances with

illuminated light for response and without illumination (dark) for recovery, respectively.
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The time response and recovery are represented DY Tresponse and Trecovery, and
evaluated by the dynamic resistance graph from Fig. 5.8 (c). The evaluated response time
and recovery time for the sprayed SnS thin film are found 1.69seconds and 1.56seconds,
respectively. These results are full satisfactory for the fabrication of stable, ecofriendly,
non-toxic, low cost and less time-consuming device. In current some results of the
photodetector show the fast response and recovery time, but they have toxic constituents
and unstable for long time. The fast response material’s synthesis methods are not
affordable for common people. More about the photo response and recovery time is
studied in latest literature survey as given below Tab. 5.1. From the table, we have
analyzed that sprayed SnS thin film has the high response as well as high recovery time in
comparison to previously reported results for the same. Hence, SnS thin film may be used
for low cost and nontoxic, and less-time consuming ecofriendly purposes. In this table,
refs. [60-62] show the high response results but toxicity, cost, time consuming, and
stability, non-ecofriendly synthesis parameters are the main issue still now. That’s why;
these devices with different methods are not practically feasible for commercial
applications. The sprayed SnS thin film resolves these problems with satisfactory
response results. Our results may attract to the industrial community to explore more
practically feasible devices with stable results and may use to advance auto-clean surface

property for commercial applications.

Table 5.1: Comparative chart of response and recovery time of Chalcogenide materials

with earlier reported results:

Material Synthesis Atmosp- Cheap/ Resist- Respon- Recov Year  Ref.
methods heric effects Costly ivity(M se time gry
Q) time
SnSe  Solvotherm Toxic Costly 100.00 3 3 2016  [63]
al
SnS CVD/Vacu Hazaedious Costly - 5.1ms 8.8ms 2018 [64]
ume
method
SnX  CVD/Vacu Hazaedious Costly - 1.2ms 15.1 2018  [65]
(X=S, ume ms
Se) method
CuSe Pallet Toxic Low cost - 15.7s 16.5s 2019 [66]
method
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SnSe/SiO  sputtering Toxic High cost - 73.1s 23.7s 2021 [67]
JfSi method
SnS CBD Highly toxic ~ Low cost - 0.18s 0.16s 2020 [68]
SnS Spray Non toxic Cheap 0.7780 1.69s 1.56s Present
pyrolysis work

The sensitivity measurement for the SnS film was found that this film mainly
responds to photons. The photosensitivity is the one of the significant parameter which
proves the quality of the photodetector devise. The photosensitivity of the film is
identified 34.14%, which was done at room temperature by simple light source. If we
analyze this with laser light source, it will definitely enhance the photosensitivity of the
film. Generally, photosensitivity parameter can be calculated by the change in the

electrical resistance of the thin film as [69, 70]:

Photosensitivity = Iil;ld X100 (5.10)

d

Here, the photocurrent, In=1, — 13=0.14pA, was identified in illumination of light
intensity 100mW/cm? as shown in Fig. 5.9. The contact area of electrodes is not proper
touched on flakes surface, due to which carrier’s collection on electrode is low. That’s
why; this identified current is very low in the device. If we increase the area contact of the
electrode to flakes, in a systematic way, then the charge carrier’s concentration increases
and current increases definitely. Another reason to lower current may be the lower
crystallinity of the SnS nanoflakes thin film. From Fig. 5.8 (b), it is justify that current is
decreasing, as light is in off state, because exciton generation is stopped and generated
exciton with in the last 30 seconds helps to flow the currents after that the current
decreases slowly. Hence, we can say that it is highly time dependent photocurrent of the
device. Here, we consider the 30seconds time laps is taken to rise the 90% of the
photocurrent in the illumination of 100mW/Cm? The fast response express that
generation of exciton by the visible light (382.88-623.23nm) and fall of current confirms
the electron hole pair recombination process in the film on OFF state of light. Fig. 5.9
shows that the current increments linearly as the illumination intensity from 1=0 to
I=100MW/cm? increases. Hence, it will work in the solar radiation of AM1.5 and
confirms that the current increments as intensity vary from 0 mW/cm? to 100mW/cm?,
These properties of the SnS thin film will helps to make the best visible photodetector and

supports to the stable device.
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Figure 5.9: I-V measurement of sprayed SnS thin film and confirms that the ohmic

contacts of metal (Ag) and SnS.

In this research work, we have synthesized the photodetector of the structure
Si0,/SnS/Ag with advanced hydrophobic surface and analyzed the photo response time,
recovery time, photocurrent, photosensitivity and stability properties of the Visible light
photodetector. The highest response and recovery time of the SnS photodetector using
SPM were reported the first time in our best knowledge. Besides this, the SnS
photodetector by SPM method has nontoxic, ecofriendly, less time consuming synthesis
and low cost device, which may be practically feasible for commercial application

devices.
5.3.2 SnS Nanoflakes Layer for Photovoltaic Cells

This is the another application part of this chapter, in which we have discussed
importance of as synthesized JABS layer in Kesterite photovoltaic device. This layer may
be helpful to remove the interfacial layers of CNTs, Graphene, MXenes, etc. More

discussion about the SnS nanoflakes layer characteristics are analysed in this section.

5.3.2.1 X-Ray Diffraction Analysis: The crystallographic nature of the sprayed
chalcogenide layered SnS nano flakes thin films was analyzed using X-ray diffraction,

and the obtained diffraction patterns or planes were finally indexed (120), (021), (101),
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(111), (040), (210), (002), (211), (112) for angle 26 =26.17°, 28.18° 29.53°, 31.95°,
34.93° 44.11° 45.62° 48.15° and 53.51° as shown in the Fig. 5.10. The planes (120),
(021), (101), (111), (040), (002), (211), (112) are out of the indexing planes were
confirmed the orthorhombic. Crystalline SnS matched the JCPDS card number 39-0354,
which is similar to already reported results in Ref. [71, 72]. So, our obtained results are
justified with reported results. The film prevents degradation of the films due to the
tightly bound crystalline SnS structure [73]. It will give the rigidity to the JABS layer.
The lattice constants of the crystal structure are a=0.4329 nm, b=1.1192 nm and ¢=0.3984
nm. The crystalline size of the material is calculated by Debye-Sherrer’s formula which is
given as:

KA

D(nm) - B cosf

(5.11)

where K = 0.9 (constant), A =0.15474 nm, = FWHM (radian) and 6= half of the

diffraction angle.

Using this formula, we have calculated the average crystallite size as shown in
Tab. 5.2. The average size of crystalline material of the synthesized SnS thin film was
found about 28.53nm and the value of strain (i.e. slope of the line in Fig. 5.10) in SnS
film was found about 0.1913x 107,
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Figure 5.10: Characterization SnS JABS layer grown onto soda lime glass substrate: (a)

XRD patterns and (b) W-H plot.

Table 5.2: Calculation of average crystallite size calculated by Debye sherrer’s formula

and William-Hall parameters:

Peaks 20 0 FWHM Crystallite FWHM x 4Sine o
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No. (degree)  (degree) (degree) size (D (o)) Cosine o
1 26.10217 13.05110 0.45105 17.62196 0.0076719 0.0159084
2 28.21133 14.10566 0.14716 53.97197 0.0025694 0.0171939
3 29.57074 14.78537 0.18439 42.42529 0.00321944 0.0180224
4 31.96572 15.98286  0.34857 22.44247 0.00608596 0.0194820
5 34.98973 17.49487 0.27451 28.49733 0.00479287 0.0213251
6 44.09692 22.04846 0.37705 20.91190 0.00658314 0.0268755
7 45.66221 22.83110 0.20095 38.92946 0.0035085 0.0278294
8 48.16509 24.08255 0.64392 12.14835 0.011243 0.029355
9 53.47912  26.73956  0.39687 19.70934 0.006929 0.0325935
Avg. size= 28.52756

5.3.2.2 Field Effect Scanning Electron Microscope Analysis: Fig. 5.11 shows the
FESEM, SEM and EDS results of sprayed SnS layer. This Fig. 5.11 justify that SnS
material has sprayed surface with nano flakes and found that the material uniformly
distribution over the soda lime glass substrate. Further, FESEM and SEM analysis were
done at different scales to clear view of the nano flakes. SnS material is formed the tightly
bonded nano flakes on the glass substrate in the thin film grow process by spray pyrolysis
method without any surfactant. These flakes are found interconnecting to each other in
irregular forms, which is confirmed by FESEM in the Fig. 5.11 (a) and (c). These figures
confirms that JABS layer has very high rough surface. The roughness of the SnS layer
will give to the junction rigidity and durability. SnS nano flakes will be helpful to
increase the absorption of solar cell because pores of the film are less than 100nm order
[74]. As a resultant, high rough surfaces and different shapes and sizes of the particles on

the films are enhanced the photo activity of the film.

According to Sun et al. [75] the pore size and surface roughness directly are

affected the diffusion barrier in the film. This will be another reason to enhance the
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photovoltaic property of the solar cell by the JABS layer. This layer camouflages to
illuminated photons and reduces the refraction. The photon energy forwards to the CZTS
absorber layer, which will affects directly to the efficiency. The study of the Fig. 5.11
shows that FESEM and SEM results are very similar surface morphology.

Energy Dispersive X-ray Spectroscopy (EDS) is an instrument that is similar to
Electron Probe Micro Analyzer (EPMA), which is used to analyze the characteristic X-
ray that is generated onto the substance surface by irradiating electron beam. Fig. 5.11 (d)
shows EDS results of SnS JABS layer, which was sprayed on soda lime glass substrate
and identified constituents content in the SnS thin film in the form of the peak’s
percentage of Tin (Sn), Sulphur (S), Silicon (Si), Oxide (O) and Chloride (Cl). The
constituent elements Sn and S are also presented as shown in Tab. 5.3. The presence of O
and Si elements in this result justify that there is probability of impurity in the sample.
But this probability is reduced because soda lime glass substrate has the same elements
present. Another reason to presence of the oxygen in the sample is that O is absorbed by
soda lime glass substrate at high temperature in the synthesis process. Here, Cl element is
also minutely presented which may be impurity of the material and can be neglected.

Flakes with
pores

FullScae 1953 ¢t Orser 0000 L)

Figure 5.11: Surface morphology of sprayed SnS thin film: (a) and (c) FESEM (at
different scale) and (b) SEM (d) EDS.
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Table 5.3: Constituent of SnS thin film with weight ratio is given from SEM

characterization:

Elements Weight (%0) Atomic weight
O, 29.87 65.89
Si 4.50 5.65
S 9.80 10.78
Cl 1.54 1.53
Sn 54.30 16.15
Total= 100

5.3.2.3 Electron Probe Micro Analysis: Electron Probe Micro Analyzer (EPMA) is a
tool that is used to analyze elements composition, by irradiating electron beams onto the
substance surface. Fig. 5.12 shows the EPMA results of SnS JABS thin film, in which Sn
(red colour) and S (Blue) elements are observed in uniform distribution and confirmed
that SPM have uniform distribution of the elements during spray system. The images
were measured at 1mm scale._The results of EPMA justify that Sn and S are presented at

substrate during spray pyrolysis process, which is supported the results of the XRD; and

SnS is presented in thin film.

Figure 5.12: Elemental analysis of sprayed SnS thin film shown Sn and S elements by

red and blue colors, respectively.

5.3.2.4 Non-Peel off Analysis: For testing non-peel off property, we have taken a safety
pin to scratch on the pre-synthesized thin film. The scratched was done on the film in

Page 145



Chapter 5

open environment and a picture of scratched film was taken by a normal 48 Mega Pixel
mobile camera. Hence, a simple scratch test on spray deposited SnS film was carried out.
It shows that the film was very well adhesive on substrate and films was non-peel off.
The proper nucleation and growth in SnS nanoflakes films make the improved adhesion
by the low cost spray pyrolysis method [73]. Fig. 5.13 shows that SnS nano flakes films
materials are strongly structured and bonded on SLG substrate. On performing scratch
test on the films, it shows that SnS thin films are very difficult to scratch from substrate

and such property may be useful as the application in scratch-less devices.

The layer of nano flakes may be layered-off from the substrate by the KEPTON
tape. This tape is more adhesive, which is generally used to layer-up the film from the
substrate. This layer may be used as per requirement such as JABS layer in the hetero-

junction solar cells.

Figure 5.13: Dotted circle covering two scratched lines on SnS sprayed thin film.

5.3.2.5 Optical Analysis: Fig. 5.14 shows the absorbance spectra and tauc plot of as
synthesized SnS nanoflakes thin-film in the range of 400-1000nm. The absorption results
significantly shows that the absorption is decreased as increase the wavelength of Visible
light. In the UV Visible absorption spectra graph plot, x-axis in nm (wavelength) in the
range of 400-1000nm and y-axis for absorption in atomic unit (a. u.). The absorption peak
is sharp in the visible range as shown in Fig. 5.14. The sharp absorption peaks materials
have shown more than 30% efficient photovoltaic property [76]. The optical band gap of

thin film was analyzed from tauc formula [77];
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(ahv)? = A(hv — E,) (5.12)

where o = absorption coefficient, A= constant (independent on photon energy) and h=

Planck’s constant.

The sub-plot of (ahv)? vs. (hv) of the SnS thin film is shown in Fig. 5.14. The indirect
inter-band transitions were assisted by phonons in the SnS thin-film. The band gap (Eg)
was calculated and obtained about 1.98eV. According to the ref. [78], the sprayed SnS
thin films have band gap 1.74eV and such SnS thin films can be used in photovoltaic
application. Hence, the band gap of the nanoflakes thin-film is found to be 1.98eV and the

result is supported for photovoltaic cell.
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Figure 5.14: UV-Visible absorbance of binary nano flakes layered SnS thin film and tauc

plot in the inset figure.
5.3.2.6 I-V Characteristics of SnS Nano-Flakes Layer

At the constant room temperature (32°C) with the dark condition of the light, the
electronic states with the Fermi level of SnS thin film are in equilibrium. As illuminated
photons on the sample, the temperature is increased due to which the thermal equilibrium

is disturbed, and attained a latest equilibrium.
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Figure 5.15: 1-V characteristics of nano flakes layer: (a) schematic diagram of set-up, (b)
at dark illumination and different illumination intensities like 30 mW/cm?, 45 mW/cm?,
60 mW/cm?, 75 mW/cm? and, 100 mW/cm?>.

In presence of electric field, electronic states of electronic equilibrium are
perturbed and converted it into new set of charge carriers in the film. The charge carriers
make a dark current in without illumination of thin film. When illuminated photon is

interacted with SnS molecules and generated the pairs of holes and electrons:
hv =e 1+ ptl (5.13)

In the pairs of holes and electrons, some electrons have sufficient energy to make the
transitions from valance band (V.B.) to conduction band (C.B.) [79, 80]. The electrical
resistance is decreased when the time of illumination is increased, because electron hole
pairs increase as time of exposer increase. As soon as light illumination is off, all
electronic states in the band regain their original states. Nano flakes type structure of the
SnS thin film sample provide a large surface area, and active sites generate the electron-

hole pairs during the interaction of photon phonon.

From Fig. 5.15, it is clear that the I-V characteristics measurement of sprayed binary
nano flakes from without illumination (dark current) to with different illumination
intensities (30mW/cm?, 45mW/cm?, 60mW/cm?, 75mW/cm? and 100mW/cm?). From the
Fig.5.15, it clears that the current is increased linearly as the intensity of illumination is
increased, and found the maximum current for 200mW/cm? illumination. Fig. 5.15 (b)
shows that slope of I-V curve for 100mW/cm? is maximum, however, the slope of dark

current I-V curve is minimum.
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The increasing slope reveals that the presence of excess photo generated carriers and
is contributed to increase in current. Intensity versus photocurrent concept has been
already discussed in photoelectric effect of light [81] and the results are supported our
results. Thus, we can say that the sprayed SnS thin film with less toxic nature may be a

potential candidate for single junction solar cell applications.

53.27 JABS Layer Approach in the Device Ag/ARC/AI-ZnOli-
ZnO/CdS/SnS/ICZTS/ITO

On the basis of above characterizations, we can say that these binary nano flakes
are suitable for photovoltaic purpose and have excellent electronic behavior for
supporting the new approach of JABS layer. This approach is helpful to resolve the
challenging problem of recombination in the Kesterite solar cells. Kesterite structures
have the similar crystal structure that is associated optoelectronic properties to CIGS. The
Kesterite photovoltaic is already competing to the CIGS with 22% efficiency [82]. The
CIGS contains rare earth and toxic element of Indium. The Indium (In) can be replaced
by zinc (Zn) and tin (Sn) elements, because the Zn and Sn both have a complete similar to
the octet of In [83] . According to Wang et al. [84], the CZTSSe device has the highest
record efficiency 12.6% with the Ni-Al Contact/MgF,/ITO/i-ZnO/CdS/CZTSSe/Mo/SLG,
and without Se based CZTS device has the maximum record efficiency 10% [85]. The
CZTS based photovoltaic device has some drawbacks on junction recombination such as:
interface recombination, Shockley Read Hall (SRH) recombination, and thermionic
diffusion losses [37]. The CZTS is a quaternary compound which is a hurdle to control
the stoichiometric ratio. Therefore, the presence of the thermionic and diffusion emission
loss, CdS/CZTSSe Interface recombination and SRH recombination losses, radiative and
non-radiative recombination in the CZTS based photovoltaic cells are the main reasons
behind it for not fulfill the Shockley and Queisser limit ~32.2% efficiency. Thermionic
and diffusion emission loss, interface recombination of CdS/CZTSSe and SRH
recombination losses are the junction problems in the conduction band offset (CBO) and
Valance band offset (VBO). However, the SnS based single junction solar cell has
theoretically predicted with the efficiency 32% [86, 87]

Keeping in mind to these problems, we have resolved both issues and proposed a new
approach of a SnS junction absorption (JABS) layer that insert into the hetero-junction
device (as shown in schematic Fig. 5.16). The beauty of this layer, we have already

discussed in characterization parts. Here, we reveal the importance of nano flakes JABS

Page 149



Chapter 5

layer in the device Ag/ARC/AI-ZnO/i-ZnO/CdS/SnS/CZTS/ITO, which was already
found in the literature survey. Here, we are proposing this hetero structure device with the

following fabrication methods similar to Wang et al. [88].

The CBO and VBO in the Kesterite PV devices structure have some challenging
problems because “cliff” and “spike” are formation in the band structure, which is called
type |, and type II formations. The “spike” is validated to the efficiency of kesterite solar
cell and the “cliff” is reason for recombination. The CdS buffer layer (n-type) has slightly
higher energy at junction as compere to the CZTS absorber as shown in Fig. 5.18 (a)
“cliff”. According to Niemegeers et al. [89] and Minemoto et al. [90], the CBO spike was
minimized by the three types of recombinations as discuss above. The spike directly
affects the efficiency parameters like open circuit voltage (Vo), current density (Js;) and
fill factor (FF). The spike type band alignment in CdS/CIGS is generally observed and the
CBO has less than AE=0.40eV is valid reason for 22% efficiency.

Y
=z

Ag
ARC
Al-ZnO
i-Zn0O
CdS
SnS
CZTS
ITO

-

(L WBTRET |

Figure 5.16: Schematic diagram of hetero-junction solar cell Ag/ARC/AI-ZnOl/i-
ZnO/CdS/SnS/CZTS/ITO using the binary chalcogenide nanoflakes layer.
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Figure 5.17: Photolysis in (a) SnS semiconductor, and (b) electron-hole transport

phenomenon at the junction of buffer and absorber layer.

According to Ramya et al. [91], CBO energy (AE) of the CdS/SnS junction was found
~0.36eV, which is more beneficial to reduce the recombinations. A schematic
representation of the photolysis in SnS and CdS/SnS/CZTS layer is shown in Fig. 5.17
(a) and (b). The CBO energy of SnS has slightly above as compered to the CBO energy
of CdS that is slightly lower as compered to the CBO energy of CZTS. In this
mechanism, thermionic and diffusion emission loss is reduced, CdS/CZTSSe interface
recombination and SRH recombination, the electron transportation in the devices may be

easy to enhance the efficiency where the holes are bubble-up in CB and VB.

On the basis of all of above discussions, we purpose a new innovative approach by
inserting the JABS layer into the CZTS devices where the spike band alignments are
formed as shown in Fig. 5.18 (b). The spike type alignment may be resolved the problem
of junction recombinations, which is the main problem in the field of kesterite

photovoltaic cells.
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Figure 5.18: Effect of SnS Buffer layer in hetro-junction solar cell band diagram (a)
without SnS, and (b) with SnS.

5.3.4 Importance of JABS Layer in Photovoltaic Solar Cell

Using the JABS layer, optoelectronic mechanism of the device can be changed.
After all_discussions, we can say that the JABS layer can enhance the efficeiency of
kesterite photovoltaic cells and may be useful in kesterite solar industries. Some others
materials such as Graphene, CNTSs, etc. may be also used at junction for reducing
recombinations [37]. These layers are not used as the absorptive layers that layers are not
more effective for the kesterite solar devices. The reason behind to use of the JABS in the

kesterite photovoltaic cells are given below:

«» JABS layer is easy to synthesis with low cost and homemade spray pyrolysis without

any surfactants.

% Nanoflake type shapes are helpful to chemoflauge the light and increased the
absorption of absorptive layer (SnS+CZTS) on layer.

+« The |-V characteristics of SnS nano flake layer are analysed that as increasing the
illumination intensity, the more numbers of electron-holes pairs are generated and
photocurrent is increased. This mechanism confirms that this layer is supported the pn-

junction mechanism.

¢+ SnS layer is non-peel off film, which is helpful to give the rigidity to the junction for
long durability.
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¢+ SnS layer has a sharp absorption peak and band gap 1.98eV, which is helpful to

enhance efficiency in the photovoltaic field.

« After using this approach, the spike type structure in the SnS has formed in the
electronic band structure, which is similar to CdS/CIGS junction. The SnS layer has

resolved to reduce the cliff type problem of kesterite PV cells.

¢+ The CBO and VBO energy levels of the SnS layer has a order 0.36eV and 1.46eV with
CdS Buffer layer, which is helpful to transport the charge carriers easily comparison to
without using JABS layer.

s JABS layer is made by binary chalcogenide materials. The binary-binary
chalcogenide_materials make a junction, which are more suitable similar to the
CdS/CdTe because this type of junctions has less dangling bonds and low free energy.
In our case JABS layer, it has less dangling bonds and low free energy comparison to

quaternary the CZTS.
5.4 Conclusion

The SnS thin film was successfully synthesized on soda lime glass substrate at
350°C temperature by the modest spray pyrolysis method. The hydrophobic characteristic
was enhanced the advanced features in the application of photodetector device for using
the open atmosphere. The XRD patterns of the films were revealed the orthorhombic
polycrystalline in nature. The SEM and FESEM analysis have confirmed that the SnS thin
film has good morphology with nano-flakes and this morphology has validated the high
surface to volume ratio. The optical band gap of the SnS thin film was calculated from the
Tauc plot and found the 1.98eV energy band gap. The Energy band gap result is suitable
for photodetector. Hence, the response time and the recovery times were calculated for
photodetector to analyze the photo response of chalcogenide SnS thin film, and found to
be 1.69sec and 1.56sec, respectively. The photosensitivity and photocurrent of the film
were found to be 34% and 0.14pA respectively. The changed resistance (AR) of the film
was analyzed and found about 0.7780MQ for 30seconds. The SnS thin film photodetector
is feasible for commercial application devices, because it is grown by nontoxic,

ecofriendly and cheap materials; less time consuming and low cost of SPM technique.

The synthesized binary nano flake thin film are the orthorhombic crystalline in
nature, which was conformed by the XRD characterization. The average size of

crystalline material was found to be 27.68nm. UV-Visible characterization has confirmed
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that the SnS layer has found the sharp peaks in the absorption with 1.98 eV band gap. The
I-V characteristic has confirmed that current is increased as the illumination intensity is
increased. EPMA ananlysis confirmed that Sn and S elements are distributed is uniform
on surface area. The nanoflakes layer is found the non-peel off film, which may give to
the junction’s rigidity. The nano flakes type shapes of SnS trap the light to increase the
absorption as shown in optoelectronic and I-V characteristics, which is helpful in
photovoltaic industry. In the new approach, the the SnS layer may be used as a JABS
layer in the CZTS based photovoltaic devices i.e. junction—absorption layer in the hetro
junction solar cell. The JABS layer can resolve the charge carriers recombination
problems in Ni-Al Contact/MgF,/ITO/i-ZnO/CdS/CZTS/Mo/SLG type of devices. The
SnS nano flake is suitable for JABS layer because it has positive band offset
(AE=0.36eV), which is helpful to enhance the efficiency of Kesterite type solar cell
Ag/ARC/AI-Zn0O/i-ZnO/CdS/SnS/CZTS/ITO device and may be capable to break the
highest record efficiency of solar cell. The JABS layer may be used in other hetero-
junction devices such as absorber layers of CIGS, CdTe, CZTSSe and Cu;InSe; etc.
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Conclusions and Future Prospects

The 21% century is the era of technological development of functional and smart
materials for sustainable energy applications. The researchers of materials science and
engineering under the STEM (Science, Technology, Engineering and Mathematics) are
looking towards the functional materials of the metals and alloys, polymers, ceramics,
and composite materials as the energy materials, and have developed the nanostructured
functional materials, called energy materials, which are considered the best materials for
fabricating the sustainable energy devices. The energy materials and their novel
technologies are needed to be developed for fulfilling the demand of low cost and eco-
friendly sustainable energy. Today, the researchers across the globe are focussed on
developing efficient and utilization energy devices, and targeting to meet the challenges
of increasing demand of energy and their high prices. The fabricated devices should be in
such a way that they have affiliated with the low environmental impact. In this direction,
the new approaches are searching to convert photon energy density into electron energy
density by photovoltaic (PV) solar cell, it is the best way to get sustainable and plentiful
energy. The design and manufacture of PV solar cells can be used for reduced cost and
eco-sustainable devices. For developing novel approaches, researchers are trying to
engineer low cost, abundant materials with bearable and high efficient devices. Therefore,
we have also tried to study how the functional ZnO, SnS, CZTS materials are synthesized

using abundant materials and low-cost synthesis processes.
6.1 Conclusion

In nature, various materials have their different crystal structures and they are
found with different sizes and shapes. The different sizes and shapes of materials show
distinct characteristics depending on their atomic compositions and volumetric
parameters. Apart from the microsized materials having dimension at nanometers (~10°
m or nm) exhibiting novel properties, the technological applications of such nano
dimensional materials is called as nanotechnology, which deals with different electrical,
optical and electronic as well as opto-electronic devices. The materials at nano scale
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reveal various novel phenemona that can be used in the fabrication of cost effective and
highly efficient energy devices. With different fields of sciences, nanotechnology is one
of the most popular area of sciences for current research and development in all technical
disciplines, while the study of nanomaterials and their properties for nanotechnology is
known as nanoscience. In nanoscience, researchers are working to develop functional
materials with high value of the ratio of performance to cost for energy applications. The
functional materials (FMs) of ceramics, metals, polymers, and composite have specific or
native properties of the materials, such as ferroelectricity, piezoelectricity, magnetism,
electron-transport property, and energy storage functions. Semiconductors have the
intermediate characteristics property between the conductors and insulators, also they
have energy band gaps lower than insulators but higher than conductors. Furthermore, if
we increase the concentration of impurity in the semiconductor/generally known as
extrinsic semiconductor, the electrical and optical properties of the semiconductors
becomes sensitive than the parent semiconductor/generally known as intrinsic
semiconductor. The Si, Ge, GaAs, Al, BaTiO3, CdS, CuzInS;, and Cu,ZnSnS/Se are the
popular energy materials and the functional elements like In, Se, Cd, etc. are frequently
doped in pure materials. The composition of functional materialsis with rare-earth
elements are costly than the composition of functional materialsis with abundant earth
elements. This is the main drawbacks of such energy efficient materials use in the solar

cells.

Nowadays, the inorganic transition metal chalcogenides have generated a great
interest among researchers to investigate the low-cost efficient materials. Using these
materials, the cost-effective energy devices can be fabricated in electronic chips, energy
conversions, and energy storage devices. The transition metal chalcogenides are
emerging chalcogenide nanocomposites, which mainly include binary, ternary, quaternary
metal chalcogenides, etc. Ternary and quaternary compounds have Perovskite-type
structures, which are significant materials for both fundamental and scientific research.
Besides this, SnS (binary chalcogenide) is also quite interesting owing to its excellent
properties of hydrophobic and absorption that ensures its applicability in photodetector

application.

In top down approach of the field of nanoscience and nanotechnology, spray-
coated chalcogenide materials are the best for versatile applications in materials science

and engineering. In the last few years, the optical and electronic properties of
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chalcogenide semiconductor nanostructures have been of great interest, both theoretically
and experimentally. As we know that the continuous energy levels at the macro meter
scale changes into the discrete energy levels at the nanometer scale due to the
phenomenon of quantum confinement. Quantum confinement effects occur in many
electronic levels e.g. quantum wells (QWSs), quantum wires (QWRs), and quantum dots
(QDs). The level of electron density depends on the dimensionality of a semiconductor.
Two dimensional semiconductors are realized as quantum well due to the restriction of
free motion in one direction. In quantum dots, the density of states shows discrete energy
levels due to the trapping in 3-D confinement. The energy levels can be monitored with
different values by controlling the shapes and sizes of the material, and the confinement
potential. The electronic transitions in discrete energy levels can be used to model the
optical properties of quantum well. Quantum wells are very tiny particles (size 2nm to
10nm) that can be fabricated into a sheet form. They have unique optical and electronic

properties due to their two-dimensional quantum confinement regime.

In our research work, we have discussed the present issues of photovoltaic devices.
We come to know that, photovoltaic cell efficiency and other parameters related to the
cell as well as their cost, are the main issues. The study shows that inorganic functional
materials at the nanometer scales can resolve all these issues. For instant, CZTS materials
have a high absorption coefficient, suitable bandgap, low cost and eco-friendly
photovoltaic properties. Hence, the inorganic chalcogenide materials may be excellent
materials for energy conversion devices. Therefore, the researchers strive towards the
synthesis of such materials from different methods to achieve various photovoltaic

applications including solar cells.

In first chapter, we have identified some problems of photovoltaic efficiency in
Kesterite solar cells and described the CZTS phases, electronic band structures, and
important parameters to enhance the photovoltaic efficiency. The CZTS is an I,-11-1V-VI,
group functional material. The photovoltaic properties of CZTS solar cells have been
found with the high efficiency, when CZTS is found in a single phase, recombination
losses (effective parameters) at the interface of buffer and absorber layers. The effective
parameters in the photovoltaic Kesterite solar cells are discussed briefly. On the other
hand, the big challenge of the low-cost Kesterite photovoltaic devices is to enhance the
conversion efficiency more than 20% using the different layers. The main reason for the

low efficiency of Kesterite solar cells is the high loss of charge carriers by the
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recombination losses (diffusion and thermionic losses) during charge transportation and
the charge collection at the electrodes. The recombination losses are affected directly by
the interfacial layer between the absorber layer and the buffer layer as well as the
absorber layer and the metallic contact. Generally, CdS is the best interfacial layer
between buffer and absorber of the CIGS solar cell, but it is not perfect for the CZTS,Se
solar cell as the recombination timing of the CZTS, Se solar cell at the interface is very
low as compared to the CIGS solar cell. The main reason for low recombination in the
CdS/CZTS interface is due to Cd diffusion in the absorber layer at the time of solar cell
fabrication. The interface of CdS/CZTS has a spike-type band offset. Hence, it is required
to develop a suitable buffer layer for replacing the CdS layer, i.e. appropriate function
interfacial layer between the buffer and the absorber. The researchers have been using
carbon nanotubes (CNTSs) as an interfacial layer to remove the recombination. The CNT
may be the perfect buffer layer to reduce the recombination between the absorber and the
buffer layers, due to breathing mode of the cylindrical type molecules of the CNTs. Some
researchers have been also used the Graphenes/MXenes nanolayers in place of CNTSs,
which is also the best solution for such problems of loss. The Mo(S2/Se,) layer between
absorber and metallic contact is another hurdle to enhance the efficiency of the Kesterite
solar cell. The Mo interface plays a vital role in the reduced efficiency of Kesterite solar
cell because it has maximum series resistance. The Mo(S,/Se;) layer forms oftenly in the
Kesterite solar cell during the annealing process and concludes two points: (i) we should
not anneal the solar cell after the complete fabrication of the device, and (ii) we should
remove Mo metal with high work function metals such as Ni (5.22), NiO (>5.2), Pd
(5.22), Pt (5.64). To obtain the single phase of CZTS, we can use the certain
stoichiometry ratio of precursor elements during the synthesis of CZTS materials.
Copper, Zinc, Tin and Sulphur in the CZTS composite make it non-toxic and
environment friendly. The synthesis of the CZTS composite resolves the problems of
time taking and low-cost synthesis by the co-precipitation method. In second chapter, we
have discussed the synthesis methods and characterization techniques for chalcogenide
materials. The issues of phase problem of composition, toxic elements to environment,
time taking and cost-effective methods are identified. Keeping these issues in mind, we
have decided to work on the synthesis methods especially the Co-precipitation and Spray
Pyrolysis methods. These methods are the cheapest, nontoxic, less-time consuming and

eco-friendly device fabrication of chalcogenide materials. The synthesized materials have
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characterized by XRD, EDS, SEM, FESEM, UV-Visible, Raman spectroscopy, XPS, 1-V

characteristics measurement Keithley tools.

Chapter three includes the synthesis of ZnO nanomaterials by a cost-effective co-
precipitation method without any surfactant and structural analysises for better PV device,
because ZnO nanomaterials are considered as the efficient material for solar energy
devices. The XRD, EDS, SEM characterizations of synthesized ZnO nanomaterials show
the crystalline nature of nanomaterials. The crystalline results of the nanomaterials are
similar to that of pre-synthesized ZnO with surfactant. The study concludes that we can
save expenditure cost of surfactant and time of synthesis. The properties of synthesized
ZnO may be tuned with calcinated temperature related crystallinity. Based on the study
of characterizations, we can say that ZnO may be used as a window layer in hetero-

junction Kesterite PV device applications.

In fourth chapter, CZTS nanocrystals have synthesized with S variation by the Co-
precipitation method without any type of annealing. In the synthesis of nanocrystals, no
any surfactant be used in the precursor solution. The synthesized Sample-B (18mmol
quantity of Sulphur in precursor solution) is characterized by XRD, EDS, SEM, Raman,
UV-Visible techniques and investigated that CZTS is polycrystalline and stoichiometric.
The observed polycrystalline results are similar to the results found by vacuum
annealing/sulphurization method. The surface electron microscope (SEM) reveals that the
polycrystalline CZTS phase has good morphology for better electronic and optical
characteristics. The obtained exciting results demonstrate that the nanocrystals are
systhesised by proper route may fulfill the promise of low-cost thin film for photovoltaic
cell applications. The novelty of this work is the synthesis of CZTS nanocrystals by co-
precipitation method without any sulphurization and selenisation processes. This route of
synthesis supports low cost, less time-consuming, and nontoxic synthesis and suitable use

for absorber layer in Kesterite photovoltaic application.

Chapter five includes the optical and electronic studies of binary nanoflakes layered
SnS thin film synthesized by the Spray Pyrolysis method (SPM), which is a cheap, less
time consuming, non-toxic and ecofriendly method. The nanoflake shapes of SnS trap the
light and increase the absorption as shown in optoelectronic and I-V characteristics,
which is helpful in the photovoltaic industry. A layer of SnS nano flake is suitable for the
JABS layer or interfacial layer because it has a positive band offset, which removes the

thermionic loss and diffusion loss of charge carriers at the interface. In this JABS
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mechanism, the efficiency of Kesterite type PV device of structure, Ag/ARC/AI-ZnO/i-
ZnO/CdS/SnS/CZTS/ITO, is helpful to enhance the conversion efficiency. Such an
arrangement may be capable to achieve the highest record efficiency of a solar cell. On
the other hand, the photo parameter of the SnS nano-flakes layer has been analyzed and
investigated the photo response, photosensitivity, photocurrent and photo resistance.
These photo parameters justify the application of photo-detector with low cost. The thin-
film SnS photodetector is feasible for commercial application devices because it is grown
by nontoxic, eco-friendly, less time consuming and low cost SPM method, and cheap
abundant materials. This layer has one advanced feature of hydrophobicity which
provides to the automated dust-free devices that is similar to the dew-drops in the water
lotus leaves. This synthesis work is suitable for commercial application with saving and

eco-friendly devices.

Table 6.1: The chapter wise conclusion of the thesis:
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Ch.1 Introduction [1, 2]
Ch. 2 Synthesis Methods and Characterization Techniques
Ch.3 | ZnO 22-28 | 3.2 Window layer Non- | [3]
without toxic
surfactant
Ch.4 | CupZnSnS, | 15-17 | 1.33 Absorber layer Non- | [4]
toxic
Ch.5 | SnSflakes | 27.68 | 1.98 Photodetector | 1.56 | 1.69 | Non- | [5]
toxic
JABS layer in Photovoltaic [6]
Cells
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Ch.6 Conclusion and Future Prospects

The overall outline of this thesis concludes that the synthesis of the nanomaterials
with suitable methods may decrease the cost of the photovoltaic devices. The crystallite
size, strain, energy band-gap, composition of salts, photo-sensitivity; response and
recovery time of photocell, are some valuable characterizations of the nanomaterials for
photovoltaic devices. The main aim of the thesis is to investigate the effective parameters
of photovoltaic devices. Hence, we concentrated to study how to get a photovoltaic
device with high efficiency and low cost, eco-friendly, less-time consuming and non-
toxic synthesis methods using the functional materials. The spray pyrolysis technique
coated SnS is the best functional material for energy application with the advanced
hydrophobic nature of SnS film for photodetector at room temperature. The coated SnS
thin film exhibits the highest response and recovery time and such materials can be
commercialized with better photo resonance. We have also introduced a JABS layer for
heterojunction Kesterite photovoltaic devices to remove the different types of losses at the
interface junction. The chapter wise conclusion of the thesis is tabulated in Tab. 6.1.

6.2 Scope of Further Research

Demand of global energy has been growing exponentially in this information of
technology age. The coal, oil, and gas resources are contributed expressively to generate
the electricity energy. Although, these traditional energy have also contributed to an
increase pollution in the world and human health deterioration. The global renewable
energy especially solar energy is the best solution to fulfill the energy demand. The solar
energy is converted into the electricity energy by the photovoltaic devices. The cost of the
convetional photovoltaic device is very high and the constituents of the device is
hazardous for environment. In future, the high efficient photovoltaic devices with low
cost, non-toxic and eco-friend materials need to fulfill the demand of energy. Indeed, the
development of functional nanomaterials can be best option for photovoltaic cells. The
composition of functional nanomaterials controls the cost of devices, and synthesis
processing of the compositions controls the structure of the materials. Both compositions
and structures of the namomaterials are related to the performance as well as the cost of
materials. In materials science and engineering, we study that the ratio of the performance

and the cost of the materials always must be high for the commercial devices.
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In this research work, we have tried to find out the low cost, non-toxic and eco-
friendly functional nanomaterials and tried to choose the feasible methods for synthesis
the composition at room temperature. For this, we have synthesized ZnO, CZTS and SnS
functional materials by coprecipitation method (CPM) and spray pyrolysis method (SPM)
because Zn, Cu, Sn, Zn and S are abundant earth elements and CPT/SPT are cost-
effective and eco-friendly synthesis methods. Using CPT, we have synthesized the 1I-1V
group (ZnO) functional material without any surfactants. The characterizations of ZnO
nanomaterials have been justified that ZnO nanomaterials may be used as window layer
of the hetero-junction Kesterite solar cell. By taking balanced stoichiometric ratio of the
precursor of Zn, Cu, Sn and S elements, the stable quaternary compound of CZTS can be
synthesized in the open environment. The characterizations of CZTS nanomaterials have
been valided that CZTS compound may be suitable for absorber layer in photovoltaic
solar cells. Using SPM, a thin film of SnS functional nanomaterials has synthesized and
the SnS thin film has hydrophobic characterstic property that may use as the hydrophobic
photodetectors. The I-V characterizations of SnS functional nanomaterials have been
justified for hydrophobic photodetector with better photo response and recovery time in

comparison to the traditional photodetector.

Our studies reveal that the CPT and SPT are the best synthesis methods for the
low-cost, high efficient and eco-friendly functional nanomaterials (ZnO, CZTS and SnS)
for optical and electronic devices. The photovoltaic solar cells and the hydrophobic
photodetectors may be fabricated with the abundant elements and appropriate synthesis
methods. By adopting the abundant elements and appropriate synthesis methods, the ZnO,
CZTS and SnS functional nanomaterials may be implemented to industry for mass
production of the photovoltaic solar cells and hydrophobic photodetectors. The ratio of
the performance to the cost of the material may be high by choosing the low cost, non-
toxic and eco-friendly elements, and ecofriendly synthesis processes for structural

modification.
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ARTICLE INFO ABSTRACT

Keywords: CZTS has Kkesterite structure and the composition's formula is CuyZnSn(S/Se)s. The efficiency of CZTS-Se
Kesterite (Copper—Zinc—Tin-Sulphur-Selenium) solar cell, ~12.6%, is much lower than the efficiency of CIGS
Recombination (Copper—Indium—Gallium—Selenium) solar cell, ~22.6%. But the CZTS-Se may be the counterpart of the CIGS
gzrf‘:ctoﬁset and the efficiency may be increased up to 32.2% as theoretically predicted by the Shockley-Queisser (SQ) limit.

In solar cell technology, it has been depicted that the efficiency of the solar are affected by the two parameters:
(i) variation of the solar insolation and (ii) quality of the materials. Besides this, the narrow phase stability of
quaternary phases, unfavorable band alignments, mid-gap states and band tails are main reasons of deficit in the
efficiency of kesterite due to the coexistence of the secondary and ternary phases, carrier recombination at the
interfaces, defects and series resistances. As a result, the kesterite solar cell has the fluctuated open circuit
voltage and the loss of energy. In addition to this, the champion CZTS-Se solar cell is not so environmental
friendly because Se is the toxic and the rare earth element. This review provides the vital approaches by dis-
cussing the proper materials processing and the appropriate solution to enhance the efficiency of kesterite (CZTS,
CZTSe and CZTS/Se) solar cells. Due to the large area quality, high absorption and low-cost materials of the
kesterite, it may be used directly in harvesting the solar energy. We have also discussed how to reduce the
recombination of the electron-hole pairs by using the interfacial layer so that the efficiency of the kesterite solar

Interface layer
CZTS solar cell

cells can be improved.

1. Introduction

The energy crisis is a fascinating problem in this world for twenty-
first century. The current energy consumption of the world is 16 TW
(16 x 10" Watt) and it will become 30 TW in 2050 [1]. The 80% en-
ergy is generated from the sustainable energy sources e.g. oil, gas, coal
etc. and remaining 20% energy from renewable energy sources e.g.
water, solar, wind etc. [2]. The solar, wind and water energy sources
are abundant on the earth and are to be free of cost if we are able to
develop low cost devices, that is, solar cell that converts solar energy to
electric energy. The sustainable energy is used at mankind's demand
and may affect the climate change for the long-term by producing
outcome harmful products. On the other hand, the renewable energy is
an alternative source of energy, which is environment friendly for the
earth and the best for health security purpose.

The solar energy is easily available, directly accessible and free
source of energy on the earth and it is free of cost. The solar insolation
on the earth is incident directly about 1.2 x 10°TW (1 TW = 10'?
Watt) on the earth surface in which 3.6 x 10* TW on land only [1]. The

* Corresponding author.
E-mail address: khem.bhu@gmail.com (K.B. Thapa).
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change in the amount of radiation emitted by the Sun at a particular
location increases dramatically due to local effects such as clouds and
seasonal variations, as well as other effects such as “the length of the
sunny day” at the particular latitude. But the solar radiation in desert
regions tends to have lower variations due to local atmospheric phe-
nomena such as clouds [3]. The solar radiant energy spectrum with
percentage distribution intensity versus wavelength of the incident
photons is shown in Fig. 1.1 [4]. This figure predicts that the maximum
intensity of the radiation is to have in the visible wavelength range.

The high-energy conversion devices like solar cells are dependent
upon the material's property. The materials quality modifies the pho-
tovoltaic property and enhances efficiency of the solar cells. So, re-
searchers are working to enhance the materials quality by manipulating
the “material compositions”. The efficiency of the solar cell can be
enhanced up to Shockley-Queisser limit by manipulating the material
with the help of the material processing. The solar cell is the best source
to fulfill the large energy requirements globally without any harmful
effect to the atmosphere and environment.

The development of the solar cell is categorized into three
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Fig. 1.1. Radiant energy over the solar spectrum radiation intensity versus
wavelength, permission taken.

generations on the basis of physical properties and their production
costs:

(i) First generation solar cells: These cells are made by p-n homo-
junction devices and thickness of film used is more than 180 pm. Si
and Ge materials are considered for a solar cell in this generation
with the defect free and the indirect band gap semiconductors.

(ii) Second generation solar cells: These are the hetero-junction de-
vices made by the direct transition semiconductor materials (CdTe,
CIGS) polycrystalline thin film (> 2um) to absorb the visible
wavelength part of the electromagnetic spectrum. In such cells,
there are some challenges related to the recombination time, the
homogeneous composition and the earth-abundant element com-
posite. The production cost of these cells is approximately US$1.00
per watt.

(iii) Third generation solar cells: These are made by the semiconducting
organic macromolecules, inorganic nanoparticles or hybrids ma-
terials e.g. polymer and bio-mimetic. The quantum dot, multi-
junction/tandem solar cell, intermediate solar cell, hot carrier
solar cell, photon up conversion, down conversion and solar
thermal technology are devices in this field. The production cost of
these cells is less than US$0.50 per watt.

Solar Energy Materials and Solar Cells 196 (2019) 138-156

All generations of the solar cell work on the generation of the
electron-hole-pairs. But the electron-hole pairs are dependent upon the
property of the materials. The materials of the solar cells have following
processes for conversion of the solar energy into the electricity:

(i) The effective absorption of the incident photons having the energy
1.1-2.0eV.
(ii) The generation of the electron hole-pairs.
(iii) The separation of the electron-hole pairs before the recombination.
(iv) The collection of the photo-generated charges by the metallic
contacts or electrode.

The high priority of the solar cell in emerging technology is the cost-
effective production with high efficiency and long durability. The first-
generation silicon-based solar cell is owned the maximum number of
photovoltaic cells in the market because of its eco-rich material re-
source, having non-toxic nature and durability. But there is no more
probability to increase the photovoltaic efficiency due to less the ab-
sorption of silicon. So a lot of materials of the high absorption coeffi-
cient have been searched out in place of the silicon, having the effec-
tiveness in photovoltaic property e.g., Cadmium Telluride (CdTe),
Copper Indium Sulfide (CIS), Copper Indium Gallium Selenide (CIGS)
and Copper Zinc Tin Sulphur (CZTS). However, CdTe, CIS, CIGS are
already industrialized but the CZTS is emerging as a photovoltaic due to
large area quality, high absorption and low-cost. The CdTe, CIGS and
CIS have to face some snag due to Indium and Telluride that are the rare
elements and their prices are now already increasing rapidly as they are
highly used in the liquid crystal display industries [5]. Besides this, Iron
Sulfide (FeS,), Copper Sulphide (Cu,S), Copper Oxide (Cu,0) and Tin
Sulphide (SnS) are also considered as the photovoltaic materials.

The researchers are synthesizing the CIS and CZTS based solar cells
with the composition of Cu, Zn, Sn, In and S elements. These elements
are available in the earth's crust as ~ 50, 75, 2.2 and 260 ppm (parts per
million), respectively, but on the other hand, the availability of Indium
is ~0.049 ppm only [6]. Due to toxicity of Cd and Se and availability
issues of In and Te, the production of the photovoltaic devices based on
these absorber layer is limited. Therefore it is required to replace by Zn
and Sn, which have emerged the quaternary compound I-II-IV-VI group
elements: Cu,ZnSn(S/Se), as shown Fig. 1.2 [9]. The CZTS has mind
attention to the researchers due to the photovoltaic properties. The
champion fficiency of the CZTS-Se is 12.6%, but the Shockley Queisser
(SQ) limit predicted that the efficiency of photovoltaic materials would
be ~32.2% [7,8]. Hence, the probability of research in the quaternary
compound I-II-IV-VI group elements is remained to be carried out in the
field of the solar cells.

The kesterite (CZTS) has the classic photovoltaic properties like

Elements group

o
@ o)
I 7%
@ @

IV

ok

Vi
2- 11-vi
ZnS
4,
I-II-VI
CIS
2- I-II-IV-VI
@ CZTS

Fig. 1.2. The relationship between binary, ternary, and quaternary semiconductors to produce CZTS starting from II-VI compound, permission taken.
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direct-band gap, high absorption coefficient and optical band gap en-
ergy of the range 1.4-1.5eV which is highly desired for the photo-
voltaic materials [10-23]. The Copper Zinc Tin Sulphide/Selenide
shows two types of the equilibrium states. First one is the kesterite (14)
and second one is the stannite (I42m), which can be explained by
crystallographically studies. The kesterite provides more stable equili-
brium than the stannite. These structures are similar to each other, but
they expected in different positions of the Cu and Zn. It is well known
that the kesterite (CZTS) compound appears more thermo-dynamically
stable in comparison to stannite compound [24]. The constituents of
CZTS are easily available in the earth crust that is non-toxic and low
cost.

The literature survey shows a large number of the publications and
their citations in this field. It predicts that a lot of works are going on
the kesterite phase for the photovoltaic applications as shown in
Fig. 1.3. Due to the high absorbance and the direct band gap of the
CZTS, there is another application of the CZTS such as photo-
luminescence [10-23]. The kesterite absorbers demonstrate the high
absorption coefficient of > 10*cm ™! and the direct tunable band gap
in the range of 1.0-1.5 eV, which allows for the effective absorption of
incident photons in the absorbers with thicknesses of a few micron
[25].

Owing to the optimal characteristics of the CZTS, the CZTS enables
generation up to 32.2% power conversion efficiency with photons of
energy 1.1-1.6 eV. According to the Shockley—Queisser theory, in the
maximum probability of conversion of the solar energy to the electricity
is more suitable for the overall working materials due to having the
large area quality, high absorption and low-cost [7]. Fig. 1.4 shows the
salient features of the CZTS/Se that are highly absorbed, earth-abun-
dant and tunable direct band gap materials. These are the valuable
parameters for the fabrication of the modern CZTS kesterite solar cell to
generate power conversion efficiency up to 32.2%.

1.1. Fundamental properties

To investigate the physical and the chemical properties of the kes-
terite material, we study the properties of material, such as equilibrium
of the kesterite, phase of the kesterite, energy band of the kesterite, etc.

1.1.1. Equilibrium of the kesterite

A lot of controversies are presented to explain the structure of
Cu,ZnSnS,. By the first principle of study, it is proved that the kesterite
is the more stable compound as compared to mono-crystalline
Cu,ZnSnS/Se, stannite structure in an I»-1I-IV-VI, group, as the stannite
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Fig. 1.4. The salient features of CZTS/Se which are highly absorbent, rare earth
metal and tunable direct band gap.

phase has slightly higher energy than the kesterite [26]. The copper and
the zinc atoms are in an alternate position or d-wick-off position of the
space group; where there is equal probability to take alternate statis-
tically occupied positions [27]. The partial disordering of the Cu—Zn
atomic layer is made in the kesterite and the stannite. The difference
between the atomic numbers of the Cu and the Zn is minor. The mo-
lecule growth's temperature is high because these elements have high
melting point.

Mostly, the thin film deposition of the CZTS as an absorber layer has
been produced at 500°-600 °C temperature. This temperature supplies
the sufficient energy for the solid-state chemical reaction and the grains
growth, the defects free grain boundary; and inserts the volatile specy
from the gas phase to the solid phase. At the elevated temperature,
CZTS is formed as the equilibrium phase with two volatile phases SnS,
and S. To control these phases, the Le-Chatelier principle on post-de-
position high-temperature annealing of the CZTS film is followed [28].

In the chemical equilibrium of CZTS, the forward and the backward
reactions are occurred at the same rate at the atomic and molecular
levels. Hence, there is no net change in the concentration of products
and reactants; as shown in equations in two steps given below [29];

1
Cu,S(s) + ZnS(s) + SnS(s) + ESZ < CZTS(s) a.1)

SnS(s) & SnS(g) (1.2)

In the equilibrium state of CZTS, the kesterite has to be the stan-
dards value of lattice a = 0.5435nm, ¢ = 1.0843 nm. The lattice con-
stants are varying with the element ratio of sulphur and selenium. In
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Table 1a
The lattice constant and the band gap of CZTS and CZTSe in the tetragonal unit
cell of the kesterite structure.

Compound Conductivity a (A9 c (A% Band gap (eV) Reference
Sulphide p-type 5.427 10.840 1.5 [30]
Selenide p-type 5.40 10.846 1.0 [31]

the study of variation of sulphur and selenium quantities, the lattice
constants of sulphide are less than that of selenide in the kesterite as
shown in Table la.

From Table 1a, it is clear that the CZTS is better than the CZTSe
because sulphide have more accurate values of lattice constants and
band gap. On the basis of these properties, we can say that the CZTS is
the counter-part of the CIGS. Some more physical, chemical and
structural properties of the CZTS are compared with the CIGS. The
composition of CIGSe, CZTSe and CZTSSe are also compared with these
CZTS and CIGS. This comparison is explained in Table 1b, which helps
to explain the photovoltaic aspects of the CZTS.

From the above Table 1b, it has been cleared that the maximum
properties of the kesterite are similar to the CIGS. The charge carriers
concentration and current density of the kesterite are slightly better
than the CIGS. Due to which, we can say that the CZTS is best substitute
for the CIGS for photovoltaic application. And it is well known that only
charge carriers’ lifetime (250 ns) is the main factor of the CIGS for high
efficiency. But the CZTS has very low charge carriers lifetime (2.5/15
ns). Hence, the major problem is that the kesterite CZTS has very high
recombination rate and it is a typical task to synthesize the pure CZTS
materials. On synthesizing the CZTS, the secondary phases are also
formed and those will be explained in the next section. Though there is
no appropriate characterization technique to identify the exact phase of
kesterite, but nevertheless the research work is going under the pro-
gress.

1.1.2. Phase of the kesterite

Synthesizing the quaternary compound (I,-II-IV-VI,) is more com-
plex in the comparison to ternary, binary and unary phase because it is
difficult to control morphology, phase structure and stoichiometry. On
synthesizing the quaternary compound Cu,ZnSnS,, the quaternary
(CupZnSnSy), ternary (Cu,SnSs3), binary compounds (CuS, ZnS, SnS,
Cu,S, SnS,) phases are found. The properties of the secondary phases
are described in Table 1c. These secondary and ternary phases influence
the histrionics of the kesterite solar cell.

From Table 1c, it is cleared that binary phase ZnS is the main hurdle
because it generally created during synthesis and insulator type phase.
In X-ray diffraction (XRD) in characterization of the CZTS, the peaks are
overlapped of ZnS and CZTS at (112) plane due to which it is typical
task to analyse the XRD data of CZTS. So, this phenomenon is identified
by Raman spectroscopy characterization. This ZnS phase can be
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removed by etching the HCIL. And the other phases (CuS, Cu,S, SnS and
SnS,) can be removed by etching the KCN. The formation of these
phases is disturbed the phase equilibrium. The phase equilibrium can be
controlled by the variation of composition of element ratio, tempera-
ture and pressure. To optimize the suitable phase, it is compulsory to
take one parameter and other parameters variable [41]. Several re-
search works have been done on the kesterite with the variation of the
composition of element, temperature and pressure, which are explained
in section 3.0. The variation of these parameters affects the solar cell
performance. Hence, the limitations of elements composition ratio: Cu/
(Zn + Sn) and Zn/Sn, controlling phases and defects for growth of
single-phase the kesterite are required. The photovoltaic performance is
affected on the composition ratio variation. For better performance of
the solar cell, the research works have done by considering two ways (i)
either Cu poor or (ii) Cu rich.

The single phase kesterite formation is found in the narrow range of
chemical energy, —0.4 < pc, < 0, where phase space is studied by the
first principle study [42-44]. For the stability, the kesterite must have
the formation energy —4.21 eV and the secondary phase ZnS has for-
mation energy — 1.75 eV. Mostly, high-efficiency devices are associated
with the Cu-poor and Zn-rich condition because it preferences the
copper vacancy defect, which helps to increase the efficiency which is
described in the next section. Mitzi et al. [45] recommended the con-
ditions of Cu-poor and Zn-rich for the growth of world record highly
efficient CZTSSe device under the equilibrium conditions. Kategri et al.
[46] investigated the pseudo-ternary phase diagram of the Cu,ZnSnS,
system to grow the formation of kesterite family and proposed CZTS
having high dependency on composition and temperature as shown in
Fig. 1.5.

1.2. Energy band of the kesterite

The total energy of the band and the band structure of the kesterite
can be identified by the first principle study, the density functional
theory (DFT). There is one electronic parameter like the band gap,
which is obtained by the semi-local functional, PW91 [47]. To obtain
the quantitative estimation of the changed band gap, the hybrid func-
tional theory is used such as the Hartree-Folk, the HSE (Heyd-Scuseria-
Ernzerhof) and the screening constant[(J= 0.11 bohr ') and the energy
exchange-correlation is given as [47,48];

PBE

3
EfBE,SR + E;’BE,LR + Ep

1
EMSE (@) = ~EFocksSR i

4 (1.3
where first term represents the exchange component of electron-elec-
tron interaction that is separated in short range or Fock exchange en-
ergy in short range and second, third, fourth terms are the exchange
energies calculated by the generalized gradient approximation (GGA)
density functional in short range, long range and direct exchange en-
ergy, respectively. By equation (1.1), the energy band gaps of CZTS and

Table 1b

The comparative study of chalcoginide CZTS, CZTSe, CZTSSe, CIGS and CIGSe with different properties.
Properties CZTS CZTSe CZTSSe CIGS CIGSe Ref.
Lattice constants (a, c) A° a = 5.427, a = 5.40, a = 5.40 a =5.6-5.8, a = 5.6-5.8, [30,31]

b =10.840 b = 10.846 b =10.846 ¢ =11.0-11.5 ¢ =11.0-11.5

Space group 14/142m 14/142m 14/142m I42d I432d
Crystal structure Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal [32,33]
Density (gm/cm3) 4.56 4.56 4.56 5.7 5.7 [32]
Band gap (eV) 1.4-1.5 1.0 1.4-1.5 1.0-1.7 1.0-1.7 [33,34]
Crystal energy (meV/atom) 2.86 2.86 2.86 - - [35]
Absorption coeff. (cm ™) 10* 10*-10° 10*-10° 10*-10° 10*-10° [34]
Carrier concentrations (cm™") 10'°-10%° 10'°-10% 10'°-10%° 10'7718 10718 [29]
Carriers lifetime majority/minority (ns) 15/2.5 15/2.5 15/2.5 250 - [36]
Current density (mA/cm?) 10751073 10761073 10751073 1078 - [37]
Melting point (°C) 990 990 990 1070-990 1070-990 [38,40]
Efficiency (%) 8.4 10.1 12.6 22.6 - [8,39,69]
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Table 1c
The characteristics of the secondary phases in the Kesterite are given below.
Properties CZTS ZnS CuS Cu,S SnS, Cu,SnSs
Band gap (eV) 1.4-1.5 3.54-3.68 1.55 1.21 2.2 0.98-1.35
Structural properties Kesterite type Sphalerite & Wurtzite 143m Hexagonal Chalcocite Rhombohedral Cubic and
14 crystal Tetragonal
Electrical properties Semi-conductor,  Insulator, p-type p-type metal like, n-type p-type
p-type highly
defective
Effect on solar cell Absorbing Active area/photocurrent reduce Positive response  Short the solar n-type, forms Affect carrier
material cell diode and barrier for Collection at

ZnS:HCl, ZnSe: (KMnO,4+ H,S04)/Na,S
Etching

Removal of Secondary
phases

KCN

carrier collection
KCN Etching

electrode/ V.
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Fig. 1.5. Phase diagram of the CZTS pseudo-ternary system is consist of CuS,
ZnS, SnS with ratio 50:25:25 respectively. Reproduced with the permission.

CZTSe are calculated and the values have been matched with the ex-
perimental results [49-51].

The energy stability in the band gaps is explained by Chen et al.
[47] which are followed as;

(i) The kesterite has lower energy than the stannite and the Wurtzite
(WZ) kesterite has also lower energy than the Wurtzite stannite.

(ii) The kesterite structure is more stable than the stannite (Cu,Cd-IV-
S, series exception case in the Stannite).

(iii) The energy difference between kesterite and Stannite becomes
smaller monotonically as IV-group cations changes from Si to Sn
element.

(iv) All the above facts are common for sulphide and selenide com-
pounds.

The electrostatic Madelung energy is correlated with the stability of
the Wurtzite (WZ) structure versus the Zinc Blende (ZB) structure that is
identified by the binary WZ and ZB structures. The total energy of the
kesterite depends on the sum of both the Madelung energy and the
strain energy. The strain and the Madelung energy of kesterite are lower
compare to stannite. Due to the low strain and low Madelung energies,
the kesterite is found in the ground state. Hence, the kesterite is more
stable than the stannite.

1.3. Band structure

The group I,-II-IV-VI4 compound has a tetrahedral geometry which
is similar to group-IV, III-V, II-VI semiconductors. This compound
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contains eight electrons around each anion and forms the four bonds
with a closed valence shell. The electronic band structure of the qua-
ternary compound CZTS and CZTSe is shown clearly in Fig. 1.6 and the
density of states are calculated by the first principle method [29]. The
figure shows the four symmetry directions comparable to the band
structure of CIGS,Se. The energy refers to the valence band maximum
(dashed lines). The spin-orbit interaction is also included, but the index
of the bands (j = vy, Vo, v3 and c;) refers to spin-independent bands,
where c; represents the lowest conduction band or conduction band
minimum (CBM) and v; represents the topmost valance band or valance
band maximum (VBM).

In the chain of band structure explanation, Chen et al. [47] have
found the following results:

(i) The L,-II-IV-VL; compound semiconductors have the direct band
gap at the TI'-point (the calculated band gap energy shown in
Table 1d).

(ii) The top valence band (VBM) has the anti-bonding component of
the p-d orbital hybridization between the VI-group anion and the I-
group cation.

(iii) The bottom conduction band (CBM) has the anti-bonding compo-
nent of s-s and s-p orbital hybridization between the IV-group ca-
tion and VI-group anion.

As the group-IV cations change from Si to Ge and Sn, the band gaps
are decreased in the order identified by GGA, GGA + HSE, HSE func-
tional method as shown in Fig. 1.7.

In Table 1d, the kesterite structure has E; = 1.56 eV in CZTS and
E; = 1.05 eV in CZTSe as calculated by the GGA + QP density func-
tional theory. These calculated results agree well with band-gap de-
termination by the various measurement techniques [52-63]. (see
Fig. 1.7).

2. The progress of conversion efficiencies of kesterite solar cells

In 1988, Ito and Nakazawa [64] had reported the photovoltaic effect
of CZTS material for first time and they found open-circuit voltage of
165 mV with such device. After that Friedlander and Kategri [41,65]
also reported and modified results of conversion efficiencies with 2.3%
and 2.63%. In 2008, Kategri group [68] had reported the increased
efficiency of the solar cells by 6.3% through the optimization by sul-
furization. In same year, more than thousands of papers have been
published on the CZTS synthesis and some of the papers were reported
the good results of the photovoltaic application. The current world
record efficiency of the kesterite CZTS Se based thin film solar cells is
12.6% [8]. In 2010, Todorov et al. [67] had already reported that
CZTSSe based solar cells had obtained 9.6%. The total progress of
highest conversion efficiencies of CZTS, CZTSe, CZTS,Se in lustrum
timing is shown in Fig. 2.1(a&b). The latest world record efficiency is
achieved in joint research with the IBM and the Tokyo Ohka Kogyo
(TOK) and has also been independently verified by Newport
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Fig. 1.6. The electronic band structure E;(k) of the kesterite and Stannite structures of CZTS and CZTSe along four symmetry directions. Reproduced with the

permission.
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Table 1d
The calculated I'-point band-gap energy (E) of kesterite and Stannite.

Methods CZTS kesterite ~ CZTS stannite =~ CZTSe kesterite ~ CZTSe stannite
(eV) (eV) (eV) (eV)
GGA + QP 1.56 1.42 1.05 0.89
HSEO06 1.47 1.27 0.90 0.70
GWy 1.57 1.40 0.72 0.85
' T v T v T T ™3
3.0 | @ HSE 8
a5 b A HSE+GGA
—~ : O cGa ]
Z 2.0 - -
Nt - -
(=%
] - -l
) 1.5 D g
= . — <
§ 1.0 B
~ + Cu,ZnSiS, Cu,ZnGeS,  Cu,ZnSnS,]
0.5 Ij R
0.0 O
1 | 1 A 1
Si Ge Sn
Group IV cation

Fig. 1.7. Calculated band gap of kesterite CuyZn-IV-S4 which decreases as the
group-IV cations change from Si to Ge to Sn, using the methods: (i) GGA
functional (green), (ii) GGA + HSE functional (red), (iii) HSE functional (blue).
Reproduced with the permission.

Corporation[72-76]. The current highest reported conversion effi-
ciencies of the kesterite are shown in below Table 2a by different
synthesis methods.

2.1. Sprayed kesterite

The vacuum and the non-vacuum based techniques are used to
synthesize the kesterite CZTS. In the non-vacuum, the spray pyrolysis is
mostly used to synthesize the sulphide and the oxide because this
method is very cheap, easily available, having high roughness surface
film and easy to grow the multilayers in the controlled thickness. The
highest record conversion efficiency of pure sulphur based on the
sprayed kesterite is shown in Table 2b. Some important parameters in
sprayed kesterite are carrier gas, spray atmosphere, substrate

M czrs
I czrse

[ czTsse

12

10

2005-2010

Upto 2000 2000-2005 2010-2015  2015-2018

@
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temperature and annealing condition.

Larramona et al. [77] had reported more than 5.0% efficient for
spray coated CZTS solar cell. To fabricate the solar cell, they deposited
the CZTS film in two parts and fabricated the solar cell. In the first part,
Cu—Zn—Sn—S colloidal dispersion in the ethanol and water solvent
were used in the spray-pyrolysis method. They used XY-axis robotic
spray pyrolysis set-up and N, carrier gas in N, glove box. In the second
part, two-steps for annealing process: (i) annealed 15 min at 525 °C with
the pure N, atmosphere (ii) annealed 60 min at 525 °C with H,S (3%
N,) atmosphere and after that they got finally 2 um thick film. They
deposited the buffer layer of cadmium sulphide (CdS, 60 nm) by che-
mical bath deposition (CBD) and etching by HCl (8%). and sample was
finalized with the deposition of intrinsic zinc oxide (i-ZnO, 60 nm) and
Indium Tin Oxide (ITO, 250 nm) as a window layer by using magnetron
sputtering.

3. Parameters to affect the performance of solar cell efficiency and
photoluminescence performance

There is a lot of works have been done on the CZTS for solar cell
application but nevertheless is not commercialized and because the
CdS/CZTS solar cell efficiency depends on open circuit voltage (V,c),
current density (Js.) and fill factor (FF). The solar cell efficiency para-
meters are shown in Fig. 3.1. The open circuit voltage (V,) is urged by
carrier generation and recombination near the charge-separating
junction in solar cell and plays a dominant role. Thus, the CdS/CZTSSe
solar cell has the conversion efficiency approximately 12.6% [8].
Hence, the fault of the deficit in the efficiency of the solar cell have
been deliberated by the researchers to understand the junction char-
acteristics, current collection and recombination mechanisms in the
current generation of devices.

In the CdS/CZTS solar cell, the junction characteristics, the current
collection and the recombination mechanisms are modified by the
variation in parameters, such as the composition of element (defects
and graineries are created), the substrate temperature, the annealing,
the sulpherisation, the concentration, the pH of salt's solution and the
interface carrier recombination centre. The absorber composite CZTS
has direct band gap with 1.4-1.6 eV, radiative and non-radiative re-
combination having the high absorption coefficient in visible energy
range. Thus, these properties are suitable for photoluminescence as well
as for solar cell. Most of the cases, the CZTS shows a broad peak of
1.3eV in photoluminescence spectroscopy [83-87]. Grossberg et al.
[88] detected two peaks of photoluminescence due to the random
distribution of defects, potential fluctuates in CZTS. Thus, the pertur-
bation of the band structure is created and the photoluminescence
peaks are shifted to the lower energies [89] and vice-versa in the

14}

12

10

Efficiency (%)

199 |- o
1998 |
2000 -
2002
2004 -
2008 -
2010
2012 -
2014
2016 -
2018 -

Fig. 2.1. (a&b) The highest efficiency development chart of CZTS, CZTSe, CZTSSe. The total progress in the best conversion efficiency of Kesterite solar cell is in
lustrum timing. Development of conversion efficiency of kesterite thin film solar cells in biennium timing. Self-designed (a) and (b) reproduced with the permission.
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Table 2a
The current highest reported conversion efficiency of kesterite solar cell is shown with V,. open circuit voltage, Js. current densities and fill factor (FF).
Methods Materials Voc (mV) Jse (mA/cm?) FF Conwv. effi. (%) Time Ref.
CBD method (non-vacuum) CZTS 610 17.9 62.0 6.67 2008 [66]
Thermal evaporation (vacuum) CZTS 661 19.5 65.8 8.84 2011 [69]
Spin coating (Vacuum) CZTSe 422.8 38.7 61.9 10.1 2012 [48]
Electro-deposition (Non-vacuum) CZTSe 390.0 35.3 58.0 8.0 2014 [70]
Hydrazine- slurry method (vacuum) CZTSSe 513.4 35.2 69.8 12.6 2014 [81
Spray Pyrolysis method (non-vacuum) CZTSSe - - - 5.1 2014 [71]
Table 2b
The highest conversion efficiency of pure Sulphur based sprayed kesterite
Spray type/key Precursors/solvent/carrier gas Substrate Annealing condition Jse Voc (mV) FF (%) Eff. [%] Rs/Rsn Ref.
temperature [°C]/ (mA/ Area (Q cm?)
etching cm?) (cm?)
Pneumatic XY CuCl,,ZnCly,, SnCly, 300 °C/HCI (8%) N; 525 °C, 15min + H,S; 19 630 50 5 4/300 [771
robotics NaHS/water + ethanol/N, (glove box) 525 °C, 60 min 0.25
Pneumatic/(8 nm) CuCl,, ZnCH3COOH, SnCly, NH3CSNH3/ 331 331, 30 min 8.3 430 52 1.8 9.7/252  [78]
water/air (air)
Pneumatic/ CuCl,, ZnCH3COOH, SnCly, NH3CSNH3/  360/KCN (1%) Ar, S + Sn+580 °C, 9.8 421 34.3 1.4 18/89 [79]
water/Ar (Ar box) 30 min 0.09
Pneumatic/Ar and CuCl,, ZnCH3COOH, SnCly, NH3CSNH3/ 220 KCN (1%) Ar, S + Sn+580 °C, 10.7 407 33 1.4 17/70.8 [80]
Ar + H, carrier = water/Ar (Ar) 30 min 0.09
gas
Pneumatic/ CuCl,, ZnCH3COOH, SnCly, NH3CSNH3/ 350 KCN (1%) Ar, S + Sn+580 °C, 10.3 356 325 1.2 16/61 [36]
water/Ar (Ar) 30 min 0.09
Pneumatic/ CuCl,, ZnCH3COOH, SnCly, NH3CSNH3/ 450 KCN (1%) Ar, S + Sn+580 °C, 7.5 361 37.1 1 15 [81]
water/Ar (Ar) 30 min 0.09
Pneumatic/ CuCl,, ZnCH3COOH, SnCl,, 220 KCN (1%) Ar, S + Sn+580 °C 10.7 407 33 1.4 17.3/ [82]
NH3CSNH3/water/Ar + H, (Air) 30 min 70.8
1.40 Efficiency (%)
x
| | 180 o we—b—T———— =E X
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Fig. 3.1. The block diagram of the solar cell efficiency parameters is shown.

Thicknes'

excitation power [90-93].

3.1. Effect of composition of elements ratio

The effect of the variation of constituent elements of the CZTS re-
sults as the variation of characteristic of the composite with surface
morphology and microstructure, i.e., graineries and defects, photo-
luminescence (PL) properties. These parameters affect the solar cell
performance directly. The variation of constituent elements quantita-
tively influenced the kesterite properties such as Cu poor and Zn rich
ratio having better photovoltaic properties [94]. The composition ratio
versus efficiency is shown in Fig. 3.2. From this figure, it is concluded

Fig. 3.2. The composition ratio of Cu/(Zn + Sn) and Zn/Sn with the efficiency.
Reproduced with permission.

that the highest efficiency region would be changed by Cu/(Zn + Sn)
and Zn/Sn. The values of the Cu/(Zn + Sn) and Zn/Sn could be laid in
between 0.80-0.90 and 1.2-1.3, respectively. The particle size increases
with increasing the Cu/(Zn + Sn) ratio as reported by Sahayraja et al.
[182]. The particle size is obtained up to 1 um for 0.80-0.90 for Cu/
(Zn + Sn) and 1.2-1.3 for Zn/Sn [182]. The high efficiency of the CZTS
device was reported at this size of the particle. Ref. [95-98] were also
reported the photovoltaic properties of CIS and CIGS that are dependent
on the ratio of Cu/In and Cu/(In + Ga) and investigated the effect of
Cu/(Zn + Sn) and Zn/Sn in CZTS,Se. This is randomly created bulk
defects and affected the grain sizes. The variation of Cu/Zn + Sn and
Zn/Sn ratio in the CZTS solar cell is shown in Table 3a. On study the
review literature of the kesterite, the suitable composition ratio Cu-poor
and Zn-rich would be laid 0.80-0.90 for Cu/(Zn + Sn), 1.1-1.3 for Zn/
Sn and 1.6 for Cu/Sn to get the high-efficiency solar cell as shown in
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Fig. 3.2.

Ref.
[108]

3.2. Role of defect in the device efficiency

The secondary phases play a major role in the device as discussed in
Table 1c. The lattice defects also play crucial role to the recombination
of electron-hole pairs, the generation and separation in the application
of semiconductors for the photovoltaic devices. The defects have
identified in the form of the vacancies, anti-sites, interstitials and defect
complexes. Table 3b is indicated the defects, defect ionizations level
and impact on the solar cell. The defects also created the shallow donor
and acceptor levels and mid-gap and deep trap state between the band
gaps of the kesterite [99].

The V¢,, Cuz, and Cuz, + Zng, defects are favorable to improve the
solar cell efficiency but other defects such as Vz,, Vs, Vs, Vs are un-
favorable because V¢, is the vacancy of Cu atom that creates the dis-
placement of the atom in the unit cell of the CZTS. Similarly, other
vacancies also create the displacement of the related atoms. When Cu
atom displaces by Zn atom in the CZTS unit cell, then the anti-site
defect Cug, is created and similarly other anti-site defects are also
created. However, when two anti-site defects combine then they make
defect complexes [109-111]. These defects have a special ionization
levels due to which the number of charge carrier or conductivity (p-
type) and recombination are affected as Vs and Vg, form the mid-gap
states while the Vz, and Vs, form the deep levels and mid gap states
within the band gap range and Cuz, and Znc, form the shallow acceptor
and donor levels, respectively [112]. The anti-site Snyz, forms the two
mid gap states and interstitials Cu;, Zn; form the shallow donor level
and mid gap states in Cu rich/stoichiometric conditions. The non-stoi-
chiometric condition/Cu poor Zn rich condition is beneficial for high
efficiency of the solar cell, but also forms the undesirable defects [113].
The defect complexes Cuz, + Zng,, Cusp, + Snc,, Zng, + Sngz,
Veu + Zncy, Vzn + Snzy, Zng, +2Zncy, 2Cuz, + Sng, are formed by the
vacancies, interstitials, anti-site defects in the CZTS because the for-
mation energy is lower than the individual defect. Till date, no more
works have been done on defects; it is not easy to observe the defects by
any advanced instrument. The density of the defects in the CZTS is
found 10'® cm ™3 which has impact on the efficiency of the solar cell
[112].

The ratio Cu/(Zn + Sn) and Zn/Sn impacts the solar cell efficiency
due to carrier collection at the electrode because V¢, and Cuy, antisite
defects affect the p-type conductivity of CZTS [114]. The shallow donor
Znc, defect ionize to positive charge and behave as an electron sink and
hole barrier. In CZTSSe solar cell, this defect creates inhomogeneity and
increases the electron recombination as well as the open circuit voltage.
The limited V. is controlled by deep level recombination centers in the
bulk interface and grain boundary [115,116]. The defect (V¢, + Zncy)
helps in the transportation of charge in CZTS,Se because this defect
repels the majority charge carriers (holes) and collects the electrons to
the n-type buffer layer. These can be created by the Cu poor and Zn rich
condition [117]. But V. reduces in CZTSSe devices due to defects by
the recombination centers at interfaces and grain boundaries in the bulk
material. The point defect creates the band gap fluctuations due to non-
uniform chemical stoichiometry [118]. Some defects like Zng,,, Os,, Na;,
at the grain boundaries create the barrier for holes and helps to trans-
port the electrons through the grain boundaries [119120].

Applications
Solar cell

the Ag/Sn ratio) increase average grain size
® Minimize non radiative recombination

® Prevent band gap

(~100 cm?/V.s)
® The PL intensity reduced on increasing Sn (decreasing

® Narrowing or the formation of deep defects on high Ag/
Sn ratio

® Ag-poor (smaller grains)
® 7nSe, Ag,Se, AggSnSeq secondary phases
® Carrier density (~ 1012/cm®) and electron mobility

Characterization

Ratio Cu/(Zn + Sn) or Zn/Sn

Ag/Sn = 1.50-1.85,
Zn/Sn = 1.03-1.15

150 °C, Tapm = 500 °C, Thickness-2pum, Etching by

KCN (1 M) for 3 min/pressure = 10~ ° Torr

Precursor Salts/Solvents/Temperature

Ag, Zn, Sn, Se/Tqyp

3.3. Substrate temperatures/annealing/sulpherisation

The substrate temperature and the annealing or sulpherisation are
other parameters that affect the physics of solar cell. The secondary
phases, defects, lattice mismatch and diffusion of elements across the
interface are created. The effect of substrate temperature investigated at
room temperature (R, to 450°C, the crystalline structure of the
Kesterite is identified at 370 °C [66]. The grain size is increased with
increasing temperature as shown inFig. 3.3.

Co-evaporation/AZTSe

Table 3a (continued)
Methods/Material
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Table 3b
The defect, ionization level and impacts on solar cell description given below

Solar Energy Materials and Solar Cells 196 (2019) 138-156

Type of defects Tonization level of

Formation Energy (eV)

Impact on CZTS solar cell

Defects
Veu 1 Acceptor (—) 0.02 ITonized from (0/0) to —1 state and transition level &(-/0) forms the
shallow state (favorable)
Vzn 2 Acceptor (2-) - Deep levels (unfavorable)
Vsn 4 Acceptor (4-) - Deep levels (unfavorable)
Vs/se 1 Donor (—) - Mid-gap state (unfavorable)
Cug, 1 Acceptor (—) >0.02 Deeper than V¢, (favorable)
Znc, 1 Donor (—) - Shallow level near the conduction band (unfavorable)
Cug, 1 Acceptor (1-) - Deep and multi-levels (unfavorable)
Sncy, 2 Donor (2+) - Deep level and mid-gap state (unfavorable)
Zng, 2 Acceptor (2-) - Deep levels (unfavorable)
Sny, 2 Donor (2+) - Mid-gap states (unfavorable)
Cuy; 1 Donor (2+) - Shallow states near conduction band (unfavorable)
Zn; 2 Donor (2+) - Mid-gap states (unfavorable)
Stoichiometry defect: Cuz,+Zngy, - >2 Cugz, + Zng, low impact on optoelectronic properties and other
Cugy + SNy, decrease the band gap 0.3 eV
Zng, + Snzy
Non-stoichiometry defect: (Ve + Zncy), - ~0.3-0.6 Significant impact and responsible for local variation in chemical

(Vzn + Snzy),
(Znsp +2Zncy),
(2Cuz, + Sng,)

potential
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Fig. 3.3. Crystallinity and resistivity of the CZTS thin film with annealing
temperature 460 °C-580 °C.

We studied in the literature review the substrate temperature and
annealing or sulpherisation as given in Table 3c. From above study, we
concluded that the suitable synthesized temperature (spray pyrolysis)
for the Kesterite is 340°-410°C and the annealing temperature is
460°-580 °C. These ranges are proposed for better results to improve
the qualities of the absorber layer of the CZTS. But the secondary
phases, defects and Mo(S/Se), layers are created between the absorber
and Mo metallic layer. The Sn and S elements are evaporated at high
temperature and so these elements create non-stoichiometric CZTS film
at high temperature. Hence, the balanced stoichiometry is obtained by
controlling the temperature and the ratio of the constituent elements
like Cu, Zn, Sn, S, Se.

Mkawi et al. [133] studied the chemical composition of the CZTS
thin film misbalanced of increasing the annealing temperature
460°-580 °C, where the resultant phase of the CZTS is misbehaved.
Zhou et al. [130] proposed that the absorption coefficient vary with
temperature and photon energy.

Hence, the oxide type impurities of the CZTS thin film can be re-
moved by annealing at high temperature and the molecules have the
sufficient energy to form the proper structure. But in this process, the
sulphur is also evaporated. To diagnose this problem, we pass the inert
atmosphere (Argon or Nitrogen) and hydrogen sulphide (H,S) with
CZTS sample during the annealing.
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4. Interfaces in CZTS solar cell

The phase impurity and the poor interface quality mainly affect the
performance of the solar cell efficiency in the device. So, the interface
quality can be improved using the Buffer layer. As we know that the
solar cell efficiency is dependent on the parameters: (i) open circuit
voltage (Voc), (ii) short circuit current density (Js.), (iii) fill factor (FF).
The open circuit voltage (V) is reduced by the interface recombination
of the device. To elucidate the open circuit voltage deficit, the me-
chanism of the carrier recombination is analysed by equation (4.1);

Ea _ AKT| o
q q J

“ 4.1
where E, = activation energy for recombination, A = ideality factor,
q = electronic charge, k = Boltzman constant, Joo = reverse saturation
current density and J;, = photocurrent density [134].

The device structure of the CZTS solar cell is shown in Fig. 4.1. The
secondary phases and defects are created at the interfaces by the inter-
diffusion of the materials. The inter-diffusion is done by the annealing
and the secondary phases created like Cu,S at CdS/CZTS and ZnS& SnS,
at CZTS/Mo interfaces [135-137]. However, the Cd is diffused into
CZTS and Zn &S are diffused into CdS layer. As a result, the band
alignment is switched at CdS and CZTS interfaces and the carrier
transport is disrupted [138].

During the sulfurization process, MoS, or MoSe, layer is created at
the CZTS and Mo interfaces and this process is very arduous to the
efficiency of the solar cell [139-141]. But some papers have explained
that these layers affect the open circuit voltage due to the shifting band
alignment between CZTS and Mo interfaces [112,132,134,142].

4.1. CdS and CZTS interfaces

The CdS (n-type) and the CZTS (p-type) layers form a p-n junction in
the metal grids in the form of Al-Zn0O/i-ZnO/CdS/CZTS/Mo/SLG as a
device, where Al—ZnO is the aluminium doped zinc oxide. The p-n
junction of the CdS and CZTS interface is an interesting area of the
research work because the maximum charge carrier's loss near the in-
terface is due to the recombination and the band offset on transporta-
tion of charge carriers. There are two types of recombination/band
offset that are formed: spike and cliff. It can be determined by X-ray
photoelectron spectroscopy which is shown in Fig. 4.2.

Scheer et al. [143] explained that the spike barrier is the trammel.
This trammel restricts to flow of electrons from CZTS to CdS and as a
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® @
Metallic grid Al/NT
- Al-ZnO
Window layer i-ZnO
Buffer layer CdS/ Zn$S
CZTS
Ok comtact Mo
Substrate Soda lime glass

Fig. 4.1. Basic structure of CZTS solar cell with back contact, an absorber layer,
Buffer layer, window layer, and grids.

result the V. is increased. And the cliff barrier or negative band offset
helps to flow of electrons from CZTS to CdS and as result the Jsc, Vi
and the fill factor (FF) are enhanced [144,145]. The mechanism of the
charge carriers transport across the potential barrier can be explained
as shown in Fig. 4.2(c) and (d). The studies of effective of variation of
S/(S + Se) ratio and band alignment are given below in Table 4a [146].

The CdS/CZTS interface has shown the cliff type structure and CdS/
CZTS,Se has shown the spike type structure [147,148]. Tajima et al.
[149] estimated the conduction band offset (CBO) at the CdS/CZTS
interface by the valance band offset (VBO). The band gap of the ma-
terials can be measured by hard X-ray photoelectron spectroscopy. They
also reported the flat band conduction band minimum (CBM) as shown
in Fig. 4.3. This condition helps to charge transportation smoothly at
the junction CdS/CZTS interface.

Solar Energy Materials and Solar Cells 196 (2019) 138-156

4.2. ZnO/CdS interface

To enhance the efficiency of the kesterite solar cell, i-ZnO/Al-ZnO,
In,03, ZnSnO, GaP materials are used as the window layer. Such ma-
terials are highly conductive having wide optimal band gap and are
highly transparent in desired spectrum [150,151]. These layers are used
in the CZTS and CIGS solar cells. Janotti et al. [152] analysed that i-
ZnO/Al-ZnO is the best window layer and shown the positive response
such as improved V,, for the solar cell application [153].

The band alignment of the ZnO and CdS interface is investigated for
CIGS absorber [154]. The band alignment explained the charge carrier's
transportation as shown in Fig. 4.4. But another investigation has
showed the flat band offset as CBO =0.1 = 0.15eV and
VBO = —0.96 = 0.15eV which support the charge transportation at
the interface [155].

4.3. CZTS and Mo interface

The charge collection point/electrode is the parameter at which
there is the charge carriers loss in the device of solar cell. This is the
deleterious effect to enhance the efficiency of solar cell because V,, is
affected. So, a lot of metallic coated substrates are used to collect the
charges. The metals like W, Mo, ITO, FTO, Cr, V, Ti, Mn, Au, Ni, Ag, Pt,
Nb, etc. are used to collect the charge carriers as the electrode [156].
Mostly Mo is used in the high-efficiency solar cell such as CIS, CIGS
because it has ohmic contact, good adhesion and formed the diffusion
barrier layer (MoS/Se), [157,158]. Hence, the Mo metal is used in the
kesterite solar cell that may increase the open circuit voltage (Vo). But
some researchers reported its negative impact on the solar cell device
[159,160]. There are more requirements to do the research work in this
field.

Scragg et al. [161] observed that if the electrodeposited CZTS/Mo/
SLG film is annealed/sulfurized/selenized at 550 °C, then the thickness
of the film is increased with the increasing time and the decreasing
temperature, where grain size also reduces the film thickness [162].
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Fig. 4.2. (a and b)The structure of the band offset are (a) spike type, (b) cliff type barriers.(c) No carriers transport at the interface.(d) carriers transport at the

interface for photo-generated electrons and inject electrons.
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Table 4a
Comparison effect of variation of S and Se on band alignment is given below

Solar Energy Materials and Solar Cells 196 (2019) 138-156

Increasing parameter Effective parameter

Effect on band alignment

Sulphur The band gap of CZT(S,Se) increases ® Valance band edge shifts towards the higher binding energy,
® Reducing the VBO and CB edge [146]
Selenium The band gap of CZTS reduces ® Conduction Band edge shifts downwards [146]
CBO=0=0.1 eV 30
A A CBM
E 20
2
Cds CZTS <
Eg=2.4eV Eg=1.45 eV T
—
v Ef
00
A 0.0 0.2 0.4 0.6
T Voltage (V)
VBO=1.0+0.1eV
v \

Fig. 4.3. The CdS/CZTS interface band alignment shown the flat CBM.

A

0.3eV

CdSs
2.4eV

n0O
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A

Fig. 4.4. The band diagram of ZnO/CdS interface showed the band offset 0.3 eV
Conduction Band Minimum (CBM) and 1.2eV Valance Band Maximum (VBM).
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Fig. 4.5. Band diagram of Mo/MoS, interface in which CBO is 0.36 eV.

The thickness of the MoS, layer was helpful in the device performance,
if TiN layer is used [163,164]. The band offset CBO is 0.36 eV at the
Mo/MoS, interface as shown in Fig. 4.5 [165].

Currently, there are some intermediate layers used to improve the
back contact of the CZTS solar cell. These intermediate layers are TiN,
Silver, Bismuth, Carbon, ZnO, Al,O3, TiB, at the CZTS and Mo interface.
The coating of these materials is applied on the substrate in the nano-
meter range. The CZTS solar cell was reported with the efficiency 5.5%
with 621 mV open circuit voltage, 18.71 mA/cm? current density and
fill factor 47.1% when intermediate layer TiN was deposited by sput-
tering process [166]. The CZTSe with TiN layer was also reported the
efficiency 8.9% with 385 mV open circuit voltage, 42.60 mA/cm? cur-
rent density and fill factor 54.2% [167].

If the 10 nm thickness of ZnO layer is used in between Mo and CZTS
layers, the efficiency is enhanced from 2.5% to 6% with reducing the

(b

Fig. 4.6. (a) The J-V Characteristics of the CZTSe with efficiency, open circuit
voltage and fill factor in 1.5AM illumination and quantum efficiency shown in
the inset. Permission granted for the image.(b) Top and cross-section view of
the CZTS absorber layer and MSe, and Mo layer. Reproduced with the per-
mission.

Table 4b
Using the different layers between the Mo and CZTS, Se absorber layers to
enhance the solar cell efficiency.

Absorber  Intermediate = Voo (mV) Jg FF (%) Eff. (%) R Ref.
layer layer (mA/ (ohm

cm?) cm?)
CZTS TiN 621 18.70 47.10 5.5 6.90 [170]
CZTSe TiN 385 42,60 54.20 8.9 1.80 [167]
CZTS C 560 16.96 56.00 5.5 2.00 [171]
CZTSSe C 439 27.90 59.20 7.2 0.53 [172]
CZTS ZnO 364 28.60 57.50 6.0 0.50 [167]
CZTSe ZnO 641 1597 42.00 4.3 1510 [168]
CZTS Ag 597 15.05 49.20 4.4 12.80 [173]
CZTS TiB, 598 13.21 56.00 4.4 10.30 [174]
CZTS Bi 590 1570 51.00 4.8 5.67 [175]
CZTS Al,03 657.8 19.76 6591 8.57 1.97 [176]

series resistance (R;) [168]. Liu et al. [169] reported the enhancement
of the efficiency of the solar cell from 1.13% to 4.3% with decreasing
the voids and the thickness of the MoS,. Fig. 4.6(a)shows the J-V
characteristics of the CZTSe solar cell under AM 1.5G illumination with
or without the ZnO layer and the quantum efficiency of devices is
shown in the inset. Fig. 4.6 (b) shows the top view and the cross-section
of the CZTS, Se absorber layer, MoSe, layer and Mo layer on the sub-
strate. The figure shows that the crystalline size becomes the order of
micro size in which the recombination is reduced due to micro crys-
talline [8]. The results of the enhanced solar cell efficiency are modified
as shown in Table 4b.

A lot of investigations are required to remove the charge carriers
(holes) collection problems at the CZTS,Se and Mo interfaces. The low
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Table 5
Champion solar cells efficiency of CIGS and CZTSSe are given below.

Absorber material Vo, (mV)  Jo (mA/cm?)  Fill Factor (%) 75 (%) Ref.
CIGS 746 36.6 79.3 22.6 [181]
CZTS,Se 513.4 35.2 69.8 12.6 [8]

resistive, the highly conductive and the suitable band alignment ma-
terials will have a good transportation of the holes.

5. Role of the thickness of the layers in the solar cell

The thickness of the solar cell layer is another main parameter of the
solar cell which mostly affects cost and open circuit voltage in the
second generation solar cell. The best-reported absorber layer thickness
is = 100 nm which balances the R; and absorption coefficient [181].
The best thickness of the window layer was reported 60 nm-1pm and
interfacial layers were reported 5-20 nm as discussed earlier.

6. Future possibilities of kesterite in solar cell application

There is a big challenge for researchers to enhance the conversion
efficiency of the kesterite (CZTS/CZTSe/CZTS,Se) solar cell with the
low-cost methodology. The efficiency of CZTS, Se has low results as
compared to the efficiency of CIGS as shown in Table 5 The efficiency of
CZTS,Se is tending to rise up to 22.6% by manipulating the materials.
The main reason of low efficiency of kesterite solar cell is that the high
loss of charge carriers by the recombination during charge transporta-
tion and the charge collection at the electrode. These parameters are
affected directly by the interfacial layer between the absorber and the
buffer/window layers and the absorber and the metallic contacts. The
best buffer layer is CdS for the CIGS solar cell but it is not perfect for the
CZTS,Se solar cell because the recombination timing of the CZTS,Se
solar cell at the interface is very low as compared to the CIGS solar cell
as discussed earlier in the introductory section. The main reason of low
recombination in CdS/CZTS interface is Cd diffusion in absorber layer
at the time of solar cell fabrication. The interface of CdS/CZTS has spike
type band offset with 0.4 eV energy [177]. As a result, the mismatched
lattice problems have been created [177]. Hence, it is required to de-
velop the suitable buffer layer in place of the CdS, i.e. appropriate
function interfacial layer between the buffer and the absorber.

The best solution of the above discussed problem is the carbon
nanotube (CNT). The CNTs are the cylindrical type molecule and
having valuable applications for electronic, optic, nanotechnology and
other field of the materials science. The CNTs have a unique feature
breathing mode of cylindrical type molecules. The feature of the na-
notube structure is to make fine tuning through the narrow selectivity
of the wavelength of emission and can be detected by the light. Due to
the breathing mode of the cylindrical type molecules of the carbon
nanotubes (CNT), the CNT may be the perfect buffer layer to reduce the
recombination between the absorber and the buffer layers. Similarly,
Graphene nano layer may also be the best solution of this problem.

The Mo(S»/Se,) layer is another hurdle in the efficiency enhance-
ment of the kesterite solar cell. The Mo interface plays vital role to the
enhancement of the kesterite solar cell because it has maximum series
resistance. The Mo(S»/Se,) layer is formed often in the kesterite solar
cell during the annealing process. Hence, we have concluded two points
clearly that (i) we should not have annealed the solar cell after the
complete fabrication and (ii) we should remove the Mo metal by the
high work function metal such as Ni (5.22), NiO (> 5.2), Pd (5.22), Pt
(5.64) [178-180]. Here, fabrication of the solar cell without annealing
may be the wonderful task because this idea avoids the formation of
MoS,/Se; layer and diffusion of the metallic salts layers across the in-
terfaces having the high work function for metal. In the presence of the
high work function layer, all charge carriers (holes) may be collected in
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the right manner to enhance the efficiency of the solar cell. During the
charge collection of the electrode, will not be the energy loss for high
work function electrode. This will form the ohmic contact with the
kesterite solar cell and have more probability to extract the charge
carriers.

7. Summary

In this review, we have discussed all the issues related to the effi-
ciency of the kesterite solar cell particularly the CZTS. The CZTS may
become the counterpart of the CIGS for the advanced solar technology,
if we are able to remove challenging issues of the composition like the
secondary phases, the defects, the interfacial recombination and the
annealing temperatures, etc. In this regards, we have diagnosed all the
problems one by one and given some appropriate solution for each
issue. The technical issues are also raised as the prime way to restrict
the CZTS solar cell efficiency more than~ 20%. Although there are
significant progresses have been made to achieve the enhanced effi-
ciency of the CZTS solar cell, further the new process is required to
improve the efficiency of the CZTS solar cells experimentally up to
32.2% as predicted theoretically by the Shockley-Queisser (SQ) limit.
The efficiency of the CZTS solar cell may be achieved > 20% by re-
moving all the issues and it will became the future solar cell device
having the high absorption coefficient and the low cost as discussed in
this review. Moreover, we have also observed some important facts
which are as follows:

(i) The secondary phases of CuS, Cu,S, SnS, SnS, and Cu,SnS;3 can be
removed by the KCN etching. However, the secondary phase of ZnS
can be removed by the HCl etching. Further, we can get the pure
phase for the CZTS thin film.

(ii) The defects in the CZTS are needed to be suppressed for the band
tailing and the band edge potential fluctuations by the post an-
nealing the sample at low temperature and as a result there will be
the reduced concentrations of Cuz, and Zng, defects and the E will
be increased.

(iii) The composition ratio of the Cu and Zn elements of the CZTS is to
be controlled for the narrow phase stability with Cu-poor and Zn-
rich condition. In the annealing process, S element may be used to
suppress the decomposition of the CZTS/Mo interfaces.

(iv) Finally, the kesterite CZTS solar cell is to be reduced for the in-
terface recombination at the buffer layer. The absorber interfaces
having spike like structure of conduction band offset is an ideal
condition. This spike like structure can be achieved by adjusting
the band structure of the buffer layer by the creating/coating the
inversion layer in the middle of the buffer and the absorber layers.
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The non-toxic and eco-friendly solar-cell of CZTS thin film could be produced as an absorber.
CZTS has two structures which are known as stannite-type (space group 142m) and kesterite type
(space group /4). In recent years, Kasterite-based solar cells have attracted more attention for their
significant reduced toxicity and greater abundance of ingredient elements. In this review, we shall
discuss the current and future probabilities of this important thin film technology. In such thin film
technology, we mainly focus on three features of the device: (i) Secondary phases of the absorber
bulk defects and grain boundaries, (ii) The interface between the absorber (kesterite) and the buffer
layer, (i) The interface between the absorber (kesterite) and the Mo back contact. Due to non-toxic,
eco-friendly and the silent features of the CZTS structure, the current and future possibilities of
CZTS thin film solar cell is required to study. The potential research on CZTS may increase or

improve efficiency of such cell more than 20%.

Keywords: Kesterite, Stannite, Secondary Phase, Grain Boundaries and the Buffer Layer.

1. INTRODUCTION

Three types of thin film materials have become industri-
ally famous to produce solar energy and these solar cells
are amorphous silicon (a-Si), Cadmium telluride (CdTe),
Copper-Indium-Gallium Selenide/Sulfide (CIGS), where
CIGS has reached the highest efficiencies (>20%) and
can compete with poly-crystalline silicon. But CIGS will
have to face some difficulties like Indium is a rare ele-
ment and non-abundant within the next some years due to
which the price is increasing rapidly.! As the availability
of Cu, Zn, Sn and S are ~50, 75, 2.2 and 260 ppm in the
earth’s crust respectively and the enforceable of Indium is
only ~0.049 ppm, indium can be replaced by Zinc and
Tin and hence the quaternary compound copper zinc tin
sulphide/selenide Cu,ZnSn(S/Se), (CZTS) has emerged.”
CZTS is a quaternary compound that has a direct band
gap, E, = (1.4-1.5) eV with 10* cm™" absorption coeffi-
cient and p-type conductivity (Intrinsic point defects).?
According to crystallography studies, CZTS has two
equilibrium structures called as (i) Kesterite type (/4),

*Author to whom correspondence should be addressed.
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(ii) Stannite type (I42m). However, due to thermo
dynamical stability, mostly CZTS material appears in
kesterite phase. Kasterite-based solar cells have attracted
more attention for significant cells.

According to the Shockley—Queisser photon balance
limit, theoretically, 32.2% conversion efficiency is esti-
mated of the single-junction CZTS(Se) solar cells.?
CZTS(Se) show extended behavior to be the ideal thin
film solar cell material for low-cost, sustainable, high-
efficiency, and  environment-friendly  photovoltaic
technology.*

In 1997, Katagiri et al.’ reported the first vacuum
deposited CZTS solar cell and identified a power con-
version efficiency of 0.66%. In 2013, the efficiency of
the CZTSSe cell was reported to be 12.6% which was
the current world record.® Since 2013, a lot of works
has been done on CZTS for photovoltaic applications.
A solution-based film deposition approach has been used
since 2009. There is a contradiction that solution-deposited
films are generally lower performing compared to vacuum-
deposited analogous. The best kesterite solar cell have with
a S/(S+Se) ratio of about 40%, band gap 1.15 eV, and
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an efficiency of 10.1% which is determined by quantum
efficiency measurements.®

There is a lot of review papers have been published
on kesterite solar cells'!'* due to their non-toxic and
eco-friendly behavior. Previously, a lot of researchers
identified the key issues to determine the properties of
kesterite absorbers, such as crystal structure, phase dia-
gram, secondary phases, chemical composition, defect
physics, electronic band structure, grain boundaries, opti-
cal properties, fabrication strategies and characterization
methods, and two critical interfaces, i.e., the interfaces
between the kesterite absorber and the molybdenum (Mo)
back contact and between the kesterite absorber and the
CdS buffer layer. Although there are some best-quality
review papers have been published to summarize the chal-
lenges and promises of kesterite devices.” In this work,
our objective is to provide a brief description, including
more recent selected studies, synthesis process and obser-
vations to identify new pathways to obtain highly efficient
kesterite solar cells in future.

Besides this kesterite solar cell, people are also working
on CNT based solar cells as it is experimentally seen that
the efficiency of solar cell can be enhanced up to 16%
when the carbon nanotubes are taken inside the cell.*°

1.1. Copper Zinc Tin Sulfur Compound

Copper-Zinc Tin Sulfur (CZTS) is a quaternary compound
of I-II-IV-VI group element. It has tremendous properties
such as high absorbent, earth-abundant, non-toxic, direct
band gap. Depending on the position of Cu and Zn, CZTS
be classified as Kesterite and Stannite structure with differ-
ent characteristics. The Kesterites have the specific charac-
teristics for solar cell application at which research work
is going on last ten years. The physical, chemical and opti-
cal properties of CZTS are controlled by synthesis process
and stoichiometry.

1.2. Synthesis of Copper Zinc Tin Sulfur

Copper Zinc Tin Sulfur is produced by many methods such
as Sol-Gel, spray pyrolysis, hot-injection, and CVD. In the
growth of CZTS by spray pyrolysis involve the secondary
and ternary phases which affect the electronic and optical
properties. Sometimes CZTS are also prepared Physical
Vapour Deposition method.*! CVD results in CZTS is a
good quality but toxic gases are reduced.

2. ELECTRICAL/OPTICAL
PROPERTIES OF CZTS

Electrical properties of CZTS can be easily understood
from the band structure of the compound. CZTS obey the
Lewis octet rule with S or Se anion atom. The bonds
of the anion atom formed a closed valance shell (CVS).
CZTS constructs from ZnS by replacing the Zn atom to
Cu and Sn. In this process, Valance electrons are pre-
served in number. CZTS has band geometry similar to

2

the traditional semiconductors as Ge, ZnS, GaAs. CZTS
have sp? hybridization and for anions, it includes Cu-d
anion-p hybridized antibonding state and for cations, Cu
has 1s-valence electron in CZTS or CZTSe. Since 2009,
several works are going on DFT-based theoretical studies
of CZTS, Se and identified crystalline and electronic struc-
tures, material properties, defect properties. We estimated
the gap energy 1.5 eV for CZTS and 1.0 eV for CZTSe by
the methods HSE06, GW,, and GGA plus calculation.?

The optical properties of CZTS can be easily understood
in complex dielectric functional term &(w) = &,(w) +
ie,(w) and absorption coefficient a(w). The imaginary
part of this function is calculated:*

2 (@) = lim 4;{;?2 3 20, 8(E, (k) — E, (k) — )
x <M><uc<k+em)/uv(k»
u,k

The real part of this function is calculated by the Kremers-
Kroning transformation relation:
aﬁ( ) 1+ ZP/DO w,egﬁ(w,) d /
& w)= — — = dw
! 7 Jo w?—w?+in
And the absorption coefficient is calculated from the com-
plex dielectric function.

3. CHEMICAL PROPERTIES OF CZTS

Chemical properties of the CZTS, Se understood from
the chemical composition, element behavior, and synthesis
techniques. There is a typical task to synthesize a single-
phase polycrystalline thin film due to the low thermal
stability of compound and secondary phases are gener-
ated, in which Cu,SnSe; restricts the open circuit voltage
and ZnSe reduce the photocurrent.*** The stability of the
material depends on the equilibrium constant K. The equi-
librium constant directly depends on the Gibbs free energy
and temperature.

4. CZTS AS A SOLAR CELLS

In this world, most of the energy generated from the fos-
sil fuel. These Fossils fuel produces harmful gases as CO,
CO, etc. with burning. The solar energy is the best sub-
stitute in the environmental and economical point of view.
To use the solar energy, the solar cell is best option to
convert the solar energy into electrical energy. Operation
of a solar cell is explained by the following factors:
(a) Generation of electron-hole pairs after the light
absorption.
(b) Dispersing of the charge carriers.
(c) Separating the electron and hole.
(d) Charge carriers collection.

According to the Yadav et al.,’’ there is compul-
sory appropriate band gap of 1.1 to 1.7 eV, direct band
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Table I. The role of composition ratio in the solar cell efficiency.

Composition ratio

Material Methods (Cu/Zn+ Sn, Zn/Sn) Characterisation Efficiency Reference
CZTSe Box-type vacuum coating 0.90-1.10 Single phase, electrical - [5]
system resistivity 0.02-23-Om-cm,
polycrystalline
CZTS RF cosputtering continued 0.75-1.25, 0.80-1.35 V. =623 mV, Conversion efficiency = 5.19 [46]
with sulfurization J.=13.9 mA/ecm?, FF = 0.6
CZTS Co-evaporation 0.86 to 1.06 Crystallinity and grain size - [47]
increased
CZTS Vapor-phase sulfurization 0.82-0.94 V.. =735 mV 2.62% (48]
CZTS PLD 0.63-1.08, 0.67-0.86  V,. =546 mV, 1.74% [49]
I, = 6.78 mA/cm?, FF = 0.48
CZTS Co-sputtering technique 0.85, 1.25 V.. =610 mV, 6.77% [50]
J. = 17:9 mA/cm?,
FF =0:62, R, =4:25, and
Ry, =370
Table II. Development of solar cells by various methods.
Deposition Theoretical/Experimental
Materials technique efficiency Band gap Advantage Disadvantage References
CdS/CZTSSe Spray pyrolysis, 32.2%, 12.6% Direct band Abundant, cheap, Mixed phases, [10, 25]
sputtering, PVD gap/1.4-1.5 eV green material difficult to
synthesize
CdTe/CdS Evaporation 32%, 16.5% 1.5eV Good stability, high Toxicity of Cd, [51, 52]
sublimation, screen module efficiency availability of Te
printing technique
CulnGaS/Se  Evaporation, sputter 28-32%, 22.6% 1.0-1.7 eV Good stability Multiple binary [53]
deposition, phases, cell to cell
electroplating, mismatch
spray pyrolysis
CNT based  CVD, sputtering, 32%, 16% Direct band Lighter flexible Costly, toxic gas CO [54]
electroplating gap/1.5 eV released on
synthesis
Perovskite Spray pyrolysis, 32.2%, 23.6% Graded band gap Low cost, high Low stability [25, 55]

PLD, PVD

efficiency

structure, easy availability, Non-toxic, Easy, reproducible
deposition technique, suitable for large area production
excellent photovoltaic conversion efficiency long-term sta-
bility. So, the CZTS have maximum characteristics as
above given. On analyzing the solar cell overview, we have
found that the efficiency is increased by the change in
the ratio and synthesis technique of the CZTS compound.
CZTS was used in cells as a p-type semiconductor and
CdS is act as n-type material. The role of the composition
ratio on the solar cell efficiency is shown in the Table I.

Thin film technology reduced the amount of solar cell
material which affects the cost of the cell. There are
some profits, to using this technology such as reduction
in recombination losses, reduce the series resistance. In
Table II, the efficiency of the synthesis technique with
advantages and disadvantages of different types of solar
cell is depicted. It can be seen that there is a big research
gap between the theoretical and experimental efficiency of
the solar cell which is shown the maximum probability of
remaining experimental work.
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5. CURRENT AND FUTURE POSSIBILITIES
OF CZTS TO INCREASE THE EFFICIENCY
5.1. The CZTS Bulk Defect and Grain Boundaries
To improve the efficiency of a solar cell, it is very
important to understand the thermodynamic stability of
the quaternary compounds CZTS, CZTSe and the forma-
tion mechanism of the dominant intrinsic defects. The
important material properties are lattice defects, which
are important for the application of the semiconductors
in photovoltaic devices since they directly influence the
recombination of electron—hole pairs and the generation
and separation. For CZTS, the formation energy of intrin-
sic point defects such as vacancies (V,,, V,,, V,,), anti-
site (Cu,,, Cu,, Zn,,, Sn,, Zng, Sn, ), and interstitials
(Cu;, Zn,, Sn;, Se;) at different chemical-potential points
are shown in Table III. They can be classified as the for-
mal valency of the elements electron acceptor and donors
which as shown in Figure 1. Table III shows that the for-
mation energy of Cu,, antisite is lower than those of other
defects in copper poor condition and the acceptor defects
(e.g., Vy,, Zng,, Cug,) have higher formation energy.”
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Table III. Calculated defect formation energies (eV) for intrinsic point
defects in CZTS with different growth condition.?

Defect Zn poor condition Cu poor conditions
Veu 0.590 0.21-0.67
Zng, —0.064 to —0.318 2.43-2.60
Cuy, 0.378-0.632 —0.16 to 0.01
Vi 0.631-0.885 0.39-1.02
Sn,, 0.158-0.599 4.11-4.44
Sng, 0.170-0.732 6.54-7.05

The intrinsic defect is common to both chalcopyrites
and kesterites. The acceptor level is introduced by V, and
shown always shallow. This is uninfluenced by the replace-
ment of Indium by Zn and Sn cations. The transition
energy level of Vi, which is ionized from neutral 0 to —1
charge is even 10 meV for Cu,ZnSnS,. The level of Cu,,
is 0.11 eV for Cu,ZnSnSe, and 0.15 eV for Cu,ZnSnS,
in 128-atoms super cell, which is deeper than V,.?® The
upper valence band of kesterite CZTS composed of the
anti-bonding states between Cu 3d and S 3p shells as
shown in Figure 2. This is enhanced when one Zn and Cu
atom is replaced by each other. It is weakened when one
Cu is replaced by a vacancy. So the associated acceptor
level of Cuy, is pushed up, and thus appears deeper than
that of V.

The ionization of the effective Cu,, antisite with a high
population can produce a significant amount of hole car-
riers. The high formation energy of other acceptor defects
(Cug,, Zng,, V,, and Vg,) has induced a valence change
of more than two. The contribution to observe the p-type
conductivity is negligible in the single-phase kesterite sam-
ples. However, they could contribute to luminescence and
act as recombination centers.

The Grain boundaries are reported to exhibit advanced
electronic properties in Cu-poor and Zn-rich CZTS and
CZTSSe solar cells.*® The grain boundaries may be used as
electron flow channel nay than the effective recombination
centers. The grain boundaries may act as an electrostatic

(o il Znz Cu'
\SeL 7 \Se?'/
S~ ~
Sn4+< Cul+/ Sn*
Sez’/ \Se/
Zn2t T u1+/ Ry a2t
\S 5 /C \S }/Z
" T ol T 1+
Cu /Sn Cu
\Se?’ \Se?’/
Cu“/ \Zn2+/ \Cul+

Figure 1. The crystal structure and the nominal valence of cations and
anions of Cu,ZnSnSe,. The circles show that the Se anions are in the
8-electrons full shell state (solid and dashed circles mean the Se anions
are in different layers parallel to the plane).?

4

Conduction Band

Energy level (eV)

Znc.iSnc. fiSnzn §Cu il Zn |

Valance Band

Conduction Band

Energy level (eV)

Znc.fSnlsnz. f cu il zn)
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Figure 2. The ionization levels of intrinsic defects in the band gaps of
Cu,ZnSnS, (top) and Cu,ZnSnSe, (bottom).?’

potential barrier to increase charge separation near the
grain boundaries due to potential spike formation. In 2013,
Polizzotti have suggested in the Cu-poor and Zn-rich con-
ditions, the defect clusters [V, +Znc,] are thermodynam-
ically favourable in ordered defect compound (ODC).”
The ODC model decreases the valence band energies and
conduction band edge energies of the kesterite. By which
it leads to the potential barrier which attracts electrons
and repels holes toward grain boundaries. Yin studied the
properties of grain boundaries and proposed a different
theory using the first-principles density functional theory
(DFT).*® After the theoretical calculation, they studied that
the deep defects affected by the wrong bonds of Cu-Sn
and Se—Se at grain boundaries are passivated by Zng, and
O, through breaking or weakening of these bonds, which
reduces recombination of grain boundaries.

The effect of Na has been investigated on the grain
boundaries. On SLG substrate, Na is profitable for high-
efficiency CIGS solar cells. During the high-temperature
deposition/annealing process in CIGS solar cells, sodium
can out-diffuse. Hence, the effect of Na on kesterite solar
cells investigated, less. Na role plays a major, in grain
growth mechanism.* The effect of Na on the grain growth
of kesterite has been found to exhibit a threshold type
behavior. For the growth of large grain size, there is com-
pulsory required critical concentration of sodium. The con-
centration of sodium reduces the grain size due to the
formation of a secondary phase of NaCl. There is a for-
mation of low melting point compounds of Na which
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was proposed as the mechanism to explain the enhanced
grain size.** ¥ At the growth temperature, the liquid com-
pounds of sodium remove ZnS in the copper-poor and
zinc-rich growth conditions and increase the mobility of
grain boundaries and cause large grain size. The for-
mation of liquid compounds of sodium is not observed
directly in experiments. Na was observed to passivation
the grain boundaries and reduces the non-radiative recom-
bination in vacuum-deposited CZTS, due to which V,, is
improved. Na was demonstrated to increase the hole con-
centrations in monocrystalline and polycrystalline crystals
and to improve open circuit voltage.

Presence of sodium increases the concentration of both
acceptors and compensating donors which were experi-
mentally found by the temperature-dependent Hall mea-
surements. The increase in acceptor concentration is more
significant than the compensating donor concentration, by
which net carrier concentration gets increased.

According to research on effect of sodium on chal-
copyrites, there are four assumptions on CZTS crystals:
(i) Increasing the carrier concentration and reducing the
compensation are due to the antisite Nag, defect which
inhibits the formation of the donor-type Zng, defect,
(ii) The increase of carrier concentration and removal of
donor-type V, defect are due to the correlation of sodium
(Na) and oxygen (O,), (iii) the acceptor-type Na,, anti-
site defect formed by Na increases carrier concentration,
(iv) Na helps to increase the net carrier concentration
without introducing defects. Still, further investigations are
required to understand the mechanism of the effect of
sodium on the carrier concentration.

5.2. The Interface Between the Kesterite
Absorber and the Buffer Layer

One the most critical factors in achieving high-per-
formance device is to offset the buffer layer the of con-
duction band/kesterite absorber. A spike confirms that the
buffer layer has the conduction band minimum (CBM)
higher than the kesterite absorber as shown in Figure 3(a).
The negative value of conduction band offset (CBO) shows
a cliff in which the CBM of the buffer layer is lower than
that of the kesterite absorber as shown in Figure 3(b).

(a) Recombination
Barrier /
>5/ﬁ EC
— CIGS
i, =%
E
v
Window
Layer Defect Level

Figure 3. Schematic energy band diagram structures: (a) spike (b) cliff.’
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The cliff-like structure conformation acts as a barrier
(0.4 eV) to stop the flow of injected electrons in the for-
ward bias. The interfacial recombination is increased by
the accumulation of injected electrons between the major-
ity hole carriers in Copper Indium Gallium Sulfide (CIGS)
and it results in reducing V.. The spike does not form
a barrier for injected electrons and V,. remains nearly
constant. In the cliff conformation, fill factor decreases
because of the reduced V., and in the spike conformation,
if CBO is over 0.4 eV then current is reduced. Hence, in
devices, CIGS/CdS exhibits excellent performance in the
spike conformation with a CBO of 0.0 eV to 0.4 eV.

There is considering alternative buffer layers which have
been replacing the toxic CdS buffer layer and to achieve an
optimal interface band alignment. There are works going
on alternative buffer layers such as ZnS, ZnO, In,S;. At
the interface of CZTSSe/ZnO, a small negative conduction
band offset of —0.1 eV indicates the cliff formation. Due to
which V. and FF may be reduced because of the increased
interface recombination via interface defects. A large spike
of 1.1eV at the CZTSSe/ZnS interface and power conver-
sion efficiency of near zero was also observed.

After applying a hybrid buffer layer of In,S;/CdS on the
CZTS, enhanced V.. and boost efficiency was observed.*®
Tanaka reported the CdS buffer layer annealed in air at
200 °C for 30 min, but the device performance change
was not discussed.*® For the n-type window layer, CdS is
used in high-efficiency CdTe solar cells.* On increased
oxygen composition, the optical band gap energy of
CdS:O increases, which reduces the short wavelength light
absorption in the window layer and increased the J. It
is also seen the possibility that the increased band gap
energy of CdS:0 modifies the CBO at the CdTe/CdS inter-
face which is reduced the interface recombination, lead-
ing to improved V., and FF at 6% oxygen composition.’
For the high performance of kesterite solar cells, increased
the transparency of the layer and adjusted the CBO at the
interface, the CdS:O buffer layer can be well beneficial.

5.3. The Interface Between Kesterite Absorber and
Mo Back Contact

Molybdenum (Mo) films mostly fulfil the requirements

of a back contact which have been widely used in

(b) Recombination

Barrier E

Window

Layer Defect Level
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photovoltaic solar cells, as they process at high tempera-
ture. There is a formation of the MoSe, layer by annealing
2 nm thick layer of sputtered Mo for 20 min at 500 °C
in a low pressure of Se atmosphere.* The thin MoSe,
layer was used to decrease the contact resistance and the
back contact recombination, therefore improving V. and
FF. The CZTS is non-stable, at the high processing tem-
perature (500-600 °C) in Mo contact. The decomposition
is given below as;

2Cu,ZnSnSe, — 2Cu,Se+2ZnSe+2SnSe+2Se(g) (1)

MoSe, is generated by the following reaction at
CZTS/Mo contact

Mo +2Se — MoSe, (2)

The combination of two reactions (1) and (2), at contact
CZTS/Mo is given;

2Cu,ZnSnSe, +Mo — 2Cu,Se 4-2ZnSe
+2SnSe + MoSe, 3)

The free energy change was calculated from the reac-
tion (3) which was —100 kJ and —150 kJ for CZTSe,
and CZTS respectively at 550 °C.° The negative sign
of free energy changes indicates that the thermodynami-
cally favorable reaction is decomposited and the unstable
CZTS/Mo interface may occur. Due to the instability of
the Mo back contact, it potentially causes loss of V., J,.
and FF in CZTS device. Hence, there are two approaches
to eliminate the detrimental effect: (i) Replace the Mo by
more inert back contact and (ii) Use an intermediate layer
between CZTS and Mo. However, Mo is the best choice
material for a back contact and it has achieved the highest
conversion efficiency in the quaternary photovoltaic.

Various intermediate layers have been fabricated to the
decomposition of CZTS at the Mo back contact. A TiN
barrier layer was deposited at the Mo/CZTS interface,
keeping MoSe, thickness <300 nm and consequently, the
efficiency (V,., J. and FF) increased significantly and
obtained well grain structure at the high annealing temper-
ature of 570 °C.

Lopez-Marino have used a ZnO barrier layer to decom-
pose the CZTSe in the Mo back contact and found that this
layer improved the interface morphology, reduced the den-
sity of voids, and decreased series resistance (3.7 Qcm?
to <0.1 Qcm?).% Consequently, the efficiency: FF and J,.
got improved and V. increased significantly.

6. CONCLUSION

The kesterite absorber of the CZTS thin film solar cell
may be synthesized to develop the non-toxic and eco-
friendly solar-cells. The efficiency of the CZTS thin film
solar cells may enhance efficiency more than 20% by
focusing on following features like secondary phases of
the kesterite absorber bulk defects grain boundaries, the

6

interface between the kesterite absorber and the buffer
layer, and the interface between the kesterite absorber
and the Mo back contact. Due to the reduced toxicity,
greater abundance of the constituent elements and effi-
ciency enhanced upto 20%; the kesterite CZTS based solar
cells are attracting in the field of energy and considerable
attention for research in recent years.
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Synthesis and characterization of ZnO nano-particles for
solar cell application by the cost effective co-precipitation
method without any surfactants
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Abstract. The energy problem is the most fascinating problem in this world because the way of success of every country
is depending upon the development of the low cost, well-ordered and high efficiency energy source devices.There are
several research groups are working to develop the devices for renewable energy sources. So we are going to focusour
research on solar cells materialsforrenewable energy sources like Zinc Oxide (ZnO). This material ishighly useful for
making the heterojunction solar cell as well as window layer.Other hand ZnO is used for 3™ generation/DSSC. In this
direction we have synthesized zinc oxide (ZnO) nanoparticles by low cost co-precipitation method without any
surfactants. The synthesized ZnO nanoparticles have done the characterizations like X-Ray Diffraction (XRD), Scanning
Electron Microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDS) to evaluate shape, size, reproducibility and
morphology of nanoparticles.

Keywords: Zinc Oxide, Doped ZnO, Nano-particle, Solar cell, DSSCs.

INTRODUCTION

Today there is huge demanding of the renewable energy resourcesfor human kinds and people are developed the
devices which are made of eco-friendly materials. The researchers and the scientists are working on developing the
renewable energy resource that can be used more and more without damaging the environment. A lot of
development works had been done in the field of renewable energy technology such as solar cells, fuel cells and
biofuels [1]. In renewable energy sources, the solar energy may be an absolute solution to the energy and
environment challengingsourceas a carbon neutral energy source.There is already commercialized the solar devices
are available in market which are costly and made of the environment harmful materials and the efficiency is
achieved near about 25%. They are still required a lot of improvement to fulfill the demand of solar cell having low
cost, stability, eco-friendly and high efficiency[1]. It means a common people want a solar cell which has the high
efficiency,thecost effectiveness and the eco-friendly of the solar devices.

As we know that Zinc oxide (ZnO) is a very promising material for solar cells applications as it is non-toxic, good
thermal stability, excellent chemical and optical properties and low cost [6-8]. The ZnO has a stable wurtzite
structure with lattice spacing a=0.325nm and b=0.521nm, direct band gap energy of 3.37eV and excitation binding
energy of 60meV (at room temperature), so that excitonic emission processes can persist at and above room
temperature [3, 8, 14-16]. The researchers are still not able to controlthe conductivity ofZnO [8]. There are thermal
decomposition, spray pyrolysis, chemical vapour decomposition, sol gelandco-precipitation methods for the
fabrication of ZnO nanoparticles with uniform morphology and size [9-11]. Among the all these methods, co-
precipitation is the best method which can control the shape, size, reproducibility and morphology of nanoparticles
and which is a low costmethod[12, 13]. The nano sizeZnO has various applications like UV nano-lasers, nano-
generators, gas sensors, biosensors, solar cells, photo detectors, photocatalysts and surface acoustic wave devices
due to its unique and superior physical and chemical properties [9,16].The ZnO can be made the highly conductive

Advances in Basic Science (ICABS 2019)
AIP Conf. Proc. 2142, 030008-1-030008-4; https://doi.org/10.1063/1.5122336
Published by AIP Publishing. 978-0-7354-1885-1/$30.00

030008-1



by doping it with suitable material [18]. Recent achievement had been made by oxide nanocrystallite aggregates in
DSCs [2]. A lot of improvement in conversion efficiency was achieved for ZnO based DSCs [2,19-20].

So, nano size ZnOhassynthesized by co-precipitation methodwhich is the best low cost method.We have donethe
characterization to evaluate the shape, size, reproducibility and morphology of nanoparticles: X-Ray Diffraction
(XRD), Scanning Electron Microscope (SEM), Energy and Dispersive X-ray Spectroscopy (EDS) of the samples.
Using these characterizations, we can determine the crystal type, particle shape and size, surface morphology, and
porosity.

MATERIAL AND SYNTHESIS METHOD

Laboratory grade Zinc acetate (Zn(CH3COO),.H,0) and Sodium hydroxide (NaOH) were purchased from
Thermo fisher, China. These materials are used without any further purification. Distilled water is used Laboratory
grade. The ZnOnanoparticles were synthesized by low cost co-precipitation method without any use of surfactants.
In this process, Zn(CH3C0O0)2-2H,0 (0.2M), and deionized water were mixed vigorously 3 hours at 60°. After that,
150ml solution of distilled water and NaOH (1M) added drop wise with 1.5ml/minute. At pH=9, we got the white
color precipitate which was filtrate by filter paper. Filtrate was washed several times with deionized water and
ethanol to remove the byproducts. And dried overnight at 80° by simple oven. The three samples are prepared and
named A, B, C, where sample A is pureZnO without calcinated temperature, sample B and C are calcinated at 600"
and 800°Crespectively.

CHARACTERIZATION

The synthesized ZnO powder is done XRD characterization which was performed using the X-ray diffractometer
(X-pert Powder) in the diffraction ranges of angle 20 < 2o< 80°, with monochromatic CuKa radiation (A=
1.5418° Angstrom) source. And SEM (JEOL) was taken the image of the ZnO.

RESULT AND DISCUSSION
In this section, we have divided into two parts: (i) XRD analysis and (ii)) SEM and EDS

(i) XRD analysis: Figurel shows the XRD patterns of ZnO in pure (Green), calcinated at 600°C (Red) and 800°C
(Blue) in the open atmosphere which was prepared by co-precipitation method. The diffraction peaks of ZnOnano
particles correspond to the indices(100), (002), (101), (102), (110), (103), (112) and (201) planes [21].The XRD
patterns of ZnOnanoparticles (NPs)were calcinated at different temperatures confirm that all peaks shows the
Waurtzite structure of ZnO as shown in JCPDS card no. 36-1451 [22]. The 2evalues are located at 31.7518, 34.4014
and 36.2366° forstrong peak of the crystalplanes (100), (002) and (101) lines shown in the Figure 2 (a), 2 (b), and 2
(c) respectively.There is no identified the other impurity peaks in crystalline material of theZnO. However,
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Figure 1: XRD patterns of ZnONPs synthesized by co-precipitation method (a) A sample (b) B sample and (b) C
sample.
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The diffraction peaks become stronger and sharper when the calcination temperatures increase. Such properties are
also improved crystallinity of the material. This result is justified with Ref.[19]. The average crystallite
size,pureZnOand calcinated at 600°C ZnONPs,isfound same i.e. 28.15nm and the average crystalline size of the
calcinated at 800°C ZnO NPs is found 22.54nm which were calculated by Debye Scherer formula as the precursor of
zinc acetate dihydrate. After study the all possess of ZnO NPs structures, lattice parameters are calculated and found
a=0.3248nm and ¢=0.5205nm. These results are good agreement with previously reported papers [9, 19].

(ii) SEM and EDS analysis: Figure 2 shows the SEM images of surface morphology of the ZnO NPs and the EDS
analysis of the constituent percentage elements of ZnO NPs on glass substrate which was prepared a thin film of the
synthesized ZnO powder by master blade method. The SEM analysis shows that the morphology of ZnO NPs is
spherical and short-rodshape, and there are no more differences in the shape of pure ZnO NPs and calcinatedZnO
NPs at different temperatures. The surfaces of the film are rough and micro-porous which helps to absorption the
photons at the obtained energy band gap such ZnO NPs may be used in solar application. The EDS analysis at
atomic scale are shown in the Tablel.

The strong peaks are observed for Zinc (Zn) and Oxygen (O) element. The peaks of the Zn and O in the elemental
constitution of the A sample are found atomic percentage 26.30% and 73.70% respectively. This study were
confirmed the formation of ZnO NPs in the co-precipitation method without any surfactants.

Table 1: EDS analysis of ZnO NPs at different calcinated temperature.

Elements present A sample B sample C sample

Oxygen (O) 73.70% 63.02% 69.99%

Zinc (Zn) 26.30% 36.98% 30.01%
Total 100% 100% 100%

ul Seale 513 et Curser 0000

Figure 2: SEM and EDS images of A, B & C samples at pure, 600°C and 800°C calcinated temperature.
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CONCLUSION

The ZnO NPs were synthesized by cost effective co-precipitation method without any surfactant. The XRD data
were demonstrated that the ZnO has pure hexagonal wurtzite and polycrystalline structure with the lattice
parameters a=0.3248nm and ¢=0.5205nm. The present study showed that the ZnO NPs can be synthesized by low
cost co-precipitation method without any surfactant. The crystallinity properties of ZnOwere tuned by thecalcinated
temperatures. Such powder of the ZnO NPs may be used in the hetero-junction solar cell as a window layer and third
generation solar cell. It may be beneficial to synthesis the low costsolarcellcommercially.
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ABSTRACT: Commercially available compound CulnGa (S, Se) can be replaced with
emerging quaternary compound Cu,ZnSnS, (Copper Zinc Tin Sulphur or CZSS) for
photovoltaic applications due to the high absorption coefficient and optimum bandgap.
Unstable sulphur and the co-existence of binary and ternary phases in CZSS are the
main obstacles for a single-phase kesterite quaternary compound. To overcome these
issues, the researchers are synthesising the CZSS in presence of sulphur and selenium
environment. The sulphurization and selenization are the constraints for the synthesis of
CZSS and these processes make it costlier. In the present work, the wet-chemical method
(i.e., co-precipitation method) was used to synthesise CZSS without vacuum annealing
where the sulphur constituent was controlled by changing the stoichiometric ratio.
X-ray diffraction (XRD) and Raman analysis confirm that the synthesised CZSS was in
polycrystalline and single-phase kesterite nature. The average crystallite sizes for thiourea
16, 18, 20 mmol were found 15 nm, 17 nm and 17 nm, respectively. Surface morphology
of the as-prepared film was identified by scanning electron microscope (SEM) and optical
bandgap of the film was obtained ~1.33 eV by UV-visible (UV-vis) analysis. The 18 mmol
of thiourea with stoichiometric ratio 4.:2:2:9 is found the best optimisation for synthesising
the CZSS without vacuum annealing by the co-precipitation method. Thus, the thin film of
such synthesised CZSS may be employed for the low-cost photovoltaic application.

Keywords: Cu,ZnSnS,, co-precipitation, without annealing, kesterite, photovoltaic
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1. INTRODUCTION

In the last three decades, Cu,ZnSnS, (CZSS) nanomaterials have attracted
enormous attention by promising development for solar energy conversion due
to high absorbent (>10*cm™), low cost, environment-friendly, non-toxic and
sustainable earth-abundant elements. CZSS has a tunable bandgap of about 1.4 eV
to 1.6 eV, which is very close to the optimum value as an absorber layer in solar
cells."? According to the Shockley and Queisser limit, the bandgap range, 1.4 eV
to 1.6 eV, is suitable for thin-film photovoltaic cells. On the other hand, CZSS is
the counterpart of CulnGa (S, Se) (CIGS) because both Zn (+2) and Sn (+4) have
similar properties to In (+6). But the co-existence of binary and ternary phases,
the synthesis of CZSS puts a lot of hurdles in its development.* An effort has been
laid by researchers to overcome the phase problem by sulphurization process in
inert or vacuum atmosphere.> Such process also has a constraint of cost and time
consumption. So, the exploration of novel methods for the CZSS synthesis has
gained much attention across the globe.

To overcome the problems of the sulphurization process in an inert or vacuum
atmosphere, many researchers have been used other methods for synthesising
CZSS nanomaterial for wide applications such as photovoltaic, hydrogen
generation and light emitting diode (LED), etc.” Co-precipitations, sol-gel,
solvothermal, hot-injection, one-pot syntheses and microwave-assisted methods
are widely adopted for purpose of the photovoltaic application.>**!!" In a design
of a photovoltaic device, the CZSS material is used as an absorber layer.

According to previously reported results, the disadvantage of the device
structure, Mo/Absorber layer/buffer layer/nanostructured metal oxide/metal
grids, is highlighted with regard to the thermal instability in the absorber layer,
which can be only controlled by buffer interface.!? In addition to this limitation,
photovoltaic cells in this configuration have erosion reaction between CZSS and
Mo at back contact, and the surface instability of CZSS has increased during
the heat treatment.'’ This drawback can be overcome by the deposition of metal
oxide on a smooth surface of a substrate with subsequent annealing at high
temperatures to prevent the direct contact of CZSS and the conducting substrate.
It is evident from previous studies that, nanorods are the best substitute for metal
grids.'*!s Hence, the TiO, thin layer was offered the highest conversion efficiency
of 0.25%.'¢ Hamady et al. trying to develop a novel approach of InGaN Schottky
based solar cell device to make the efficiency 22%, theoretically.'” The CZSS
may be a better option in place of GaN in this device.

In the present work, we have described a facile and low-cost synthesis of wurtzite
CZSS Nanocrystals (NCs) without vacuum annealing or sulphurization by the
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co-precipitation method where ethanol and water were used as a solvent. The
co-precipitation method is done at room temperature without any surfactants and
noble gases as well as vacuum process. Besides, this method does not require
annealing the synthesised samples. As compared to other methods, this method
is simple and economical. The formation of kesterite CZSS NCs, ethanol solvent
plays an important role in the CZSS phase transition from a tetragonal structure
and the balanced stoichiometry ratio of the compound optimizes sulphur content.
The novelty in this work lies in the synthesis of NCs CZSS material by an
economically cheaper co-precipitation method without any sulphurization and
selenization because the sulphurization and the selenization processes in the
NCs CZSS synthesis are imparted huge toxicity to the environment. Hence, the
NCs are evident that the surface-to-volume ratio enhances the properties of the
material. The high absorption coefficient and optimum bandgap of NCs CZSS can
be synthesised by the co-precipitation method without sulphurization or vacuum
annealing. The cost-effective thin film of CZSS NCs can be very useful to enhance
the efficiency of the photovoltaic cells.

2. EXPERIMENTAL METHODS

2.1  CZSS NCs Powder Synthesis

The metallic Cu, Zn, and Sn cations were taken as the cupric (II) chloride
(CuCl,.2H,0, Thermo Fisher Scientific India Pvt. Ltd., Maharashtra, India,
98.5%), zinc (II) acetate (Zn[CH,COOH],.2H,0, Thermo Fisher Scientific
India Pvt. Ltd., Maharashtra, India, 98.5%), Stannous or tin (II) chloride (SnCl,,
Thermo Fisher Scientific India Pvt. Ltd., Maharashtra, India, 97%) and the sulphur
anion was taken as thiourea (NH,CSNH,, Sarabhai Chemicals [India] Pvt. Ltd.,
Ahmedabad, India [reagent grade], 98%). In a typical experimental procedure, the
preparation of metal precursor cupric (II) chloride (8 mmol, 0.5455 gram [gm.]),
zinc (II) acetate (4 mmol, 0.3512 gm.), tin (II) chloride (4 mmol, 0.3034 gm.)
were dissolved in 200 ml ethanol in a beaker. The reaction mixture was stirred
continuously for 10 min at 400 round per minute (rpm). After that, thiourea
(20 mmol, 0.6090 gm.) was added in 200 ml ethanol as a sulphur precursor and
stirred well for 5 min, and mixed within the first beaker quickly. The reaction
mixture was stirred continuously for 3.5 h and found a transparent homogeneous
solution. Then, the mixture was transferred into an oven for 3 h at 210°C
temperature and subsequently, it was cooled down to room temperature to obtain
black colour precipitation. This precipitation was further centrifuged at 7,000 rpm
for 15 min and washed several times by distilled water and ethanol, respectively.
The schematic diagram is shown in Figure 1. Finally, it was dried at 80°C in the
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oven and it was crushed into a fine powder using a mortar pestle, named sample A.
Similar process was taken for 18 mmol (0.5480 gm.) and 16 mmol (0.4871 gm.)
of sulphur in the salt thiourea and prepared the fine powder, named as samples B
and C, respectively.

o

150
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|

Cupric (IT) chloride

L | )
u Stirrer for

200°C
2h Dried at
i 80°C
Zinc (II) acetate Mixture of CZT
(copper, zinc, tin)
\\\bf—/
Tin (II) chloride CZSS nanoparticles

Figure 1: Schematic diagram for synthesis process of CZSS NCs.

2.2 Growth and Formation Mechanism

Generally, in this synthesis process, metal salts react with ethanol and form
the metal alkoxide [M(Tu)m]-OR. Then, the nanocrystals are generated during
the polycondensation reactions. In this process, thiourea reacts with metal ions
and forms the metal thiourea complexes. The metal thiourea complexes are
subsequently subjected to alcoholysis and condensation reactions with ethanol at
210°C and formed the CZSS nanocrystals. The probable reaction mechanisms are
followed as:

M~ X+ Tu — [M(Twm] - X (1)
[M(Tuym] — X + ROH — [M(Tu)ym] — OR + H— X )
M~ X+ Tu — [M(Twm] - X 3)
[M(Tuym] — X + ROH — [M(Tu)ym] — OR + H— X (4)

[M(Tuym] — X + [M(Tu)m] — OR — [M(Tu)m] — O — [M(Tu)m] + R — X 5)
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[M(Tu)ym] — O — [M(Tu)ym] + R — X — Cu,S + ZnS + Sn.S + SnO,

+ Volatile(matter) (6)
CuS+ ZnS+ 5nS — Cu,ZnSnS, (7)
CulS + 7ZnS + Sn0O, — Cu,ZnSnS, ()

The representation of the symbols (M, X, Tu, and R, x) in these equations are
represented as M = metal ions (Cu*, Zn*, Sn*"), X = anions (CH;COO™ or
CIl'), Tu = thiourea and R = organic molecular chains of ethanol, x = quantity of
elements. The gases CS,, CO,, NO,, SO,, H,0, and NH,ClI are volatile materials
and generated during the synthesis process at 210°C. In organic solvents,
thiourea—metal complexes [M(Tu)m]-X is easily generated from thiourea and
metal ions (Cu®’, Zn*, Sn?"), and several complexes are reported with different
stoichiometry.”®" In traditional non-aqueous nanoparticle synthesis routes,
the oxygen in the formation of a metal-oxygen—metal bond is provided by the
solvent or by the organic constituent of the precursor.”’ Generally, M—O bonds,
M-S bonds, and O-M-S bonds of the thiourea—metal complex [M(Tu)m]-O—
[M(Tu)m] system (as shown in Equations from 1-8) have coexisted in the
precursor Sol-Gel method.'®

2.3 Thin Film Preparation

The soda-lime glass (SLG) substrate was used to deposit the CZSS thin film
by spin coater (HSC-8000) and this was used to analyse the scanning electron
microscope (SEM). Before the deposition of the CZSS solution, the SLG substrate
was cleaned by an ultrasonic bath in distilled water and ethanol and was dried
at 80°C in an oven. The CZSS solution was prepared in ethylene glycol (EG)
and found a homogeneous solution after ultra-sonication. The CZSS solution was
deposited by spin coater at 1,000 rpm for 30 sec and was repeated this process
three to five times to get the best thickness of the film. The CZSS film was dried in
the oven at every process of deposition.

3. CHARACTERISATION TECHNIQUES

The structural characterisation of the CZSS NCs was analysed by Bruker D8
Advance X-ray diffractometer with 0.154056 nm wavelength of X-ray (Cu K-a
radiation) in the angle range 20° to 70°. For optical properties, the spectroscopic
measurements have measured the spectra of UV-visible (UV-vis) absorption
using a UV-vis spectrophotometer (ThermoFisher Scientific, Massachusetts,
USA, Evolution 201). Raman scattering patterns were performed by the Raman
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spectrometer model (HORIBA France SAS, Loos, France Jobin-Yvon Lab
RAMHR 800UV) and the wavelength 514 nm of the Raman spectrometer was
used. The surface morphology of CZSS NCs was performed by SEM-JEOL
(JEOL Ltd., Tokyo, Japan, JSEM-6490LV).

4. RESULTS AND DISCUSSION

4.1 X-ray Diffraction (XRD) Analysis

Figure 2 shows the XRD pattern of CZSS NCs in the range of diffraction angle
20° to 70°. The XRD pattern exhibits the signature of prominent peaks at angles
(20) in 28.5°, 47.3° and 56.2° corresponds to the planes (112), (200) and (312),
respectively. The XRD pattern of CZSS confirms standard tetragonal kesterite
Cu,ZnSnS, crystal structure with JCPDS card no. 26-0575. The XRD pattern
reveals a minor presence of impurities or deformations in sample C because the low
peak intensity corresponds to the plane (312). It is cleared from the XRD patterns
of samples A and B that these samples are having less impurity as compared to
sample C. This result suggests that sample A and sample B are free from any such
impurities witnessing the formation of a pure kesterite phase. There is either a loss
in crystallinity or a decrease in crystallite size because intensity and peak positions
are varied slightly from sample A to sample C. The average crystalline size was
to be found 15 nm, 17 nm and 17 nm, respectively by Debye-Scherrer’s formula.
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2 0 (degree)

Figure 2: XRD patterns of CZSS samples A, B and C with the variation of concentration
of sulphur, comparative with standard CZSS kesterite.
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According to Cheng et al., their study showed that strong peaks of Cu,SnS,,
Cu,SnS,, CuS, Cu,S, SnS, SnS, were not found in XRD patterns which is similar
to our XRD results."” So, it confirms that the synthesised CZSS NCs are in the pure
quaternary phase in nature. However, at a first glance, XRD patterns of CZSS, CSS
and ZnS are indistinguishable because the peak (220) in the CSS and ZnS has the
same as the peak (220) in the CZSS. For adequate phase formation identifications
in CZSS samples, further analysis is required. Therefore, Raman spectroscopy of
the samples A, B, and C has been done to differentiate the phases of CZSS, CSS,
and ZnS materials.

4.2  Raman Spectroscopy

The presence of spatial distributions of various chalcogenide phases can be
distinguished by Raman spectroscopy. Minute differences in the phonon densities
of states between the different chalcogenide phases can be distinguished from the
shifting peaks in the Raman scattering of the samples. According to Himmrich and
Haeuseler, CZSS and its phases have distinguished by studying the Raman spectra
and identified a strong peak at 336 cm™' and two weak peaks at 285 cm™' and
365 cm™'.?! Recently, lots of review literature reports on the Raman spectrum of
CZSS have been published where the most intense peak position is found at
332-339 em! and weak peak positions at 251-288 cm™! and 368-374 cm 1.2
The strong Raman peak of the CZSS is associated with the strong Raman peak of
the ternary chalcogenide compounds Cu,SnS; and Cu,SnS,.*

Figure 3 shows the Raman spectrum of chalcogenide CZSS nanocrystals,
which was synthesised through the homemade simple method without any
surfactant. In this figure, Raman spectra are compatible with the XRD results
because XRD data was confirmed that the prepared CZSS NCs are tetragonal
kesterite structures. In the Raman spectrum, this confirmation is justified by
high intensity (major) peaks at 328 cm™', 332 cm™!, 333 cm™' with two shoulder
peaks at 288 cm ™! and 351 cm!, 352 em!, 355 cm™! for prepared samples A,
B and C, respectively. Generally, quaternary compounds of the metal sulphides
form unstable sulphur and co-existence of binary and ternary phases. From the
Figure 3, it can be observed a good peak results for the case without annealing
of the samples. The reason is that the access quantity of sulphur has been taken
in optimisation conditions. In this process, the excess sulphur supply evaporates
sulphur and maintains the stoichiometric ratio. Some minor peaks are identified
with less intensity at 475 cm™' and 575 cm™'. These minor peaks confirm that
there may be the phases of Cu,SnS; and ZnO.* But XRD characteristics already
verified that such compounds do not exist.
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Figure 3: Raman spectra of CZSS kesterite (NCs) synthesised from Cu?, and Sn*" at
210°C while varying the S:M ratio. The sulfur source thiourea was varied from
16 mmol, 18 mmol, 20 mmol, i.e., samples A, B and C, respectively.

From Figure 3, we confirm that the peak intensities of Raman spectroscopy are
shown lower and broader. The broadening of peaks in nanocrystalline materials
is usually described by the phonon confinement model as explained by XRD
results due to crystalline size (15 nm to 17 nm). The phonon confinement leads to
a break-up of selection rules; it also means that the non-zone-centre phonons will
participate in scattering.?! This usually can be seen in an asymmetric broadening
of peaks. However, it is common to observe that the peaks are shifted towards
the higher wavenumbers (e.g., 332 cm™ to 333 cm™). According to the review
literature, the peak of sample A has the wave number 328 cm™!, which is out of the
wavenumber range 331 cm™! to 339 cm™1.222 So, we can say that this sample A is
not in a pure form of stoichiometric range. So, it may not be useful for photovoltaic
applications. The inhomogeneity in the structure is due to the disordered cation
within the sublattice that is detected by peak shifting towards the higher angle
side. Peaks related to secondary phases such as Cu,S, SnS, SnS,, ZnS, Cu,SnS;;
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and Cu,SnS, were not detected. Some of these compounds (ZnS, Cu,SnS; and
Cu;SnS,) have found partially overlapping peaks with CZSS. After analysing the
XRD and Raman characterisations, we conclude that sample B has given the best
results due to the proper stoichiometric ratio for a stable CZSS compound. The
morphology of the samples is studied by SEM.

4.3  SEM Analysis

For the SEM analysis, we have mounted the sample on a mounting stand with
the help of carbon tape. After mounted the sample, the platinum (Pt) was coated.
Figure 4(a), 4(b) and 4(c) show the surface morphology of CZSS NCs thin film
with the variation of sulphur quantity. The morphology of sample A shows
spherical type nanoparticles that are distributed roughly on the SLG substrate and
identified the more cracks in the film. There are more agglomerated crystals and it
is identified agglomeration. In samples B and C, it has been observed that the size
and shape NCs are changed. In these samples, the agglomerations are less and the
films are less cracked compared to sample A.
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Figure 4: (a), (b), (c¢) SEM images of CZSS powder thin film with samples A, B and C,
respectively, and (d) size distribution with fraction percentage.
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The problem of cracking in the film is due to the solvent evaporation rate, which may
be removed by changing the evaporation rate. Here, agglomeration is generated due
to the anisotropic growth of materials during film fabrication. During the synthesis
process, anisotropic growth is being found due to the selective binding nature of
ligands. The obtained result confirms that the crystal growth has improved from
sample A to sample C as the variation of sulphur is increased. Here, we have
analysed the surface morphology at different resolutions because the surface is
not showing the clean surface at the same resolution. Figure 4(d) explains the size
distribution of the CZSS nanocrystals of sample B with the fraction percentage.
This figure confirms that how the size of the NCs distributed in the film. Due
to having a good phase and morphology in sample B, the optical bandgap was
analysed only to see the suitability for the application of the photovoltaic cells.

4.4  Optical Analysis

The good phase and morphology in the sample B were analysed by the XRD and
Raman analysis. So, we have decided to characterise the optical analysis of sample
B only by UV-vis spectrometer. The optical bandgap of sample B is shown in
Figure 5. The energy of the optical bandgap was analysed by using the formula
o= A(hv-E,)"*/hv.

(ahv)? (eV/em?)

Absorption (a.u.)

L} v L) v L] v L} v T v 1

500 600 700 800 900 1,000 1,100
Wavelength (nm)

Figure 5:  UV-vis absorption spectrum of the CZSS NCs. Inset shows the plot of (ahv)?
vs. hv.
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After analysing, the bandgap is to be found 1.33 eV, which is suitable for
photovoltaic cell application. Shockley and Queisser theoretically announced that
such bandgap limit should be =1.5 eV for the highly efficient photovoltaic cell.
So, the calculated bandgap of sample B is covered in this range and sample B is
highly suitable for a photovoltaic cell. Besides this, the XRD analysis has been
shown that the Cu,SnS,; and ZnO phases do not exist which is confirmed by the
optical spectroscopy characteristics. The novelty in this work lies in the synthesis
of CZSS NCs by an economically cheaper co-precipitation method without
any sulphurization and salinization processes. In the absence of sulphurization
and salinization processes, it imparts less toxicity to the material as well as the
environment. The nanocrystals of CZSS have enhanced the surface to volume ratio
properties of the synthesised material. The single quaternary phase, good surface
morphology, suitable optical bandgap in the sample B having CZSS nanocrystals
may be a very useful material for photovoltaic cell application.

5. CONCLUSION

In this article, we synthesised the CZSS nanocrystals with sulphur variation of
the 16 mmol, 18 mmol and 20 mmol thiourea by the co-precipitation method.
The spin coater was used to fabricate the thin-films as samples A, B, C and such
thin films have been used to analyse the surface morphology of all samples. After
the XRD, Raman, and SEM characterisations of the samples A, B and C, it was
confirmed that the sample B with 18 mmol thiourea concentration was found
the best optimisation with the polycrystalline kesterite phase having the better
morphology than the samples A and C. The average crystalline size of sample B
was found at 17 nm. The calculated optical band gap of the sample B by UV-vis
characterisation was showed the suitable for electron-hole generations. These
exciting results demonstrate that the synthesised CZSS NCs by co-precipitation
method without sulphurization may be fulfilled the promise of a low-cost thin film
for photovoltaic cell application. The novelty of this work lies in the synthesis
of CZSS nanocrystals by co-precipitation method without any sulphurization
and selenization processes, which is less toxic to the material as well as the
environment. By the characterisations analysis of the CZSS NCs of sample B,
it has been revealed that the thin film of the CZSS NCs is the economically
cheapest and the best material for photovoltaic cell applications.
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Abstract

In this work, the effective absorption property of graphene layers on one-dimensional periodic
structure (1DPS) of Si/Glass materials with nematic liquid crystal (NLC) as a defect has been studied
theoretically. The graphene sheets are stuck on the one end of Si as well as Glass of the semifinite
periodic structure of Si/Glass materials. Now the nematic liquid crystal (NLC) is embedded with the
semifinite periodic structure of Si/ Glass materials containing graphene layers. Using the transfer
matrix method (TMM), the transmission and absorption behavior of graphene layers on semi-finite
1D asymmetric periodic structure of Si/Glass materials with a defect of nematic liquid crystal have
been studied. Our results suggest that defect layer of nematic liquid crystal (NLC) in the semi-finite 1D
asymmetric periodic structure with graphene layers (G),(Si|Glass)™ |GNLC|G|(Si|Glass)" withm = 3
&n = 5, may be used as sensor device due to high absorption behavior for a specific director angle of
molecules of the nematic liquid crystal (NLC). Besides this, the absorption behavior of the structure
for TE mode, (Si|Glass)’| G|NLC|G|(Si|Glass)°, is more effective in comparison to the absorption
behavior of the structure for TM mode at normal incidence wave.

1. Introduction

Photonic crystal (PC) belong to a unique class of periodic structure of dielectric materials that control the
propagation of electromagnetic wave and exhibit photonic band gap (PBG) regions in the transmission of PC.
Photonic Band Gap (PBG) are special regions which do not allow to propagate the electromagnetic wave in that
region due to the contrast of refractive index and spatially periodicity of the dielectric materials. Therefore, PCs
are divided into three categories depending on the periodic modulation of refractive index; one-dimensional
photonic crystal (1DPC), two-dimensional photonic crystal (2DPC) and three-dimensional (3DPC). The
behavior of PBG depends on the refractive indices of dielectric materials and geometrical parameters of PCs [1].
PC with a defect layer lead to a variety of applications in different ways due to their unique optical properties

[2, 3]. The periodic structure of dielectric materials with tunable defect layer can be used in tunable optical
devices. The transmission properties of PCs and the photonic band gap (PBG) can be enhanced by changing the
geometrical parameters of dielectric materials [4].

Nonlinear optical properties of the liquid crystal (LC) can be used in electro-optics devices, widely [5-7]. The
defectlayer of nematic liquid crystal (NLC) in one-dimensional periodic structure shows all-optical switching
behavior of PC [8]. To understand switching property of LC, nonlinear differential equation of director has been
solved and obtained the relation between intensity ratio (I/I) and maximum director angle of LCs [9]. InLC as
defect layer in a periodic structure, when the intensity (I) of the electromagnetic wave reaches to threshold
intensity, Freedericksz transition (Ig), LC molecules switch according to intensity ratio (I/I) and execute
tunable transmission of one-dimensional periodic structure [10, 11]. It is well known that LC has nonlinear
optical and electronic properties, graphene (G) also novel optical and electronic properties [12].

© 2019 IOP Publishing Ltd
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