STUDY OF ELECTRICAL RELAXATION OF SOME
TRANSITION METAL ION DOPED CHALCOGENIDE
GLASS-NANOCOMPOSITES

Thesis submitted by
SWARUPA OJHA

Doctor of Philosophy in Engineering

Electrical Engineering Department
Faculty Council of Engineering & Technology
Jadavpur University
Kolkata, India

2021



Jadavpur University
Faculty of Engineering and Technology

INDEX NO. - 175/17/E

Title of the Thesis: Study of Electrical Relaxation of some Transition Metal lon
doped Chalcogenide Glass-Nanocomposites

Name, Designation & Institution of the Supervisors:

i. DR. MADHAB ROY
Associate Professor
Electrical Engineering Department
Jadavpur University

ii. DR.SANJIB BHATTACHARYA
Associate Professor-Deputy Director
HRDC & Physics Department
University of North Bengal

List of Publications:

Journal Papers:

Title of the Paper: Hopping frequency and conductivity relaxation of promising
chalcogenides: AC conductivity and dielectric relaxation approaches

Journal of Publication: Materials Research Express

Year: 2021

Role: Swarupa Ojha, Mir Sahidul Ali, Madhab Roy and Sanjib Bhattacharya
Volume: 8

Page numbers: 085203

DOI: https://doi.org/10.1088/2053-1591/ac1d17

Title of the Paper: Transport phenomena of Cu-S-Te chalcogenide
nanocomposites: frequency response and AC conductivity

Journal of Publication: Physical Chemistry Chemical Physics

Year: 2020

Role: Swarupa Ojha, Madhab Roy, Anil Chamuah, Koyel Bhattacharya and
Sanjib Bhattacharya

Volume: 22 (42)

Page numbers: 24600-24613

DOI: https://doi.org/10.1016/j.matlet.2019.126792

Title of the Paper: Electrical transport of chalcogenide glassy system:
interpretation by Hunt’s model and microstructure



Vi.

Journal of Publication: SN Applied Sciences

Year: 2020

Role: Swarupa Ojha, Madhab Roy, Anil Chamuah, Koyel Bhattacharya and
Sanjib Bhattacharya

Volume: 2 (838)

DOI: https://doi.org/10.1007/s42452-020-2518-5

Title of the Paper: Electrical Relaxation Studies of Chalcogenide xAg,S—(1-X)
(0.55-0.5Te) Glassy System

Journal of Publication: International Journal of Advanced Science and
Engineering

Year: 2020

Role: Swarupa Ojha, Madhab Roy, Anil Chamuah, Koyel Bhattacharya and
Sanjib Bhattacharya

Volume: 6 (S2)

Page numbers: 28-34

DOI: https://doi.org/10.29294/1JASE.6.52.2020.28-34

Title of the Paper: AC conductivity and dielectric behavior of Cu-S-Te
chalcogenide glassy system

Journal of Publication: Materials Letters

Year: 2020

Role: Swarupa Ojha, Madhab Roy, Anil Chamuah, Koyel Bhattacharya and
Sanjib Bhattacharya

Volume: 258

Page numbers: 126792

DOI: https://doi.org/10.1016/j.matlet.2019.126792

Title of the Paper: Temperature and Frequency Response of Conductivity in Ag,S
Doped Chalcogenide Glassy Semiconductor

Journal of Publication: Physica B: Condensed Matter

Year: 2018

Role: Swarupa Ojha, Anindya Sundar Das, Madhab Roy and Sanjib Bhattacharya
Volume: 538

Page numbers: 191-198

DOI: https://doi.org/10.1016/j.physb.2018.03.043

Conference Papers:

Title of the Paper: Study of Electrical Relaxation of Some Transition Metal lon
Doped Chalcogenide Glass Nanocomposites

Conference: 2" Indian Materials Conclave & 31% Annual General Meeting of
Materials Research Society of India (MRSI) at CSIR — Central Glass & Ceramic
Research Institute, Kolkata during 11"-14™ February, 2020

Year: 2020

Role: Swarupa Ojha, Madhab Roy and Sajib Bhattacharya

. Title of the Paper: Electrical Relaxation Studies of Chalcogenide xAg,S — (1-

x)(0.5S — 0.5Te) Glassy System



4.

5.

Vi.

Conference: International Conference on Current Trends in Materials Science and
Engineering (CTMSE 2019) organized by S. N. Bose National Centre for Basic
Sciences, Kolkata and Institute of Engineering & Management, Kolkata at S. N.
Bose National Centre for Basic Sciences, Kolkata, 18™-20™ July, 2019

Year: 2019

Role: Swarupa Ojha, Madhab Roy, Anil Chamuah, Koyel Bhattacharya and
Sanjib Bhattacharya

Title of the Paper: Chalcogenide Glassy Semiconductor: Electrical Properties and
Future Aspects

Conference: 26" West Bengal State Science & Technology Congress, organised
by Dept of Science & Technology and Biotechnology, Govt of West Bengal at
Science City Kolkata, 28" Feb & 1% March 2019

Year: 2019

Role: Swarupa Ojha, Madhab Roy and Sanjib Bhattacharya

. Title of the Paper: Chalcogenide Glassy Semiconductor: Structure and Electrical

Transport

Conference: 1% Indian Materials Conclave & 30™ Annual General Meeting of
Materials Research Society of India (MRSI) at 11Sc Bangalore, 12"-15"
February, 2019

Year: 2019

Role: Swarupa Ojha, Madhab Roy and Sanjib Bhattacharya

Title of the Paper: Ag,S Doped Chalcogenide Glassy Semiconductor: Electrical
Properties and Future Aspects

Conference: 3" Regional Science Congress organised by Dept. of Science &
Technology and Biotechnology, Govt of West Bengal, 20-21% Dec, 2018

Year: 2018

Role: Swarupa Ojha, Madhab Roy and Sanjib Bhattacharya

Title of the Paper: Temperature and Frequency Response of Conductivity in Ag,S
Doped Chalcogenide Glassy Semiconductor.

Conference: International Conference on Advancement in Science and
Technology at Visva-Bharati University, Santiniketan, organized by Indian Japan
Society for the Promotion of Science (JSPS) Alumni Association during 3"-
4™ September, 2018

Year: 2018

Role: Swarupa Ojha, Madhab Roy and Sanjib Bhattacharya

List of Patents: None

List of Presentations in National / International Conferences

“Study of Electrical Relaxation of Some Transition Metal lon Doped
Chalcogenide Glass Nanocomposites”, 2™ Indian Materials Conclave & 31%
Annual General Meeting of Materials Research Society of India (MRSI) at CSIR



Vi.

— Central Glass & Ceramic Research Institute, Kolkata during 11%-14™
February, 2020

“Electrical Relaxation Studies of Chalcogenide xAg,S — (1-x)(0.5S — 0.5Te)
Glassy System”, International Conference on Current Trends in Materials Science
and Engineering (CTMSE 2019) organized by S. N. Bose National Centre for
Basic Sciences, Kolkata and Institute of Engineering & Management, Kolkata at
S. N. Bose National Centre for Basic Sciences, Kolkata, 18"-20" July, 2019

“Chalcogenide Glassy Semiconductor: Electrical Properties and Future Aspects”,
26™ West Bengal State Science & Technology Congress, organised by Dept of
Science & Technology and Biotechnology, Govt of West Bengal at Science City
Kolkata, 28" Feb & 1% March 2019

“Chalcogenide Glassy Semiconductor: Structure and Electrical Transport”, 1°
Indian Materials Conclave & 30" Annual General Meeting of Materials Research
Society of India (MRSI) at 11Sc Bangalore, 12"-15™ February, 2019

“Ag.S Doped Chalcogenide Glassy Semiconductor: Electrical Properties and
Future Aspects”, 3" Regional Science Congress organised by Dept. of Science &
Technology and Biotechnology, Govt of West Bengal, 20-21* Dec, 2018

“Temperature and Frequency Response of Conductivity in Ag,S Doped
Chalcogenide Glassy Semiconductor”, International Conference on Advancement
in Science and Technology organized by Indian Japan Society for the Promotion
of Science (JSPS) Alumni Association at Visva-Bharati University, Santiniketan,
394" September, 2018



Jadavpur University
Faculty of Engineering and Technology

INDEX NO. - 175/17/E

STATEMENT OF ORIGINALITY

I Swarupa Ojha registered on 19.07.2017 do hereby declare that this thesis entitled “Study
of Electrical Relaxation of some Transition Metal-Ions doped Chalcogenide
Glass-Nanocomposites” contains literature survey and original research work done by
the undersigned candidate as part of Doctoral studies.

All information in this thesis have been obtained and presented in accordance with existing
academic rules and ethical conduct. I declare that, as required by these rules and conduct, I
havefully cited and referred all materials and results that are not original to this work.

I also declare that I have checked this thesis as per the “Policy on Anti Plagiarism, Jadavpur
University, 20197, and the level of similarity as checked by iThenticate softwareis _8  %.

Signature of Candidate: S LOAY u!a_ Uthed
Date: 29/10/2021 J

Certified by Supervisor(s):

1. Dr. Madhab Roy:
Date: 29/10/2021

2. Dr. Sanjib Bhattacharya: Sa 1;;& é 'JM&.& }9_/

Date: 29/10/2021

Dr. Sanjib Bhattacharya

DR. SANJIB BHATTACHARYA Principal Investigator
ASSOCIATE PROFESSOR- DEPUTY DIRECTOR DST SERB Project
UGC-HRDC, NBU Experimental Candensed Nat Prysics

Universty of Nerth Bengal



Jadavpur University
Faculty of Engineering and Technology

INDEX NO. - 175/17/E

CERTIFICATE FROM THE SUPERVISORS

This is to certify that the thesis entitled “Study of Electrical Relaxation of

some Transition Metal-Ions doped Chalcogenide Glass-Nanocomposites”

Submitted By Ms. Swarupa Ojha, who got her name registered on 19.07.2017 for

the award of Ph.D. (Engineering) degree of Jadavpur University is absolutely

based upon her own work under the supervision of Dr. Madhab Roy and Dr. Sanjib

Bhattacharya and that neither her thesis nor any part of the thesis has been

submitted for any degree/diploma or any other academic award anywhere before.

1. Dr. Madhab Roy

Signature of the Supervisor
and date with Office Seal

Date: 29/10/2021

DR. SANJIB BHATTACHARYA
ASSOCIATE PROFESSOR- DEPUTY DIRECTOR
UGC HROC, NBU

Savpi RRaiiesl }p./

2. Dr. Sanjib Bhattacharya

Signature of the Supervisor
and date with Office Seal

Date: 29/10/2021

Dr. Sanjib Bhattacharya
Principal Investigator
DST SERB Project
Universty of Nerth Bengal



Jadavpur University
Faculty of Engineering and Technology

INDEX NO. - 175/17/E

ACKNOWLEDGEMENT

The work presented in this thesis would not have been possible without my close association
with many people. | take this opportunity to extend my sincere gratitude and appreciation to

all those who have been instrumental in the successful completion of this thesis.

First and foremost, | would like to extend my sincere gratitude to my research guide Dr.
Madhab Roy, Associate Professor, Electrical Engineering Department, Jadavpur University,
for his dedicated help, advice, inspiration, encouragement and continuous support throughout
my course work. His enthusiasm, integral view on research and his mission for providing

high-quality work have made a deep impression on me.

My special words of thanks go to my research co-guide Dr. Sanjib Bhattacharya, Associate
Professor-Deputy Director, HRDC & Physics Department, University of North Bengal, for
continuous support, supervision, cooperation and encouragement. His constant guidance,
cooperation, motivation and support have always kept me going ahead. This research work

would not have been possible without his direction and | will forever be grateful for it.

I would like to pay my special thanks to the HOD, Electrical Engineering Department,
Jadavpur University for the cooperation during the research. | am grateful for her constant
support and help. | would also like to thank all the members of my thesis committee for their
encouragement and insightful comments. | gratefully acknowledge all the faculty members of
Electrical Engineering Department of Jadavpur University.

My special thanks are extended to Prof. Dipankar Chattopadhyay, Polymer Science &
Technology Department - Calcutta University, for providing X-Ray Diffraction and FT-IR
Spectroscopy facilities. | am grateful to Prof. Joydeep Choudhury, Physics Department -



Jadavpur University, for giving me opportunities to conduct research in his laboratory and

providing permission to use XRD and UV-Vis Spectroscopy facilities there.

I would like to express my gratitude to Mr. Arunim Paul, Department of Central Scientific
Service - Indian Association for the Cultivation of Science, for providing HRTEM facility. |
extend my sincere thanks to Mr. A Saha of REMCO India for providing quartz tube vacuum

sealing facility.

My heartfelt thanks also go to my fellow research scholars Mr. Anil Chamuah, Mr. Amartya
Acharya and Ms. Ashmita Poddar for their help and moral support. They always helped me
out when 1 got any difficulties or queries regarding experiments. | thankfully acknowledge
Siliguri Institute of Technology for my experimental work at Composite Materials Research
Laboratory during the early stage of my research. | would also like to acknowledge all the
faculty members of Department of Engineering Sciences and Humanities, Siliguri Institute of
Technology for their excellent cooperation. | am forever thankful to my colleagues at
OmDayal Group of Institutions for their friendship and support, and for creating a cordial

working environment.

Finally, my sincere gratitude to my father, mother and sister for their continuous and
unparalleled love, help and support through the years. | am forever indebted to my father for
giving me opportunities and experiences that have made me who | am. My mother selflessly
encouraged me to explore new directions in life and seek my own destiny. | am thankful to

my sister for always being there for me as a friend.

| offer my regards and blessings to all those who supported me in any respect during the

completion of my research.

SWARUPA OJHA



PREFACE

In recent days, studies on Chalcogenide glassy systems paid much attention because of their
higher electrical conductivity at room temperature and large composition flexibility, which
made them suitable candidates for rechargeable batteries.

Transition Metal lons doped Chalcogenide glassy systems showed that the electrical
conduction mechanism predominated by hoping of small polarons. To explore the conduction
mechanism in Chalcogenide semiconductors, the study of frequency dependent electrical
conductivity is very much essential not only for practical applications but also for academic
interest. A complete description on electrical transport phenomenon and dielectric relaxation
of such glassy system is still pending till date because of lack of their micro-structural

information and approximation in data analysis.

The motivation of this work is to study composition dependent electrical and dielectric
properties of the Chalcogenide glassy systems: xAg,S — (1-x) (0.5S — 0.Te) where x = 0.35
and 0.45; xCu — (1-x) (0.5S — 0.Te) where x = 0.0, 0.1, 0.2 and 0.3; xAg,S — (1-x) (0.5Se —
0.Ge) where x = 0.1 and 0.2; and xAg,S — (1-x) (0.5Se — 0.Te) where x = 0.05, 0.1 and 0.2.
The results may open the way to the preparation, application and investigation of significant

electrical and dielectric properties of the Chalcogenide glassy systems.
The proposed thesis to be submitted will have six chapters.

Chapter 1 is an introduction to Chalcogenide Glass Nanocomposites and its comparison with
oxide glasses. Different work carried out by many researchers on Chalcogenide glassy
systems is also discussed. The chapter focuses on electrical relaxation process in
Chalcogenide glassy system and study of their electrical properties by many researchers.
Possible and existing applications of these systems, due to their peerless properties, is
reported followed by a discussion on Transition Metal lon doped Chalcogenide systems and

the main objectives of the research work.

Chapter 2 focuses on the description of different methods which are used for preparing
Chalcogenide glassy systems. It also deals with the various characterization techniques used
in the present work for analyzing structure and electrical properties of the prepared systems.
In the first part of the chapter, there is a brief discussion on different preparation techniques

of glasses with special attention on melt quenching method, in which rapid cooling is



required for avoiding crystallization in glasses. Structural characterization techniques like
density and molar volume measurements, XRD, FT-IR, TEM and UV-Vis are discussed in
detail. In the later part of the chapter, there is a discussion on the analysis of DC conductivity
and AC conductivity data for studying electrical properties of systems.

Chapter 3 focuses on the study of electrical characterization and microstructure of Ag,S
doped S-Te Chalcogenide system. The addition of Ag,S to the system changes its structure
and hence its electrical properties. Structural characterization of the system with the help of
XRD, TEM, FT-IR spectroscopy, density and molar volume is reported. Use of Mott’s model
and Greaves’s model for DC conductivity analysis is discussed. For analyzing AC
conductivity of the system, use of methods like Almond West formalism, MN Rule, AC
conductivity scaling, dielectric relaxation studies etc is reported in the chapter. To know the
conduction mechanism in the system, use of CBH and NSPT (modified) models in the
analysis of AC conductivity data is discussed. To find the dependency of electrical relaxation
of the system on composition and temperature, AC conductivity and electric modulus scaling

methods are discussed in the chapter.

Chapter 4 deals with the study of structural behaviour and electrical conductivity of Cu doped
S-Te glassy system. There is a brief discussion on advantages of adding Cu in the system.
The preparation of the system using melt quenching method is discussed in the first part of
the chapter followed by its structural characterization with the help of various techniques like
XRD, TEM, FT-IR spectroscopy, molar volume and density calculations etc. In the later part
of the chapter, temperature, composition and frequency dependent electrical conductivity
measurements and analysis of data with the help of Mott’s model, Greaves’s model, Power

law, MN Rule, Almond West formalism, CBH model and NSPT model are reported.

Chapter 5 focuses on study of electrical conductivity and dielectric relaxation of Ag,S-Se-Ge
glassy system. The chapter begins with discussion on attractive properties of Ag.S, Se and Ge
followed by the method of preparation of the glassy system. Then, the use of XRD, UV-Vis,
FT-IR, molar volume and density calculations are discussed for structural characterization.
Analysis of DC conductivity with the help of Mott’s model and Greaves’s model is reported.
AC conductivity data is analysed with Power law, MN Rule, Almond West formalism, CBH
model and NSPT model. Study of dielectric relaxation properties with the help of permittivity

and electric modulus studies is also discussed in the chapter.



Chapter 6 mainly deals with study of electrical spectra of Ag,S — Se —Te Chalcogenide glassy
system. In this chapter the use of melt quenching method is reported for the preparation of the
system. For structural characterization use of XRD and FT-IR techniques is discussed. DC
conductivity and AC conductivity measurements and their analysis using Power law, MN
Rule, Almond West formalism, CBH model and dielectric relaxation studies are also
reported. For finding the composition and temperature dependency of relaxation process in
the system, AC conductivity and electric modulus scaling are reported. Calculation of carrier
mobility and density in the present system is also discussed in the chapter.
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Chapter 1

INTRODUCTION

Chalcogenide glasses, a class of amorphous semiconductors, have been accentuating
researchers in the recent years, especially in the solid state science they are being considered
as a very active area [1]. Amorphous solids, also known as non crystalline solids, do not have
their atomic arrangements in periodic order of long range, although they conserve high
degree periodic order of short range [2]. Usually disorder arrangement of atoms in liquid state
is quickly arrested into solid state to obtain an amorphous solid [3]. Glass is a unique
category of amorphous materials and when it is heated it shows glass transition phenomenon
[4]. Many advantages of glasses like easy manufacturing method, composition flexibility,
low-priced raw materials, transparent at high temperatures etc, make these amorphous solids

different from crystalline solids.

In amorphous solids the electronic configuration of atoms and the type of bonding among
their nearby atoms determine their properties and accordingly they can be insulating,
conducting or semiconducting in nature. In the year of 1954 the semiconducting property of

amorphous solids was first discovered by Kolomiets and Goryunova [5, 6].

According to the types of the chemical bonding in their constituent atoms the amorphous

semiconductors are usually categorized into following groups:

» lonic bonded — in these amorphous semiconductors compositional variation is not
possible over wide range due to ionic nature and the atoms in these pure materials are
in disordered positions. Oxides and halides glasses are examples of this type of

amorphous semiconductors.

» Covalently bonded — these amorphous semiconductors are classified into two types

[7]:

e Tetrahedral bonded amorphous semiconductors — examples of such materials
are amorphous silicon, amorphous germanium etc. Solar cells, image scanners,
temperature sensors, gas sensors, thin film transistors etc are some of the

applications of these materials [8, 9].



e Chalcogenide glasses — glasses which contain group 16 elements of periodic
table i.e. chalcogens (sulphur, selenium and/or tellurium) in conjunction with
one or more other suitable elements of the periodic table. Applications of these
materials are xerography, inexpensive solar cells, optical fibres, phase change
memories (PCM), fiber optics, X-ray imaging plates, etc [10].

In the energy band of amorphous semiconductors the density of electronic states (tails) is
present which pierce the energy gap. Due to this reason the energy band of these
semiconductors are different from that of crystalline semiconductors. One can consider
amorphous semiconductors as heavily doped semiconductors in which the top of valence
band and bottom of conduction band may vary on large scale more or less its energy gap
width. Electrons and holes are located in potential wells in conduction band and valence band
respectively, which are separated by high potential barriers. In these semiconductors the
electrical conductivity at low temperatures occurs due to tunnelling of electrons through the
potential barrier between wells. Charge carriers are thermally excited into higher energy

levels which cause conduction at higher temperatures.

The unique and intriguing properties of amorphous semiconductors made these materials
attractive to researchers [11, 12]. Because of the possibility of their applicability in numerous
areas, these materials can be considered as more advantageous than crystalline
semiconductors. Preparations of these materials, in thin films form (for solar cell
applications) as well as in bulk forms, are very easy. Melt quenching method is generally
used for preparation of bulk samples of amorphous semiconductors. These materials have
pervasive applications in many fields of modern technology like optical, electrical,
electronics, mechanical, electrochemical etc. They can be used in many electronic devices as
active and passive elements [13, 14]. Some of their applications in electronics field are: solar
cells, thin film transistors, electrophotography, electrochemical sensors, solid state batteries,
temperature sensors etc [15, 16]. These materials have also found many applications in
communication systems. They have also been shown their ability to be used in the optical
fibres fabrications, making of prisms and optical windows, as Laser materials and LEDs.
Manufacturing of transformer cores is another possible application of amorphous

semiconductors.



1.1. GLASS

Structure of a glass is like a super cooled liquid but its mechanical properties are similar to
that of a solid [17, 18]. A glass is generally made by quick melt quenching of its constituent
elements [19-23]. The name ‘glass’ is applied only to those amorphous solids which display
glass transition temperature, Tg. In the melt quenching method the cooling process should be
very quick to freeze the atoms of the liquid, which are in disordered form, preventing them
from being crystallized at glass transition temperature. The affinity of a material to form glass

on quenching is known as its glass forming ability.

The imperative factor in the preparation of glasses is speed. In Fig-1.1 two paths are shown
which may be used by a material to get solidify. Crystallization is a time taking process. In
this process the temperature of a melted material is lowered to Tt to crystallise the material to
the solid state. In Fig-1.1, Path 1 indicates this process. When the temperature of the melted
material lies between T and Ty the material is called super-cooled liquid. If material’s
temperature is abruptly decreased to Ty without giving any time to the material to get
crystallised, the super-cooled liquid becomes glass and remain in that form forever.
Therefore, the preparation of amorphous solid or glass is the process of avoiding

crystallization which can be achieved by cooling the liquid material very speedy.

VOLUME —»

TEMPERATURE —»

Fig-1.1: Cooling Paths used by a material to get solidify — 1: Path to crystalline state
2: Path to amorphous state

Glass has been enchanting people from so many decades due to its numerous favourable
properties which help it to become an attractive material [24, 25]. However, it exhibits some

undesirable properties such as low tensile strength, less hardness etc which makes its usage
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limited. Many researchers have reported the overcoming of the drawbacks of glass by
amalgamation of some nanoparticles of metals in its matrix forming nanocomposite
materials. These nanocomposite materials possess unique electrical, optical, thermal,
mechanical properties which makes the glass suitable to be used in different applications in
nanotechnology [26-31]. The desirable properties of the nanocomposites for a particular
application are dependent on amount, shape and size of the incorporated nano particles [32,
33].

1.2. NANOCOMPOSITES

Nanocomposites are those materials which contain more than one constituent elements and its
constituent elements must have at least one dimension in the 1-100nm range. Fig-1.2 shows
different types of nanocomposites — (a) Nanoparticles - which contain three nano-scale
dimensions, (b) Nanofibres - which contain two nano-scale dimensions and (c) Nanoclays -

which contain one nano-scale dimension.

Fig-1.2: Different types of nanocomposites — (a) Nanoparticles, (b) Nanofibres and (c) Nanoclays

To produce a nonocomposite, nano materials (usually called fillers) are incorporated into the
sample material (usually called matrix) which is in macroscale regime [34-36]. The
incorporation of nano materials or the fillers in the matrix material intensifies its electrical
conductivities and improves its optical, thermal, dielectric, mechanical and many other
properties. Nanocomposite materials are rising as a promising material which can be used for
overcoming the drawbacks of microcomposite materials. Because of exhibiting unique
properties, which are impossible to be found in a usual composite, the nanocomposites are

treated as the materials of the present and future centuries.
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1.2.1. Classification of Nanocomposites

Based on the matrix materials, the nanocomposites are categorized into three classes: (a)
metal matrix, (b) ceramic matrix and (c) polymer matrix nanocomposites. Nanocomposites
containing matrix which is insulating in nature, like glass, ceramic or polymer, in which
metal nanoparticles are incorporated have become an interesting topic of research because of
their attractive properties. Among these nanocomposites, metal glass nanocomposites
possesses exciting unique properties such as enhanced mechanical strength, refractive index,
electrical resistivity etc. These nanocomposites are formed by incorporation of metal nano
particles into glass matrices. One of the important applications of these materials is in
communication systems as formation of low power high speed optical device [37, 38].

1.3. CLASSIFICATION OF SEMICONDUCTING GLASSES

Semiconducting glasses are amorphous semiconductors which exhibit electrical properties
that are dissimilar to the properties of existing crystalline semiconductors. Germanium,
Silicon, Gallium Arsenide etc are some examples of crystalline semiconductors. Amorphous
semiconductors are those kinds of materials which are having negative temperature
coefficient of resistivity. The amorphous and crystalline structures of Silicon are shown in

Fig-1.3(a) and (b) respectively.
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Fig-1.3: (a) Amorphous Structure and (b) Crystalline structure of Si

Based on the occurrence of these glasses they can be categorized into two classes: (a) natural

and (b) artificial glasses. The artificial or manmade glasses are further categorized into two



classes depending on their constituent elements: (a) oxide and (b) non-oxide. Explanations of

these types are given in the following sections:
1.3.1. Oxide Glasses

The glass which contains oxygen as one of its constituent elements is known as oxide glass.
Most of the commercially available glasses are based on SiO, or silica. Silica is a mineral
which is abundantly available in nature in form of sands. The glasses which are made up of
silica only are known as vitreous silica or silica glasses. Sometimes these are referred as
fused quartz when quartz crystals are melted to prepare them. Use of silica glasses have been
found mainly in those applications in which low electrical conductance, high thermal shock
resistance, superior chemical durability and ultraviolet transparency are required. Soda lime
silica glasses are found to be best fitted in preparation of most of the daily use glass products
like glass containers, flower vase, windows, bulbs etc where the major requirements are fine

durability and low price.
1.3.2. Non Oxide Glasses

The glasses which do not contain oxygen as one of the constituent elements are called non

oxide glasses. Non oxide glasses are classified into the following categories:

1.3.2.1. Heavy-Metal Fluoride Glasses (HMFGSs): These non-oxide glasses are usually
made up of elements like Barium, Lanthanum, Aluminium Sodium etc. Suitable
applications of these glasses are in telecommunication fibres because of quite less
optical losses. But the preparation of these glasses is very complicated and their

chemical durability is not good.

1.3.2.2. Glassy metals: To prepare these non-oxide glasses, metals in melted form are
quenched very rapidly. These glasses are generally composed of Iron,
Phosphorous, Nickel and Boron and existing in the commercial sector as
METGLAS. Applications of these glasses are found in magnetic shielding and

power transformers.

1.3.2.3. Chalcogenide Glasses: These non oxide glasses are amorphous semiconductors
which contain chalcogens (Sulphur, Selenium and/or Tellurium) in addition with
some other suitable elements of the periodic table. Due to the semiconducting
nature of these glasses their usage have been found in many applications like



memory switching devices, xerography etc. They have shown their potential to be

used in photovoltaic applications like solar cells.

1.3.2.4.Glass ceramics: These are the glasses in which the possibility of bringing
crystallization in the normal disordered atomic structures to some extent is strong.
In the glass ceramics, which are commercially available, evenly sized high density
non oriented crystals are attainted throughout the bulk samples of the glasses
instead of at surface or in distinct areas of the glasses. Some applications of these

glasses are found in cooking vessels, dental implants etc.

1.3.2.5. Glass composites: To prepare functional glass products ceramic, polymer and
metal powders are mixed together to form glass composites. The products made
from such composites posses unique properties which can only be achieved from
the combined effects of the constituent elements. Applications of these glasses are
thick film conductors, resistors, dielectrics in which the tailoring of electrical
properties is required in the field of microelectronics and glass fibre reinforced
plastics.

1.3.2.6. Natural glasses: These are those glasses which are available in nature. Some of
the examples of these glasses are fulgarites (produced on hitting of lightning on
ground), obsidians or volcanic glass, tektites (produces from terrestrial debris
evicted through meteorite collisions), microtektites (usually found in deep ocean),
moldavites (produced due to collisions of meteorite generally found in central
Europe) etc. Microtektites exhibit high chemical stability under sea which makes

them useful in hazardous waste control applications.

1.4. CHALCOGENIDE GLASSES

Chalcogenide glasses are non oxide glasses which are comprised of Chalcogens i.e. group 16
elements (Sulphur, Selenium or/and tellurium) of periodic table with other suitable elements
for a particular application. These glasses belong to the category of amorphous materials
which are semiconducting by nature. They have become an interesting area of research for
scientists and researchers in the material science and nanotechnology. This is mainly due to
their unique and attractive properties which can be achieved only from the combined effects

of the properties of different constituent elements. For this reason their uses are being
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observed in many technological applications [1, 39]. These amorphous semiconductors
exhibits band gap energy range of which is generally 1 to 3 electron volts [40]. For studying
physical properties of a material, proper knowledge regarding its structure is very necessary.
The variation in its different properties like optical and electrical is mostly related to its
structural behaviour. Therefore, the detailed study of structure of a Chalcogenide glass is very

necessary for exploring the relation between the properties with its structure [41].

Different incorporated impurities in a glassy system show obvious effect in its structure and
hence on the change in its conduction mechanisms. For different incorporated impurities the
effects are extensively different. Many reports are available in which the study on
incorporated impurity effects on Chalcogenide glasses have been reported [42-44]. Due to
ease of fabrication and processing, these glasses can be used in optical fibres particularly

when there is a need of short length and flexibility [45, 46].

Vibhav K. Saraswat et al. [47] studied the effects of addition of Lead on band gap and
conductivity in Se-Te glasses. V-I characteristics of the glasses at various temperatures was
recorded and based on the analysis of these characteristics, the variation of conductivity in
these glasses were explained. In these glasses Poole-Frenkel conduction mechanism was
found good for conduction in the given range of temperature. Recording of absorption
spectra and its analysis was done from which the direct band gap semiconducting nature of
the glasses has been observed. Some more Chalcogenide systems reported by many

researchers are briefly explained in the next section.
1.4.1. Comparison between Oxide and Chalcogenide Glasses

Oxide glasses are most recognizable glasses. These glasses possess many striking features
such as: these can be acts as good dielectrics, optical transmitters, thermal insulators etc.
These glasses are basically belonging to amorphous solids which contain ionic bonding [6].
These glasses are having extraordinary capability to decant, cast, roll, press and float glasses
of windows. The electrical conductivity of most of these glasses is generally less than 108 Q'
Yem™, which makes them insulating in nature. Due to the natural oxidizing tendency of metals
and their insulating properties, metal oxide nanocomposite glasses have become very

valuable in many applications [48].

Chalcogenide glasses belong to the class of non-oxide glasses. Their electrical conductivity is
around 10™ — 10 Q*cm™, which is higher than that of oxide glasses, which makes them



semiconducting in nature. The conductivity in Chalcogenide glasses is usually electronic
instead of ionic, unlike oxide glasses. Mostly covalent bonding is present in these glasses in
addition to a very little contribution of ionic bonding. But some of these glasses (like
Selenium based glasses) contain covalent as well as Van Der Walls bonding [48]. The
formation of valence bonds of Chalcogenide glasses are mainly due to lone pair electrons.
The exhibition of quite a lot of oxidation states is the most vital property of these glasses. The
most familiar oxidation state of these glasses is -2. In addition to this, Sulphur exhibits +4
and +6 states. +2, +4 and +6 oxidation states are exhibited by Selenium, Tellurium and

Polonium.

Chalcogenide and oxide glasses exhibit different mechanical, optical, thermal, electrical and
other properties. The band gap energy of these two types of glasses is one of the major
differences between them. Oxide glasses are having large band gap energies (about 10eV),
while band gap energies of glasses based on Chalcogens are generally lie in the range of 1leV
to 3eV [40].

1.4.2. Some previous work on various Chalcogenide Glasses

Kedar Singh, et al. reported the analysis on reflection spectra to obtain the optical energy
band gap of Se-In based glasses [49] which was found to lie between 2eV to 2.23eV. The
glass with value x=10 is found to have least optical band gap energy which can be due to the

localized states in high density at the mobility edge of the glass .

Vibhav K. Saraswat et al. studied the electrical conductivity and I-V characteristics of Se-In
based glassy systems [50]. Based on bond strengths and bond lengths of different bonds
present, the glassy system bearing the composition Segyln;p was found most conducting in

nature as compared with other compositions of the system.

R. Shukla et al. reported the use of differential scanning calorimeter to study the
crystallization Kkinetics of Sejgox Ink glasses [51]. Kissinger’s relation and Friedman method
have been used to find the crystallization’s activation energy which was found to decrease on
increase of crystallization degree. The dependency of activation energy on composition of the

glass was also reported.

Spoorti Shrivastav et al. reported the investigations on kinetics of glass transition for the
system Sejpo-xBix using DSC [52]. Relations of Moynihan and Kissinger were used to find the

glass transition activation energy Eg. The values of Ey as well as their compositional
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dependency measured from both the relations were found very similar. Eq was found to vary
with the concentration of bismuth in the system. Low thermal stability of the system for

higher concentrations of Bismuth was found.

S. K. Dwivedi et al. reported the effects of photo crystallization in Chalcogenide glassy thin
films of Se;«Shy [53]. Crystallizations in the films were confirmed from XRD and electron
microscopy methods. There was an indication of increasing DC conductivity in the films on
crystallization. On increasing the concentration of Antimony in the system the photo

crystallization effect was found to be decreased.

S. Yadav et al. reported the decrease of activation energy on increase of Bismuth
concentrations in the glassy alloys of SejoxBix [54]. Dependency of conductivity on
composition of the glass is also reported. The conductivity was found to decrease first and
then increase on the increase of Bismuth concentration in the system. Variation of DC
conductivity with temperature plot has been fitted with Mott’s model in the lower

temperature region from which density of localized states were calculated.

N. Mehta et al. reported the use of non isothermal DSC to study thermal crystallization of
SegoTez and Segolnye Chaclcogenide glassy samples [55]. Decrease of Avrami index with the
rise of temperature was observed and exhibiting of higher crystallization activation energy by
SegoTezo glassy samples than Seggln,o Chalcogenide samples, which is due to the higher mean

bond energy of SegyoTezo Samples, is reported.

J. Sharma et al. studied the dielectric properties of Chalcogenide GeipoxSex glassy alloys
which are covalently bonded in nature [56]. Glasses formed by amalgamation of Germanium
into amorphous Selenium exhibit good chemical stability. The increase of both dielectric loss
and dielectric constant on incorporation of Germanium into pure a-Selenium had been

observed.

S. S. Fouad et al. studied the frequency and temperature dependent electrical properties
(dielectric constant, dielectric loss, and electrical conduction) of GexSeigox Chalcogenide
glassy alloys [57]. Conduction mechanisms of the glasses were studied using CBH model.
The comparison of hopping conductivity of this glassy system with theoretical data is also

reported.

N. A. Bakr et al. reported the studies on structural properties of GesSe;1.x Chalcogenide thin

films prepared using thermal evaporation method [58]. XRF method was used to check the
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compositions of the prepared thin films. The polycrystalline nature of the amorphous films
has been confirmed through XRD data analysis. The class transition temperature value was
found utmost for range of x from 0.25 to 0.32. Bandgap energy of the glass with respect to
Germanium content was found maximum for x=0.28 and for the values 0.2<x<0.32 the width
of band tail was largest. The strong dependency of transparency and refractive index on

composition of the glass had been observed.

K. Singh et al. reported the study on heating rate and compositional effects on glass transition
temperature Ty of Ge-Se-As based Chalcogenide glassy system by means of DSC [59]. The
dependency of Ty on the heating rate as well as composition was found. The maximum glass
transition activation energy was found in the system with the composition Ge;;SegsAS1s 0N

comparing with other compositions of the system.

S. A. Fayek et al. reported the use of DTA for calorimetric measurements for thermal
characterization of Chalcogenide Ge,s.xSe7sShy glassy alloys [60]. The DTA result shows an
indication of the decrease of glass transition temperature for these glassy alloys with heating
rate.

Investigation of crystallization kinetics of Chalcogenide glassy system SiyoTego-xBix using
DSC method to study the variation of its glass transition and crystallization temperatures with
composition is reported by B. J. Fernandes et al. [61]. Calculations of activation energy,
deduction of specific heat, fragility index, thermal stability, entropy and enthalpy have also
been reported there.

Preparations and thermal diffusivity measurements using photoacoustic technique of bulky
samples of Pb,Ges,xSess and PbyoGe,Sego.y Systems for different values of x and y were
reported by R. Ganesan et al. [62]. The composition dependency of thermal diffusivity of
these glasses is also reported. The reversal of conductivity takes place in PbyGes,xSesg glass
at x = 9 and PbyoGeySego.y glass at y = 21. Fermi level shifting is the cause of the reversal of
conduction. Kolobov Model was used to describe the results which were mainly based on the

defect states occurred because of the metallic elements added to the system

Crystallization Kinetics of SegsGe2,Pbio glass using DSC technique has been studied by N.
Mehta et al. [63]. Crystallization activation energy (Ec) has been calculated using four
methods: Kissinger, Matusita-Sakka, Augis-Bennett Approximation and Ozawa-Chen
methods and the obtained average activation energy is 1.477eV. There is an indication of
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simultaneous working of two crystallization mechanisms during the transformation from
amorphous state to crystalline state. The rate constant K is found to be increased on

increasing temperature and heating rate.

N. S. Saxena reported the thermodynamics in glass to crystal phase transition in Se-Ge-Pb
based Chalcogenide glasses [64]. To determine different thermodynamics quantities like
entropy, enthalpy etc DSC method has been used. The increase of system’s stability on

increasing the amount of Pb has also been reported.

A. Ganjoo et al. investigated effects of Sb addition on structure of amorphous film of Se-Ge
using EXAFS measurements [65]. EXAFS shows the existence of different bonds like Ge-Ge
and Ge-Se in the film. The disappearance of these bonds takes place on increasing Se content

in the film. In Ge Sh-Ge based glasses, the structural network was found stronger and stable.

Investigations on structural and thermal properties of Chalcogenide Ge Sb-Ge based system
have been reported by J. B. Ko and Tea-Sik Myung [66]. From DSC result analysis an
irregularity in crystallization has been observed. Use of Ozawa model to calculate activation

energy has been reported. The obtained activation energy reported from this model is 3.2eV.

Preparation and optical characterization of Chalcogenide Ge,sSegSbhi, glassy thin films has
been reported by R. Tintu et al [67]. The optical bandgap energy was increased from 2.51eV
to 3.56eV on decrease of content of GeygSesoShi,. The Wemple — DIDomenico single
oscillator model has been used for analyzing the dispersion in refractive index. For the
characterization of these films different parameters like extinction coefficient, static

refractive index, static dielectric constant, refractive index, etc have been measured.

Study of photoconductivity dependent on temperature and intensity of thin films of
Chalcogenide SegoGero-xInk glasses has been reported by S. Singh et al. [68]. The minimum
value of photoconductivity and photosensitivity was found at 4 atomic percentage of Indium.
Their DC conductivity measurement is also reported there. There is an indication of
compositional dependency of space charge up to 4 atomic percentage of Indium and
dominance of heating effect after that amount.

M. A. Abdel-Rahim et al. reported the analysis of DSC results of Ge-Se-In system under non
isothermal conditions [69]. Dependency of glass transition and crystallization temperatures
on heating rate as well as composition of the glass has been found. The composition

dependent glass transition and crystallization activation energies have been discussed. XRD
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and SEM techniques have been used to identify the crystallization phases obtained from
DSC.

Preparations of thin films of GeySegoxTlx Chalcogenide glasses on the surfaces of glass and
silicon wafers have been reported by F.A. Al-Agel [70]. The amorphous nature of these films
has been determined by XRD difrractograms. Optical band gap was found to decrease from
2.06eV to 1.79eV and increase of absorption coefficient and refractive index with increase of
Tl in the composition has been observed. Their DC electrical conductivity has been measured
at various temperatures (292K - 393K). The activation energy, measured from the analysis of
DC conductivity results, has been observed to be decreased from 0.91eV to 0.55eV when
amount of TI increases. The occurrence of conduction due to thermal supported charge
carriers’ tunneling among different localized states near Fermi level has been reported for

these glasses.

S. K. Pal et al. [71] reported the preparation of Se-Te-Sn-Ge Chalcogenide system as

dielectric materials with high dielectric constant and low dielectric loss. Ge was found to play
a very important role to improve dielectric properties of system. Incorporation of Germanium
in the glassy system helps in the optimization of dielectric properties in Sez;Te;Sn,Ge4 and

SezTeySn,Geg systems.

B. S. Patial et al. [72] reported the use of DSC for calorimertric study of Segsx Teis Sny,
system for different values of x under non isothermal conditions. There is an enhancement of
glass transition and crystallization temperatures with rise of heating. The glass transition and
crystallization activation energies and Avrami exponent (n) are found to be dependent on
composition. On increasing the content of Sn in the system the ability of crystallization has
been found to increase. The glass having the composition Segs Teis Sn; is found to be more
thermally stable.

Study of I-V characteristics of GespxSezSny alloys has been reported by V. Kumari et al.
[73]. Ohmic and non ohmic behaviors of this glass have been studied using I-V characteristic
analysis. The increase in Sn content in the glass increases the DC conductivity. The glass

with composition GejpSezSn, shows the maximum electrical conductivity.
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1.4.3. Electrical relaxation process in Chalcogenide glassy system

Electrical relaxation refers to the relaxation response of a dielectric material to an external
electric field. It is a brief delay in the dielectric constant of the material. It occurs due to delay
in molecular polarization with respect to change in the electric field. Frequency dependent
electrical conductivity helps in understanding the conduction mechanism of a Chalcogenide
glassy system. Hence, study of electrical behaviour of these systems are very important
through which information regarding the transport process in localized states and the type of
polarization can be obtained. By adding impurities to the disordered structure of these
systems, their structures can be changed. This results in the change in their conduction

mechanisms which is different for different impurities.

With the help of dielectric relaxation studies we can determine the frequency dependent
electrical properties of materials. It helps to find two basic electrical characteristics of a
material: capacitive nature (charge storage capability) and conduction nature (charge transfer
capability). The dielectric behaviour of a Chalcogenide glassy system mainly depends upon
charged defect states D™ and D which form dipoles [74]. These dipoles contribute to
dielectric relaxation when an alternating electric field is applied. On the application of this
alternating electric field to a dipole in the system, dipole starts rotating for aligning itself in
the direction of the field. After sometime the electric field reverses its direction. The dipole
must start rotating again to remain aligned in the field’s direction. When the dipoles rotate,
some energy is lost due to generation of heat and acceleration - deceleration of dipole’s
rotational motion. This produces dielectric loss which is a function of structure, frequency
and temperature. Therefore, to investigate a Chalcogenide glassy system, study of its
frequency and temperature dependent electrical relaxation becomes very important which
results in dielectric dispersion in the system. For studying electrical properties of a glassy

system, analysis of its DC and AC conductivity data is very essential.

DC conductivity of sample of a glassy system can be obtained by the equation:

L
Opc = m (11)

where, R is resistance, L represents thickness and A denotes cross sectional area of glass

sample.

DC conductivity of a semiconductor generally obeys the Arrhenius equation which is:
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Opc = Gpexp (— %) (1.2)

where, AE represents activation energy for conduction, Kg is Boltzmann constant, o iS pre-
exponential factor and T is absolute temperature. Taking log on both sides of Eqgn. (1.2)

becomes:
log opc =log op - AE/KT
or, logopc =- [(AE/1000K) x (1000/T)] + log oo

When log opc versus 1000/T is plotted, a straight line can be obtained. Activation energy can
be calculated from the slope as:

AE = 1000 x K x Slope of the line (1.3)

The electrical response area of a system can be defined in four related immittance levels:
complex resistivity: p(®); complex modulus: M(®) = iwe1/p(®); complex dielectric constant:
g(w) = [M(o)]™; and complex conductivity, o(m) = iwei/e(w), where, €1 is permittivity of
vacuum and g;/¢ is permittivity related to a dielectric constant €. Many researchers have
reported the studies of electrical properties of various Chalcogenide glassy systems, some of

which are mentioned below:

Electrical properties study of bulk CdseSso-xSex (30% < x < 50%) Chalcogenide glass
prepared by mechanical milling method has been reported by A.S. Hassanien et al. [75]. The
increase of DC conductivity and decrease of activation energies on increasing Se in system
was observed. The composition and temperature dependent conductivity mechanism in the
glass has been found. The transition temperature of the glass has been found at around 370K.
Below 370K the DC conductivity data was analyzed by Mott’s model and above this
temperature the activated thermoionic emission causes the hopping conduction in different

localized states

R. Belin et al. [76] reported the study of electrical conductivity of 0.5Ag,S — 0.5GeS,
Chalcogenide glasses at different temperatures (123K - 473K) and frequencies (10Hz -
6THz). For analyzing AC conductivity spectra of this system, the power law method and the

master curve procedure have been used.
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Study of DC conductivity of fast ionic of 0.5Ag,S — 0.5 GeS; glasses and the use of empirical
Vogel-Fulcher-Tammann law to describe the conductors having conductivity at room

temperature with little activation energy was reported by M. Ribes et al. [77].

A. Kumar et at. [78] reported the measurements of capacitance and conductance for studying
the dependency of dielectric parameters on temperature (223K-293K) and frequency (2KHz-
50KHz) of Chalcogenide Segs.xTeising (x= 0, 2, 6, 10) glasses. Occurrence of dielectric
dispersion in these ranges of temperature and frequency and more dispersion of dielectric at

lower frequency region has been observed.

Investigations on AC electrical conductivity and dielectric response of silica glasses doped
with CdSe in frequency range 1-3MHz at room temperature was reported by P.V. Jyothy et
al. [79]. At high frequencies low values of dielectric loss and constant has been observed
from the studies. The values of conductivity have been found in the order of 10°-10"" S/cm

for these glasses.

M. Kubliha et al. [80] reported the study of temperature dependent DC conductivity of Ho
doped GeyoSego-xTex system. The reduction of DC conductivity and increase of conduction
activation energy on the decrease of Te concentration have been found. Reduction in the
activation energy has been observed in these glasses when doped with Ho** ions in a metallic

form.

Anjani Kumar et al. [81] studied effects of electric field on semiconducting parameters of Se-
Sb-Ag based Chalcogenide glasses. At low Electric field, the independent nature of activation
energy and the pre-exponential factor on field was observed. However, variation of activation
energy and pre-exponential factor with the field has been found at higher electric fields.
Yelon and Movaghar model has been used to explain the correlation which has been observed

in the glass between activation energy and the pre-exponential factor.

Vandana Kumari et al. [82] have reported the electrical conductivity studies of Ge-Se-Sb
based glass using I-V characteristics curves at various temperatures. In these glasses Poole-
Frenkel conduction mechanism was found good for conduction in the given range of

temperature.

The study of electrical conductivity in superionic (AgsAsSs)x(As2S3)1x glass in frequencies
10Hz — 3x10°Hz and temperature range 300K-400K has been reported by Studenyak et al.

[83]. The compositional dependency of electrical conductivity and activation energies has
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also been analyzed. The enhancement of electrical conductivity and reduction of activation

energy on adding AgsAsS;to the glass have been observed.

S. Srivastava et al. [84] observed the exponential variation of AC conductivity with
temperature in  SezpTesxZnx Chalcogenide glasses at particular frequency. Different
activation energies have been obtained at different frequencies. Correlation of pre-
exponential factor and activation energy has been found which follows Meyer Neldel (MN)

rule.

Study of temperature and frequency dependent dielectric constant and 10ss in Sejgo.xTex (X=4,
8, 12, 16) Chalcogenide glassy system at frequencies 1KHz - 1MHz and temperatures 290K —
360K has been reported by Mohsin Ganaie et al. [85]. The dielectric constant and loss were
found to increase with of Te concentration, which may be because of increase in the defect
state. On increasing amount of Te, increase of DC conductivity and decrease of activation

energy are because of increases in the density of defect states.

The narrowing of electrical and optical band gap on adding Copper to As-Se glasses has been
reported by V. I. Mikla et al. [86]. The dark conductivity values and activation energy of the
glasses have been found to change with the addition of Cu in the system.

1.4.4. Applications of Chalcogenide Glasses

The attractive unique properties of the Chalcogenide glasses enhance the possibilities of
being used in a variety of technological applications. One of the important applications is
resistance switching [87]. For threshold type switching it can be used as ON/OFF switch and
for memory type switching it can be used as memory storage applications. Application of
Chalcogenide glasses have also been found in many different areas like military, civil,
medical etc [88-90]. Some other applications of these glasses are optical filters, waveguides,
optical and temperature sensors, xerography, photovoltaic applications like solar cells etc
[91-94].

Temperature monitoring, energy management and night vision are some of the applications
of Chalcogenide glasses used in Infrared optics [95]. In some applications like switching and
photocopying, these glasses act as active electronics devices. For transmitting telecom
signals, they can be used in ultra low loss IR fibres [96, 97]. Chalcogenide fibres are also
suitable in some applications where low power transmission are required, like welding

operations in industries and microsurgeries in biological and medical areas [98, 99]. Their
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suitability has also been found in some applications like optical lenses for IR cameras,
scanners, multiplexers, demultiplexers, printer heads etc [100]. These glasses have also been
found suitable in optical memory applications like optical recording (rewritable) and
programmable non volatile memory. Some other applications of these glasses are [101]:

e |Image storage

e Photo-resistors

e Opto-electronics

e Non linear optics

e Photo electrochemical solar cell
e Electroluminescent device

¢ IR Photodetectors

e Photo-transistors

e Lasers

1.5. TRANSITION METAL ION DOPED CHALCOGENIDE GLASSES

Atoms of Transition Metal lons (TMI) contain incompletely filled d sub-shell. These
elements belong to Group 3 — 12 of periodic table. In Transition Metal lons or TMI doped
glasses there is a quite high propensity of small polarons’ generation. Hopping of these
polarons among the different valence states of TMI causes electrical conductions [102]. To
get the enhanced knowledge regarding the transport mechanisms in amorphous
semiconductors, many researchers studied different TMI doped glasses [103-106]. The
structural network of a glass gets changed when it is doped with TMIs. As the consequence
the glass exhibits some unique properties which enable the possibility of their usage in

various applications.

Elalaily and Mahamed [107] and Kumar et al. [108] investigated the electrical conductions in
many TMIs doped glasses. It had been observed by them that electrical conduction of these
glasses varies with the change in their structural network which arises due to the existence of
TMls. The conductivity of these glasses is also highly dependent on temperature. Variation of
activation energy in these glasses depends on ligancy of the involved TMIs. Sayer and
Mansingh [109] reported the studies on dielectric properties of many glasses doped with
TMIs. They observed the dependence of dielectric relaxation on polarons hopping among

pairs of TMIs (pair approximation model). The AC conductivity spectra at different
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temperatures had been analysed which helps in finding the pertinent hopping mechanism as

to pair approximation [110].

1.6. OBJECTIVE OF THE RESEARCH WORK

The purpose of this research work is to prepare some new types of cheap and reliable

semiconducting glassy nanocomposite materials and to identify the possible technological

applications of these materials in industry as well as academic purposes.

The main objectives of the PhD work:

To develop some new glass nanocomposite systems containing Transition Metal lon
doped chalcogens like Ag,S-S-Te, Cu-S-Te, Ag,S-Se-Ge and Ag,S-Se-Te. It is a very
interesting field of research not only for their application point of view but also for

academic interest.

Structural characterization of all the prepared samples to study their physical
properties by using different methods like X-Ray Diffraction (XRD), Transmission
Electron Microscopy (TEM), Fourier Transform Infrared Spectroscopy (FT-IR),
Ultraviolet Visible Spectroscopy or UV-Vis etc.

To study the electrical conductivity and relaxation mechanism in wide frequency
range and at various temperatures and hence to explore electrical transport properties
of the prepared TMI doped Chalcogenide glass nanocomposites

To explore the correlation between electrical conduction parameters (such as
conductivity, resistivity etc) and some structural parameters (obtained from XRD,
HRTEM etc.).

To explore the device application of the prepared glassy systems: Chalcogenide
glasses can be used in many device applications like solar cells, temperature sensor,
gas sensor, light emitting diodes, electro-photography etc because of their unique
properties. To find proper electronic device applications of a Chalcogenide glassy
system, study of its electrical properties and structural analysis play a very important
role. From the studies of temperature dependent electrical conductivity, information

regarding structural defects and localized states of the system can be obtained. The
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electrical conductivity studies also give information concerning the nature of defect
centres which helps in determining the type of conduction in the system. Electrical
properties of these systems are controlled by density of defect states - which can be
calculated after knowing the conduction mechanism in the system. Therefore, after
studying the electrical properties and structural analysis of all the prepared glassy

systems, their suitable applications in electronics devices will be explored.
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Chapter 2
EXPERIMENTAL METHODS

2.1. INTRODUCTION

This chapter is mainly focused on the various methods which are used for the preparation of
Chalcogenide glassy systems having various compositions and the different characterization
techniques which can be used for the analysis of the structure and electrical properties of the

systems.

The chapter starts with the discussion on preparation of glassy systems using different
methods like mechanical milling technique, sol-gel process, chemical vapour deposition
(CVD) technique, chemical bath deposition (CBD) technique, melt-quenching method, etc

[1-10] along with their advantages and disadvantages.

For structural and physical characterization of a glassy system, different methods like density
and molar volume measurements, XRD, FT-IR, TEM and UV-Vis can be used. For any
glassy system density is a vital property which is used to determine its structure. Higher value
of density of a glassy system is an indication of closely packed particles in the structure. The
variation of molar volume of a system on changing its composition is an indication of change

of structure in its network [11].

XRD analysis helps to find the crystallite size of the different phases present in a system with
their [h,k,I] values, dislocation density and strain [12-16]. Crystalline volume fraction
percentage can also be determined from XRD analysis. FT-IR is an important structural
characterization technique [17-18] which is generally used to get some useful information of
a system like: unknown material identification, material quality and reliability, amount of
component in a mixture etc. UV-Vis spectra analysis helps to obtain the optical band gap
energy of a material [19]. From TEM analysis, the distribution of nanoparticles embedded in
a system can directly be visualized. Using TEM area of nanoparticles in the system can be
calculated. The interplanar spacings (D) between different crystalline phases in the system
can be determined from SAED i.e., Selected Area Electron Diffraction pattern obtained from
TEM technique [20, 21].
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In order to study electrical properties of a system, DC and AC conductivities data analysis is
very important. For the analysis of DC conductivity data various analytical models such as
Mott’s model [22] and Greaves’ model [23] are used from which density of states in the
system can be calculated at lower and higher temperature regions respectively.

AC conductivity data are analysed with the help of different techniques like: MN rule [24],
Power law [25], Almond West formalism [26], etc. Conduction mechanism in a system can
be determined with the help of appropriate models like CBH, NSPT, OLPT, etc. Permittivity

and electric modulus studies are carried out for dielectric properties analysis of a system.

2.2. PREPARATION OF GLASSY SYSTEMS

Many techniques are available for the preparation of glassy systems or materials in
amorphous phase. Some of these techniques are: mechanical milling technique, sol-gel
process, chemical vapour deposition (CVD) technique, chemical bath deposition (CBD)
technique, metal dielectric co-sputtering deposition etc. Some severe disadvantages of the use
of these techniques are: high cost, not suitable for low melting or low softening glass
preparations, possibility of sample damaging on exposure to radiation of high intensity,
possibility of obtaining only thin glass plates etc. To overcome these disadvantages melt
quenching method are used widely for the formation of a glassy system due to its rapid glass
forming ability, simplicity and efficiency. The details of some glassy system preparation

techniques are given in the sections below:
2.2.1. Mechanical Milling Technique

In this method high purity required elemental powders are weighted as per their percentage of
atomic mass in stoichiometry. The powders are mixed and ground using mortar and agitated
continuously for ensuring homogeneity. Then the mixture is placed in an electric mill in
which it is ball-milled at 400 rpm using a stainless steel ball for at least 12 hours in order to
get a high homogeneous solid solution of the system. Diameter of this ball is generally 10mm
and the ratio of the steel ball and the mixture is 5:1. This is one of the easiest and inexpensive
methods of preparation of glassy systems. But it is a time consuming process and requires
safety measures for preventing contamination from the milling medium. A.S. Hassanien et al.
[1] have reported the preparation of CdseSso-xSex glassy system using mechanical milling

method.
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2.2.2. Sol-Gel Process

It is another method to produce glassy systems, like SiO,, in which monomers are
transformed into colloidal solution, which is called ‘sol’. The sol acts as precursor for an
integrated network called ‘gel” which contains both liquid and solid phase. Usual precursors
are metal alkoxides or metal chlorides. The precursor undergoes hydrolysis and poly-
condensation reactions for forming colloid (solid-liquid or liquid-liquid mixture in which
distinct particles of solid or liquid are dispersed in a liquid medium). This method is
considered as promising for the formation of ultra fine metallic oxide as well as some non-
oxide glassy systems. Some of the advantages of this method are: versatile - due to which
incorporation of nanoparticles and organic materials are possible in the systems fabricated
from this method, better homogeneity — as the mixing takes place at molecular level better
homogeneity can be achieved, less energy consumption, low cost — as expensive equipments
are not required. However, this method has some drawbacks like: precursor cost, possibility
of shrinkage of gel on drying, residual porosity and OH groups are not easy to avoid etc. P.
V. Jyothy et al. [2] have reported the preparation of CdSe doped Silica glassy system by sol-
gel process with tetraethyl orthosilicate as precursor.

2.2.3. Chemical Vapour Deposition Technique

It is a vapour deposition technique in which vapour-phased chemical precursors are
decomposed on the surface of a heated substrate. This technique is used to produce solid
materials having high quality and high performance. In this technique deposition of thin film
takes place on the surface of a substrate through chemical reaction from precursor when the
substrate is exposed to the volatile precursor. Some advantages of this method are: high
throughput, high purity, low cost etc. However, it has some disadvantages also like:
requirement of high deposition temperature for some precursors which are unsuitable for
substrates, precursors are often hazardous or toxic etc. Therefore to handle precursors, extra
steps need to be taken. The preparation of thin films of Si- doped ZnO using CVD technique
has been reported by D. B. Potter et al. [3].

2.2.4. Chemical Bath Deposition Technique

It is a method to deposit thin films on substrates. This technique involves two steps:
nucleation and particle growth. Basically, a solid state is formed from a solution in this

technique. In this process the substrate is immersed in bath (a solution which contains
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precursors). The deposition of thin films on the substrate by this method is dependent on
various factors like: bath temperature, solution’s pH value, time, chemical nature of the
substrate etc. No physical damage in the substrate can be caused by this process. The major
benefit of this technique is that it requires only substrate mounting devices and containers for
solutions. Using this technique, uniform, hard, adherent and stable films can be produced.
The most important drawback of this technique is the wastage of solution after each
deposition. Many reports are available on preparation of thin films of glassy systems by this
technique [4-5].

2.2.5. Melt Quenching Method

In this research work a very well known method — melt-quenching has been used for the
preparation of bulk samples of Chalcogenide glassy systems having various compositions.
This method is used to produce amorphous solids from the molten states of materials by rapid
cooling of the molten materials to avoid the growth of crystal in the solids. Many reports are

available on preparation of glassy systems using this method [6-10].

In melt-quenching method weighting and then the mixing of high purity constituent elements
take place followed by melting in sealed evacuated quartz ampoules. Sealing of the mixture
in the ampoules under o vaccuum of 10 — 10 Torr lowers down the chances of reaction of
these glasses with oxygen at higher temperatures. For weighing the constituent elements of
each composition, an electrical balance — DHONA 200D (shown in Fig-2.1(a) having
accuracy +10™ gm has been used. The sealed quartz tubes containing the mixture are placed
into the furnace (manufactured by Jay Crucibles, S. No. 272.9.19), shown in Fig-2.1(b), in
which the temperature was raised gradually up to the melting points of the elements. Shaking
of the mixture, on certain interval, in the quartz tubes is needed to realize the homogeneity of
the mixture. When the mixture in the solid state are found in molten form, the tubes are taken
out from the furnace and immediately quenched in crushed ice cubes. Due to rapid quenching
of the molten materials, glassy ingots of the materials can be obtained. The immediate
cooling process prevents crystallization to take place in the mixture. The glass forming
capability of these materials depends upon quenching rate. If the rate of quenching of a
molten material is higher, then its capability of glass formation will be more. Fig-2.1(c)
shows the pelletizer (manufactured by ALFA India Enterprise) which has been used to form

pellets from the powdered form of the as prepared bulk samples.
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Fig-2.1: Instruments used for sample preparation: (a) Electric Balance (b) Furnace (c) Pelletizer
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2.2.5.1. Composition of glassy systems prepared in the present work

In the present investigation following compositions of Chalcogenide glassy systems have

been prepared by means of melt quenching process:

S. No. Compositions x values Raw Materials
1 XAGS-(1X)(0.55-05Te) | 0.35&0.45 | _SlverSulphide, Sulphur,
2 e ' ' Tellurium (Aldrich 99.9%)
1. i Copper, Sulphur, Tellurium
2 xCu-(1-x)(0.5S-0.5Te) 0,0.1,0.2,0.3 (Aldrich 99.9%)
Silver Sulphide, Selenium,
3 XAg2S-(1-x)(0.5Se-0.5Ge) 0.1,0.2 Germanium (Aldrich 99.9%)
Silver Sulphide, Selenium,
4 XxAg,S-(1-x)(0.5Se-0.5Te) 0.05,0.1,0.2 Tellurium (Aldrich 99.9%)

2.3. STRUCTURAL AND PHYSICAL CHARACTERIZATION

To carry out the structural and physical characterization of the as prepared glassy systems
different methods have been used like: density and molar volume measurements, XRD, FT-
IR, TEM, UV-Vis etc.

2.3.1. Measurement of Density and Molar Volume

Density of a glassy system is a significant property which is used to determine its structure.
To measure density Archimedes principle is generally used, according to which density (p) is

equal to [27]
p=Wapp/ (Wa—Wh) (2.1)

where, W, and W, represent the weight of the glassy system’s sample in air and in buoyant
liquid respectively, pp is buoyant liquid’s density and W, — W, indicates the buoyancy. A
digital balance has been used to carry out all the measurements. Several reports are available

on the consideration that the density of a glass is dependent on its composition [11, 27]

The change in molar volume on altering the composition of system is an indication of change
of structure in the glass network [27]. To calculate molar volumes Vy of glassy samples

following expression can be used [28]:

XxiMj

Vv =X (2.2)
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where, M; is sample’s molecular weight, p indicates density and x; represents molar fraction.

Higher value of density of a glass is the indication of closely packed particles in the structure.
2.3.2. XRD

In material science and engineering field, the usage of XRD technique for characterization is
very significant. Using this technique the structure of crystals can be analysed. It can be used
for determining the crystallite size and microstrain. It also helps in determining the different
phases of the compositions present in the system. It is suitable for analyzing not only

crystalline materials, but amorphous materials also.

Basically XRD technique works on the principle of occurrence of diffraction when
electromagnetic radiation is interacted with atoms having periodic structure and the
interatomic distance is equal to the radiation’s wavelength. As X-Ray wavelength and the
interatomic distance of a crystalline material is nearly same, which is generally in the order of
Armstrong, the diffraction of X-Ray is possible in different directions when X-Ray beam falls
on the material. Information related to structure of the material can be revealed from the
diffraction patterns. By measuring intensities and angles of the diffracted beams, arrangement

of atoms in the material’s structure can be obtained. As per Bragg’s Law,
nA = 2DSinf (2.3)

where, D represents distance between atomic layers, 8 represents angle of incidence, A
denotes X-Ray wavelength (1.54 A) and n is an integer. Nonappearance of any peak in the
XRD pattern points towards amorphous character of the material. Crystallite size can be
measured from FWHM i.e., full width at half maxima of diffraction peaks of the
diffractogram with the help of Debye Scherrer equation [12] which is:

_0.891
- BCos6

(2.4)

where, d is the crystallite size, 0 represents Bragg’s diffraction angle and B = [(Baps)*-
(Bsta) T2, Where Baps and Psq represents FWHM of the same peak obtained from XRD scans

of the experimental and reference powder respectively [13].

Using X-Ray diffraction method the dislocation density § can be determined with the help of
equation [14]:
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5= (2.5)

d2
where, d represents crystallite size. Lattice strain (¢) which is connected to the crystal
imperfection which causes the broadening of diffraction line, can be calculated from the

equation [15, 16]:

= 2 (2.6)

4 tan @

where, B denotes integral breadth of FWHM intensity of the peak, which is related to FWHM
peak width () by the following equation [29]:

Vs
B = 05 B W (27)
xAg,S-(1-X)(0.5Te-05S)
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Fig-2.2: XRD Diffractograms of Chalcogenide system xAg>S — (1-x) (0.5 S — 0.5 Te) where, x =0.35 and 0.45

The XRD diffractogram of Chalcogenide system xAg,S — (1-x) (0.5 S — 0.5 Te) with x = 0.35
and 0.45 is shown in Fig-2.2, from which polycrystalline nature of the system can be

observed.
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2.33.FT-IR

FT-IR is an infrared spectroscopy method in which Infrared radiation is made to fall on
surface of a system. Some of the radiations are absorbed by the material while the rest is
transmitted by it. Infrared Spectrometer is the instrument which is used for detecting the
transmitted radiations and converting them into spectrum. This spectrum represents
absorption and transmission of radiation by the material and hence it generates molecular
finger print of the material. Two different materials can never produce identical IR spectrum.
For this reason, FT-IR has become a powerful technique for structural characterization of

materials.

The Infrared spectrum represents the infrared light absorbance or transmittance on y axis and
frequency or wavelength on x axis. Wave number or cm™ as the unit of frequency and

micrometers or pm as the unit of wavelength are generally used in Infrared spectrum.

Infrared spectroscopy works on the fact that molecules absorb electromagnetic radiation if
their vibration frequency is matched with the frequency of the radiation. When a beam of
infrared light is allowed to fall on a sample, absorption of light by the sample takes place if
the vibrational frequency of any bond in the sample is same as the frequency of the infrared
light. The information on the absorption of light at each frequency is revealed by observing
the transmitted light. FT-IR is an important structural characterization technique used to get
much useful information like: unknown material identification, material quality and

reliability, amount of component in a mixture etc [17-18].

The range of the infrared spectra in the electromagnetic spectrum is from 12500cm™- 10cm™.
This spectra is divided into three regions: near -infrared (range: 12500cm™ — 4000cm™), mid-
infrared (range: 4000cm™ — 400cm™) and far-infrared (range: 400cm™ — 10cm™). The mid
infrared region is abundant in chemical information because of the occurrence of most basic
molecular vibrations in this region. In near infrared region the mixtures of fundamental
vibrations occur which involve mainly hydrogen atoms and in the far infrared region

vibrations which involve heavy atoms occurs.
2.3.4. UV-Vis

UV-Vis or Ultraviolet-visible Spectroscopy is an important technique used for structural
analysis of a material. This technique has the ability to detect almost all molecules. In this

technique when an UV light is made to strike on matter, the matter absorbs some light and
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transmission of electrons in the matter starts taking place from the state of lower energy to
that of higher energy while rest of the light get transmitted through it. The absorption occurs

when light’s energy and the bandgap in the matter are same.

To measure the degree of absorption of light by a material at distinct wavelengths, UV-Vis
spectrometer is used. To measure the absorption coefficient o(v) at distinct wavelengths the

following expression can be used [30]:
1 I
a(v) = —In (E) (2.8)

where, t represents the sample’s thickness, I; denotes incident light intensity, I is the
transmitted light intensity and the component In (li/l;) represents the absorbance. The
absorbance of the light by a compound in the materials, which mainly occurs because of the
chemical structure of the compound or molecule, at various wavelengths is shown by an
absorbance spectrum. The absorbance spectrum produced by each compound or molecule is
distinct which helps in recognizing the compound.

By using the UV-Vis spectra analysis, optical band gap energy E,,, of a material can be

obtained. For calculating E,,., Tauc equation [31] is used which is expressed as
ahv = [ A(hv — Egp)]” (2.9)

where, o represents absorption coefficient, A is constant and hv is photon energy. Exponent
n is a constant. Depending on different transition mechanisms, values of n may be 1/2 - for
allowed direct, 2 - for allowed indirect, 3/2 - for forbidden direct and 3 - for forbidden

indirect) [32]. Using Tauc’s plot, E,,, of an amorphous semiconductor is usually determined,

1/n

which shows variation of (ahv)™" with the photon energy, hv [33].

235 . TEM

TEM is a technique to explore structure of nanomaterials [20, 21]. Many structural
information like Topographical — in which features of material’s surface like texture etc and
their relationship with material properties like hardness, reflectivity etc; Morphological — by
which shape and size of the particles in the materials and their relationship with properties
like ductility, strength etc; Compositional — amount of different elements and compounds
with which the material is comprised of and its relationship with properties of materials like

melting point, hardness etc; and Crystallographic — by which arrangement of atoms in the
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materials and its relationship with properties like electrical properties conductivity, strength

etc can be obtained using this technique.

In this technique an electron beam is allowed to transmit through an ultrathin specimen
(thickness is less than 100nm) for forming an image. Instead of being absorbed by the
specimen the electrons of the beam interact with the specimen electrons and get scattered. A
giant electron gun with very high voltage, typically from 50000 volts to several million volts,

is used for the acceleration of electrons at a very high speed.

The basic operating principle of a Transmission Electron Microscope and a light microscope
is same; the only difference is the use of electron beam in place of light. Electrons’
wavelength is much lower than wavelength of light, due to which the possibility of getting a

much better resolution is high in TEM.

Sample preparation for TEM: To support TEM samples a 3 mm grid, generally made up of
copper, of different mesh sizes is used. No additional support is needed for the section of
materials which is thin to outspread over the grid. But for the other section of materials i.e.,
for thick materials a thin electron-transparent film, usually made of carbon, is required to be
spread over the grid for supporting particles of the materials.

Fig-2.3 shows the TEM images of the Chalcogenide glassy system xAg,S — (1-x) (0.5 S - 0.5
Te), where x = 0.35 and 0.45, from which the distribution of nanoparticles embedded in the

system can be observed.
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Fig-2.3: TEM images of the Chalcogenide glassy system xAg,S — (1-x) (0.5 S - 0.5 Te)
(@), (b), (c) - for x=0.35; (d), (e), (f) — for x =0.45

2.4. ANALYTICAL TECHNIQUES
2.4.1. DC Conductivity

Studies of electrical properties of Chalcogenide glassy systems are very helpful to find their
possibility to be used in different applications. To carry out DC conductivity measurements,
usually two probe or four probe method is used. For a sample to reach thermal equilibrium,
enough time should be allowed to perform the measurement at each temperature. The
structural defect characteristics such as dangling bonds, interstitials etc produce localized
states close to the centre of bandgap of materials of such systems. From the temperature
dependent electrical conductivity study, information regarding different parameters like

density of localized states N(Ef) in the systems are obtained [34, 35].
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Fig-2.4: DC conductivity measurement experimental setup

To measure the DC conductivity of all glassy systems prepared in the present work, two-
probe method has been used using ‘Metravi’ Digital Multimeter (model no. 450 DMM).
Experimental setup for measuring DC conductivities of all the prepared glassy systems is

shown in Fig-2.4.

For analysing the DC conductivity of Chalcogenide glassy systems different models are
available like Mott’s and Greaves’s models. At lower temperature region (below the Debye

temperature) the measured DC conductivity data at different temperatures can be analysed
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using Mott’s model [22] according to which conduction is caused by hopping of polarons in

the localized states close to the Fermi level.

According to Mott’s model [22]

0.25
o=Aexp [— %] (2.10)
where, both A and Ty are constant. Ty can be expressed by
T — 16a3 (2.11)
O™ KpN(Ep) '

here, N(Eg) represents localized states density near Fermi level, o™ is degree of localization

(value of o* = 10A ) and K denotes Boltzmann constant.

Greaves model [23] can be used for the analysis of system’s DC conductivity at higher
temperature (above Debye temperature). As per this model the conduction takes place
because of thermal assisted tunnelling of polarons in extended states of these systems. This

model can be expressed by the equation [23]:
T/ 1/4
GDch/Z = A/ exp [— %:I (212)

here, A as well as T is constant. T¢ can be expressed as:

/ _ 19.4a3
O ™ KpN(ER)

(2.13)

2.4.2. AC Conductivity

AC conductivity measurement is used to obtain the conductivity data of the amorphous glassy
systems with respect to frequency at diverse temperatures. For carrying out AC conductivity
measurements of all systems prepared in the present work, Hioki LCR Hi-Tester (3532-50)
has been used. In Fig-2.5 the experimental setup of this is shown. To analyze AC conductivity
data, Meyer-Neldel (MN) rule, Power Law and Almond-West formalism were used for these

systems.
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Fig-2.5: AC conductivity measurement experimental setup

2.4.2.1. Meyer-Neldel (MN) Rule

Meyer-Neldel (MN) rule can be applied to many phenomena which are activated thermally in
amorphous and crystalline semiconductors. According to this rule, the thermally activated AC
conductivity cac IS related to the activation energy AE of the system by obeying following

expression [24]:

AE

Opc = Op exp (— m) (2.14)

where, op and T represent pre-exponential factor and absolute temperature respectively. In
most semiconductors, oo is independent on AE. But, in few cases, like amorphous

semiconductors, p increases with AE exponentially by satisfying the relation:

AE
Og = Opg eXp (AEMN ) (215)

where, opp denotes MN pre-exponential factor and Ey represents MN characteristics energy.
This is called Meyer-Neldel rule. Some researchers have reported the applicability of this rule
in many Chalcogenide glassy systems [24, 36-37] in which AE is altered by varying the
composition of the glassy systems. The change in the composition in a system is responsible

for change in defect states’ density and their distribution with energy.
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2.4.2.2. Power Law and Almond West Formalism
Total conductivity in an amorphous glassy system can be written as [38]:
OTotal = ODC T OAC (2.16)

here, opc and oac represent DC and AC conductivities respectively. For many materials,
which are semiconducting or insulating in nature, the frequency dependent AC conductivity

oac or () is expressed as [25]:
o(w) = AwS (2.17)

here, A is constant and S represents frequency exponent. The values of slopes, which can be
calculated from linear fitting of AC conductivity plots at diverse temperatures at higher

frequency region, provide S values.

Many theoretical models like QMT, NSPT, CBH, OLPT etc have been used to explain AC
conductivity on the basis of S dependency on frequency and temperature for these
semiconducting glassy systems. In QMT or quantum mechanical tunnelling model [39] S is
dependent on frequency and independent on temperature. NSPT or non-overlapping small
polaron tunnelling model [39] can be applied when S increases on rising of temperature. For
OLPT or overlapping large polaron tunnelling model [40] to be applied, S must be dependent
on temperature as well as frequency and on temperature raising its value decreases from
unity. For the systems in which S is found to decrease on rising temperature, CBH or

correlated barrier hopping model can be applicable [41].

Almond West formalism [26] can be used for the analysis of AC conductivity spectra,

according to which the frequency dependent conductivity is expressed with the equation:

6(®) = oqc [1+ (i)n] (2.18)

where, opc represents AC conductivity at low frequencies, oy represents polarons’ hopping
frequency, n denotes fractional power law exponent and ® represents frequency of the

applied electric field.
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2.4.3. Dielectric Properties
2.4.3.1. Permittivity

To check the suitability of these materials in a particular solid state device application the
study of dielectric relaxation process plays a vital role. Basically when a dielectric material is
kept in an electric field, induced dipole moment or rotation of permanent dipoles in the
material causes polarization. In dielectric materials the possible polarizations are: Electronic
polarization — which occurs because of the shifting of the negative electrons cloud of atom
with respect to nucleus on application of electric field; lonic polarization — in which
displacement of negative and positive ions takes place from their equilibrium positions on the
influence of electric field which causes dipole moment; Orientation polarization — which
takes place due to orientation of molecular dipoles in the applied electric field’s direction;
Space charge polarization — which mainly occurs at grain boundary or electrode-material
interface, it generally limits the movement of charges which results in alignment of charge

dipoles on the application of electric field.

Study of dielectric relaxation helps in understanding origin and nature of dielectric losses and
thus is helpful to analysis the structure of a solid. Dielectric permittivity reveals the idea
about the maximum energy storage capability of a dielectric material. It also gives the
information about the amount of energy loss in the material. The dielectric constant or

permittivity, €, of a material can be expressed as:
e=¢'-je’ (2.19)

where, ¢ represents real part of ¢ which signifies the maximum amount of energy that can be
stored in the dielectric material and ¢’ represents imaginary part of ¢ which signifies energy

loss in tthe material [42]. €’ can be calculated by using the equation:
¢/ = Cotf goA (2.20)

where, C, denotes capacitance of sample in Farad, t represents thickness of sample, A
represents area of sample, ¢ is free space permittivity (8.854*10™ F/m). ¢ can be obtained

by the equation:

¢’ = ¢ tand (2.21)
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where, tand represents dielectric loss tangent which is proportional to energy loss, dissipated
as heat, in the sample. At low frequencies both ¢ and je"are appeared to be dispersed strongly

on increasing the temperature which is a feature of charged carrier systems [43].

To analyze the dielectric relaxation process in these glassy systems Hunt’s model can be
applied. Application of this model in many oxide glassy systems for relaxation analysis has
been reported by many researchers [44-46]. According to this model [44-46] the conductivity
of these glasses can be defined in two distinct regions depending upon two frequency
domains, o < oy, and ® > oy, where on, is the dielectric loss peak frequency. In the frequency
domain where ® > on, the relaxation process is because of the hopping of carriers in pairs
between the sites. In the other frequency domain i.e. when o < o, the relaxation process
cause is the particles transportation over macroscopic distance in clusters [44-46]. Hunt
described the frequency dependent conductivity of these glassy systems in the two regions as
[44-46]:

ot(®)= opc (1+A(0/®n)®) fors < 1, ® > on (2.22)
o(®)= opc (11K (d) (w/om)") forr>1, o < o (2.23)

where, r =1 +d - df, d represents dimensionality of space containing pertinent clusters, A and
K(d) are constants, o, is the peak frequency and d; represents functional dimensionality of
clusters. Hence the dielectric relaxation studies are very useful to get information regarding

the conduction mechanism in a glassy system.
2.4.3.2. Electrical Modulus

To invalidate the effects of electrode polarization, study of electrical modulus can be done for
investigating the complex electrical response of a material [47]. The complex electrical

modulus can be defined as the reciprocal of complex permittivity [47], i.e,

e/

1 € + .
@ ") e @y

M*=—= M +jM/ =

e*

(2.24)

where, M* is the complex modulus, ¢* represents complex dielectric permittivity, M’ is real

and M” is imaginary parts of electric modulus.

M” can also be demonstrated mathematically by means of Fourier Transform of relaxation

function ¢@(t) as below:
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M*= M, [1-— fgo exp(— wt) (%) dt] (2.25)

where, @(t) denotes KWW or Kohlrausch-Williams-Watts function [48-50] which represents

the electric field’s time evolution function inside the material and can be defined as:

(D) = exp [— (im)B] (2.26)

where, 0 < B < 1, 1ty and P denote conductivity relaxation time and KWW stretched

coefficient respectively [48-50].

To interpret the activation energy (E ;) which is related to relaxation time t,, the following

relation can be used [48-50]:

Tm = To EXP (— K?T ) (2.27)

where, 1o IS a pre-exponential factor. The electric modulus formalism on the dielectric data
can be used to get an enhanced idea about contribution of conductivity effects. The dielectric
modulus, defined by Eqgn. (2.24), is used to find information regarding relaxation mechanism
when no well defined peak is formed in dielectric loss plots. Relaxation maxima, which can
be obtained from the dielectric modulus loss M” versus frequency plots, are an indication of
the contribution of conductivity effects in the system. The use of dielectric modulus

formalism also eliminates the electrode screening effect in low frequency spectrum.

2.5. OBSERVATIONS
This chapter is mainly focused on the following points:

e Various preparation methods of Chalcogenide glassy systems with main focus on
melt-quenching method

e Different Chalcogenide glassy systems doped with Transition Metal lons have been
prepared during this research work

e Density and molar volume measurement techniques for structural characterization of a
glassy system

e X-Ray Diffraction (XRD) for structural characterization from which crystallite size of

different phases, dislocation density and strain in a glassy system can be determined
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e FT-IR from which presence of different functional groups and molecules in a glassy
system can be determined
e UV-Vis Spectroscopy from which optical bandgap energy of glassy system can be
determined
e Transmission Electron Microscopy (TEM) which can be for observing distribution of
nanoparticles embedded in a system
e Study of the electrical properties of a glassy system
» DC conductivity data analysis using different models like Mott’s model and
Greaves’ model which can be used to find density of states in the system at
lower and higher temperature regions respectively.
» AC conductivity data analysis with the help of different techniques like: MN
rule, Power law, Almond West formalism, etc. Conduction mechanism in a
system can be determined with the help of appropriate models like CBH,
NSPT, OLPT, etc.
> Dielectric relaxation studies reveal the idea about the maximum energy
storage capability and the amount of energy loss in a dielectric material. The
use of electric modulus formalism on the dielectric data helps to get an

enhanced idea about contribution of conductivity effects on a glassy system.

2.6. CONCLUSION

In this chapter, different glass preparation techniques like mechanical milling technique, sol-
gel process, chemical vapour deposition (CVD) technique, chemical bath deposition (CBD)
technique, melt-quenching method along with their advantages and disadvantages have been
discussed with main focus on melt-quenching method. The different glass compositions
which have been prepared during this research work using melt-quenching method have also

been discussed here.

After that, different structural and physical characterization techniques have been explained.
From the measurements of density and molar volume of a system, its structure can be
determined. High density indicates the closely packed particles in the system. XRD technique
is used to determine crystallite size of different phases present in a system, dislocation
density and strain. Fourier Transform Infrared (FT-IR) Spectra helps to get much useful

information of a system like: unknown material identification, material quality and reliability,
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amount of component in a mixture etc. Optical bandgap energy of glassy system can be
calculated from UV-Vis spectra analysis. From TEM, area of nanoparticles in the system can
be calculated. The interplanar spacing between different crystalline phases in the system can
also be determined with this technique.

In the later sections of the chapter a brief discussion on analytical techniques to study the
electrical properties of a glassy system have been discussed. DC conductivity data of a glassy
system can be analysed using different models such as Mott’s and Greaves’s models from
which density of states in the system can be calculated at lower and higher temperature
regions respectively. To analyse AC conductivity data, different techniques like: Power law,
Almond West formalism, MN rule etc can be used. Conduction mechanism of a system can
be determined with the help of application of appropriate models like CBH, NSPT, OLPT
etc. Dielectric relaxation properties of a system can be studied with the help of its permittivity

and electric modulus studies.

So, in this chapter various methods for studying structural and electrical properties of a glassy
system have been mentioned. This study is very helpful in determining the correlation
between structural and electrical properties which helps in understanding the actual

conduction mechanism in a glassy system.
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Chapter 3

STUDY OF ELECTRICAL CHARACTERIZATION
AND MICROSTRUCTURE OF Ag,S DOPED S-Te
CHALCOGENIDE SYSTEM

3.1. INTRODUCTION

Chalcogenide glass, a class of amorphous semiconductors, is a very interesting subject of
research due to its unique properties and potential applications in solid state devices. It
possesses many unique optical, electrical, mechanical and electronics properties. The ability
of tailoring these properties by adding impurities in the Chalcogenide glasses makes these
glasses different from other available glasses. These glasses exhibit high refractive indices,
large optical nonlinearity, phase change capability, wide IR transparency and excellent photo
sensitivity [1, 2] which make them suitable in different applications like optical fibres,

thermal imaging, remote chemical sensors etc [3-13].

In this chapter, the effect of doping of Ag,S on the structural and electrical properties of
Sulphur - Tellurium based Chalcogenide system having composition xAg,S — (1 —x) (0.5 S -
0.5 Te) where, x = 0.35 and 0.45. The addition of Ag,S to the system changes its structure
and hence its electrical properties. Among chalcogen Tellurium shows strong metallic
character due to which its glass formation ability is weak. Also, thermal stability of Te based
glasses is poor because of the lower glass transition temperature. To overcome these
drawbacks, Te is doped with other suitable elements to improve its ability to be usable in

various applications. To improve the glass formation ability Te can be doped with S.

In this research work Ag,S doped S-Te glassy system has been prepared and its structural
characterization and study of its electrical properties have been carried out to see its possible
usage in various academic and industrial applications. For structural characterization,
different techniques like - XRD, TEM, FT-IR spectroscopy, density and molar volume

studies have been used.

For the preparation of the present system, the conventional melt quenching method has been
used. With the help of XRD technique, crystallite size of different phases present in the
system, strain, dislocation density, crystalline volume fraction, etc have been determined.

With the help of TEM, analysis of distribution of nanoparticles embedded in the system has
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been carried out. FT-IR spectroscopy technique has been used to get information regarding

different functional groups and molecules present in the system.

DC and AC conductivity measurements of the system were carried out for studying electrical
properties. To carry out DC conductivity measurements, two-probe method has been used
using ‘Metravi’ Digital Multimeter (model no. 450 DMM) and for measurements of AC
conductivity in the wide range of frequency 42 Hz — 5 MHz at various temperatures (433K-
523K), Hioki made LCR Hi — Tester (Model no. 3532-50) was used. The DC conductivity
data was analysed with Mott’s VRH Model and Greaves’s Model at low and high
temperature regions respectively. For analysis of AC conductivity of these glassy systems,
different models or methods have been used like: Almond West formalism, MN Rule, AC
conductivity scaling, dielectric relaxation studies etc. To know the information regarding the
conduction mechanism of these glasses, the AC conductivity data have been tried to fit with
various models like CBH, NSPT, OLPT etc.

3.2. PREPARATION OF THE GLASSY SYSTEM

Melt-quenching method was used for preparing Chalcogenide glassy alloys of XAg,S - (1-X)
(0.5S-0.5Te), with x=0.35 and 0.45. At high temperature Chalcogenide glassy systems are
having tendency to react with oxygen. All the required chemicals i.e. Silver Sulphide,
Sulphur and Tellurium of high purity (Aldrich 99.9%) were weighted as per the atomic
percentages and then mixed in a mortar. In order to reduce the tendency of its reaction with
oxygen, the mixture was sealed in quartz ampoules under a vacuum of 10 Torr. The
ampoules were then put into furnace, temperature of which was increased to 200°C at a rate
of 3°C/min. The furnace was set at that temperature for 1 hour. After that the ampoules
containing the melted mixture of the elements were taken out of the furnace and dropped
immediately into ice cold water for rapid cooling of the melt. The obtained glassy materials
were then ground to fine powder using a mortar for XRD studies. XRD technique has been
used to confirm the glassy and partially crystalline nature of the materials. For AC and DC
measurements, pellets of the as prepared samples were formed using pelletizer in which the
powdered samples were kept under a pressure of 80Kg/cm? for about for about 1 hr 30 min.
Coating of Silver paste on both the opposite sides of the formed pellets was done to make

sure good electrical contact between electrode and the pellet.
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3.3. RESULTS AND ANALYSIS
3.3.1. XRD
3.3.1.1. Crystallite size, dislocation density and lattice strain

In Fig-2.2(a) and (b) of Chapter 2, XRD patterns of Ag,S doped S-Te system having x = 0.35
and 0.45 are shown respectively. The sharp peaks in the pattern show the polycrystalline
nature of system. Due to the formation of different nano-crystallites several peaks having the
[hkl]values:[110],[111],[12-1],[022],[013],[031],[311] for Ag,S;[11-2],[21
-1],[1 1 2], [3 0 -4] for Ag,Te; and [0 2 1] for AgTes can be seen from the XRD pattern [14-
16]. On the increase of the value of x in the composition of the system, its polycrystalline
nature is found to increase. The crystalline size, dislocation density and lattice strain of the
prepared glassy systems have been calculated using Eqns. (2.4), (2.5) and (2.6) of Chapter 2.
In Table-3.1 the crystallite sizes of different phases with their Miller indices formed in the
glassy system for x = 0.35 and 0.45 is shown. Dislocation density and lattice strain of the

system are also shown in Table-3.1.

Table-3.1: Crystallite Size, Dislocation Density and Lattice Strain of system xAg,S — (1-x)(0.5S - 0.5Te)

Average Crystallite Dislocation Lattice

X Phases | Crystallite Size (nm) | hkl Size (nm) Density (cm 2) Strain

110
111
12-1
Ag,S 23.06 022
013
0.45 031 18.08 83 x10* 0.273
311
11-2
21-1
112
30-4
110
111
12-1
022
013
0.35 8 3 é 36.17 15x 10* 0.505
311
11-2
21-1
112
30-4
AgTes 41.69 021

Ag,Te 13.09

Ag,S 25.98

Ag,Te 40.85
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From Table-3.1 it can be observed that the crystallite size of different nano-crystallites
decreases and the dislocation density increases on increasing values of x in composition. Due
to the increase of dislocation density, the system’s disorder also get increased which increases
chances of collision of polarons in this system. This results in decrease in the mobility and

hence its electrical conductivity of the system having x = 0.45.
3.3.1.2. Crystalline Volume Fraction

To find the crystalline volume fraction of the glassy samples the following equation [17] has

been used:

Xxrp = —hd__ (3.1)

Iq+KpkiXIpki

where, Iy is the area of a diffraction peak for a phase having a particular hkl value, I, is the
maximum area of peak of the considered XRD diffraction pattern and Kjy is the calibration

constant value of which has been obtained by using the equation [17]:

I
Knii = % (3.2)

Table-3.2: Crystalline volume fraction of system xAg,S — (1-x) (0.5 S - 0.5 Te) where, x = 0.35 and 0.45

X hkl Phase Area (lyq) Khu Crystalline volume fraction

110 AQ,S 26.044 0.45498 0.37695
11-2 Ag,Te 57.242 1 0.5
021 AgTe; 16.713 0.29197 0.26904
21-1 Ag, Te 23.788 0.41557 0.35437
111 AQ,S 13.787 0.24085 0.22765
12-1 AQ,S 40.291 0.70387 0.47068

0.35 022 AQ,S 16.049 0.28037 0.25994
013 AQ,S 28.071 0.49039 0.39532
112 Ag, Te 15.388 0.26882 0.25071
031 AQ,S 15.672 0.27378 0.25469
30-4 Ag,Te 6.5957 0.11522 0.11372
023 AQ,S 8.4635 0.14785 0.14469
311 Ag,S 29.333 0.51244 0.40586
110 Ag,S 21.528 0.96262 0.49964
11-2 Ag,Te 22.364 1 0.5
21-1 Ag, Te 6.4898 0.29019 0.26765
111 Ag,S 10 0.44715 0.37264

0.45 12-1 Ag,S 17.461 0.78076 0.48507
022 Ag,S 5.8571 0.2619 0.24509
013 Ag,S 19.340 0.86478 0.49477
112 Ag, Te 6.5351 0.29222 0.26923
031 Ag,S 7.9340 0.35477 0.31511
311 Ag,S 10.906 0.48766 0.39397
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The crystalline volume fractions of the samples having x = 0.35 is shown in Table-3.2 and
have been obtained as: 0.37, 0.22, 0.47, 0.25, 0.39, 0.25 and 0.40 - corresponding to the phase
Ag,S having [h k ] values [110],[111],[12-1],[022],[013],[031]and [311]
respectively; 0.5, 0.35, 0.25 and 0.11 - corresponding to the phase Ag,Te having [h k I]
values [11-2],[21-1], [1 1 2] and [3 O -4] respectively; and 0.27 for the phase AgTez with
[h k 1] values [0 2 1]. For the sample with x = 0.45 the crystalline volume fraction has been
obtained as 0.49, 0.37, 0.48, 0.24, 0.49, 0.32 and 0.39 - corresponding to the phase Ag,S
having [h k 1] values[110],[111],[12-1],[022],[013],[031] and [3 1 1] respectively;
and 0.5, 0.27 and 0.27 - corresponding to the phase Ag,Te ha