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ABSTRACT

The amorphous chalcogenides are useful in optoelectronic and IR applications because of

their unique properties i.e. higher linear and non- linear refractive index, lower phonon
energy and IR transparency up to far-IR region. Tellurium based gallium doped
chalcogenides possess more thermal stability and high refractive index as compared to
others. The bulk GeTeSeGa chalcogenides are prepared by traditional melt quenching
approach. However, thin films are deposited on glass substrates by thermal evaporation
method. With the rise of Ga content in the material, red shift in the wavelength is observed.
The value of refractive index increases from 4.11 to 5.69 at 1um while the value of optical
band gap decreases from 0.952 eV to 0.790 eV with the Ga content. Further, with the
inclusion of Ga the stability parameter AT increases which leads to the improvement of
thermal stability of prepared glassy matrix. The GeTeSeGa system may be suitable in NIR

imaging, IR detectors, optoelectronic and optical fiber applications.
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1. Introduction

The materials exist in three states based on the distance between their neighbouring atoms;
solid, liquid and gaseous. The interatomic distance between the adjacent atoms in solid and
liquid is of the order of few A, whereas in the gaseous state, this distance is comparatively
large. The material may be of various types viz. metals, wood, glass, ceramics and plastic
etc. The advancement of materials has resulted in the emergence of several periods like the
Stone Age, Bronze Age and Steel Age. Material Science is the oldest kind of applied and
engineering science. It is an applied science which links between the properties and
structure of a material. This involves the evaluation of the material and how the structure
of crystalline or non-crystalline material may be changed to affect the characteristics of a
material. It helps in enhancing the characteristics to develop and improve the product
suitable for society. The characteristics or properties may be divided into various categories
such as physical, electrical, mechanical, optical, chemical and magnetic etc. Solid materials
are classified as crystalline, non-crystalline or amorphous. The atoms in the crystalline
materials are regularly arranged, whereas, in the non-crystalline/amorphous materials,
atoms are arranged in irregular manner. Amorphous materials are gaining popularity

because of wide range of applications in solid-state materials.

The understanding of materials occurred in 19" century when the thermodynamic
properties related to the atomic structure in several phases were associated with the physical
characteristics of the material. It is a multidisciplinary field comprised of the properties of
matter and their uses in several areas of engineering and science. The structure is one of
the most essential components in the field of materials science. This science measures the
structure of a material from the atomic scale up to the macroscale. The structure of the
material can be obtained by numerous techniques like x-ray diffraction (XRD), neutron or
electron diffraction, Raman spectroscopy, chromatography, energy dispersive spectroscopy
(EDS), thermal analysis and chemical analysis etc.

Solid-state is the study of solids or rigid matter by methods like metallurgy,
electromagnetism, quantum mechanics and crystallography. These are characterized by the
stronger interaction between their constituting particles such as molecules, atoms etc. The
solids are materials with viscosities greater than 1046 poise. In contrast, fluids like gases

and liquids have much low value.



1.1 Motivation behind the work

The study of amorphous materials characterized by a lack of long-range order has recently
garnered much attention in condensed matter physics. Due to their high optical
transparency, affordable manufacture and adaptability, glasses are the primary materials
used in optical systems. In recent years, the innovation of materials with high refractive
indexes and low band has been a growing area in science and technology. Semiconductors
such as Ge, Si and InGaAs are the most commercialized for NIR sensing. However, InGaAs
products are expensive to fabricate and require low temperatures. Hence, new materials
that are flexible, cost-effective, have a tunable band gap, higher index of refraction and a
high transparency window are needed. Chalcogenide materials are becoming more
desirable because of their roles in near-infrared imaging (NIR). Chalcogenide glasses have
outstanding properties for NIR imaging devices, such as a high NIR transmittance and high
index of refraction (n > 2). The chalcogenide glasses possess 1000 times greater non-
linearities than silica and hence are good candidates for mid-infrared supercontinuum (MIR
SC) generation. Glasses that consist of polarizable atoms or ions, are likely to have large
non-linear optical characteristics. In comparison to glasses, the crystals show non-linear
effects. However, glasses lead due to more advantages, viz. low cost, large “refractive
index” etc. Much work has been done on the binary, ternary and quaternary systems.
However, low thermal stability and low transmission window are some drawbacks which
are still there. The reports are available in the literature, but there is some drawback to the
GeTeSe system. The glasses based on Se have good thermal stability; however, their IR
cut-off window is limited due to Se. Also, Se shows ageing effect. On the other hand, Te-
based glasses have a higher IR window. The Te-based glasses are the most potential
materials out of the three chalcogens. The telluride-rich materials are seeking attention day
by day because of their wider IR transparency up to far infrared region and their use in
phase change memory (PCM) devices. These are used in waveguide-based applications like
biosensors, optical fibers, spatial detection etc. Thermal and structural stability of
amorphous materials are critical for these applications. The thermal stability of amorphous
materials can be determined by the analysis of crystallization kinetics which can be derived
from crystallization kinetics. The lower crystallization speed indicates better thermal
stability. Because of the heavier masses of the constituent atoms in Te-based glasses, the
vibration energies are shifted to the lower energy side, resulting in greater infrared

transparency. As a result, understanding the crystallization kinetics of supercooled liquids
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is essential for developing the optimal material composition. As compared to other
chalcogens, Te atoms are heavier. Thus, a small quantity of Te addition stabilizes the glass
formation. The metallic character of chalcogens increases from S, Se followed by Te.
However, the robust metallic nature of Te leads to poor glass formation, which is the
biggest drawback of Te-based glasses. To surmount this problem, it is required to include
trivalent and tetravalent elements like Ga, As, Ge, Bi, Sb and I in Te rich system. From this
perspective, Te-rich compositions have been considered. It is expected that the inclusion of
Ga to the system may cause structural disorder, improving glass formation ability and
possessing a broader IR window. The suitable composition has been investigated to
maintain both the properties such as wider IR transmission and thermal stability of material.
Also, in the recent era, the main interest is increasing in Ge, Te and Ga alloys for the far-
Infrared transmission. The glasses based on GeTeGa have been recognized as a novel

material for the ESA Darwin Mission.

1.2 Aim of the work

The chalcogenide glasses have unique properties as compared to oxide and fluoride glasses
like wider infrared transmission window up to far-infrared region. The objective of the
present work is to study variation of physical properties with Ga content in GeioTegoSe1o-
:Ga; (z = 0 to 10 at. %) glassy system. Also, the system has been investigated for
optoelectronic applications having n > 2 and bandgap < 2 eV. System is investigated in far
IR region. The thermal stability of these glasses suitable for optical fibers have also been

carried out.

1.3 Outline of the thesis
The present thesis comprises the physical, structural, optical and thermal properties of Ge-
Te-Se-Ga chalcogenide glasses synthesized by “conventional melt quenching” approach.

The layout is divided into 6 chapters.

Chapter 1: Introduction

Chapter 2: Experimental details

Chapter 3: “Physical and structural properties of GeTeSeGa chalcogenide system”.

Chapter 4: “Optical properties of GeTeSeGa chalcogenide thin films”



Chapter 5: Thermal properties of GeTeSeGa system.

Chapter 6: Summary and future scope.

1.4 Difference between crystal and amorphous semiconductors

The disordered atomic structure has a lower density and is more flexible. “An included ion
can thus move smoothly, which is advantageous for solid-state battery applications” [1].
The glasses must have a quasi-equilibrium state that may be developed from a rapid melt
quenching technique with a duration of milliseconds to minutes, depending on the material.

Difference between crystalline and amorphous solids is depicted in table 1.1.

Table 1.1: Difference between crystalline and amorphous (non-crystalline) material [1].

Property Crystal Material Amorphous Material
Atomic position Periodic Periodicity lost
Order long-range order Short or medium-range
order
Isotropy No Yes
Structure Atomic Nano-scale
controllability
Homogeneity Yes Macroscopically yes
Stability Yes Meta-quasi
Dimension of the Small Large
sample
Wave functions Extended Localized




1.5 Amorphous Semiconductors

Mott and Davis [2] have discussed the glasses among amorphous materials that may
be solidified into the non-crystalline from the melt. Vitreous and Glassy words have
been obtained from Latin and an Indo-European root [3]. The definition may be
defined in mathematical notations as follow:

"Non-crystalline (disordered) > amorphous > glassy = vitreous."

For example, an amorphous Si-H (Hydrogenated silicon) film possesses amorphous
nature but is not glassy. It is formed from vapour and plasma phases. The film cannot
be deposited by melt quenching of liquid Si [4].

Elliot and Phillips [5, 6] have preferred a different definition of glasses. They divided
the non-crystalline solid into two parts; glassy and amorphous, depending on whether
they exhibit the glass transition or not respectively. It is the gradual transition of
glassy and supercooled liquids. Their results show that the glassy and amorphous are
not compatible.

“Amorphous N glassy (vitreous) = ¢ (empty set)”

In short, one can conclude that the definition given by Davis and Mott depends on the
preparation techniques, whereas the definitions given by Phillips and Elliott depend
on their properties.

There are generally two types of disorder that has been discussed; one is a
compositional disorder that can be observed in binary crystalline alloys and another
one is present in liquids and amorphous solids. Because of the absence of long-range
order, the covalent chemical bonding exists in amorphous solids. The tailing states
are created in the bandgap area due to spatial variation in bond angles, bond length
and dihedral angles. Mobility edges are seen on the “valence band (VB) and
conduction band (CB)”. The boundaries between localized and delocalized states are
defined by these edges. The disorder present in these materials is the main cause of
these boundaries. This process is called Anderson Localization. Due to the absence
of translational order in the amorphous solids, the Bloch theory of crystalline solids
cannot be applied. However, the Hartree — Fock approximation, tight-binding model
and density fluctuation model may be employed to understand the electronic
characteristics of amorphous materials [7].

Several amorphous solids may be known as semiconductors in the sense that they do
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not behave as good insulators or good conductors. However, instead they are poor

conductors. Amorphous semiconductors are featured as :

1. They possess transparency in the IR region
2. The electrical properties of these solids are approximately comparable to
intrinsic semiconductors or perfectly compensated semiconductors.

3. Their conductivities at room temperature are less than 10%-10°Qcm™.

1.5.1 Atomic structure of amorphous semiconductors

It is necessary to know about the structural arrangement of atoms in the amorphous
solids to understand other vital chemical and physical characteristics. The structural
order in the amorphous semiconductors may be classified as shown in figure 1.1 [8,
9].
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Figure 1.1: Atomic structure of amorphous solids



Short-range order (SRO) is the lowest structural order ~ 2-5A [8]. In covalently bonded
amorphous semiconductors viz chalcogenide glasses, the short-range order may be
described in terms of coordination polyhedra. Hence, the parameters that are essential to
define topological SRO are the type and number (N;) of nearest neighbour “bond length rj;
and bond angle 0jjx” subtended at the origin. The atom may be of type ‘i’ with neighbouring

atoms j & k. However, atoms cannot be of a similar type.

“Medium range order or intermediate-range order (MRO or IRO)” in amorphous solids
comes under the next higher level of the structural unit above SRO, possessing a length of
5-20 A [8,10]. It may be characterized into three categories:

Short-range MRO (SRMRO) has a length scale of 3-5 A. It may be associated with the kind
of relation and relative orientation of pairs of coordinate polyhedral, which produce the

basic structural units in short range order [10].

Intermediate-range MRO (IRMRO) has a length of 5-10 A. It is concerned with the phase
connection between the pairs of di - hedral angles for neighbouring bonds. As a result,
"superstructural units" can be formed from aggregates of basic polyhedra linked together

to form regular rings of atoms.

“Long-range MRO (LRMRO)” may be linked to the local dimensions of a covalent bonded
amorphous network. This may be ascertained by finding the dimensions traced out locally
over a distance of approximately 10 A by bond percolation among the covalent bonds of

the structure, ignoring the much weaker Van der Waals bonds [11].

Macroscopic structure: The SRO and MRO in amorphous semiconductors have been
discussed in the preceding section, with the assumption that the structure is homogeneous
at the microscopic level. However, several amorphous semiconductors possess
inhomogeneity on the macroscopic level approximately 1um like phase separation for a
particular compositions of multicomponent melt quenched glasses and voids (pores) in the
vapour deposited films. These inhomogeneities may be measured by using certain
characteristics techniques such as optical microscopy, high-resolution transmission

spectroscopy (HRSEM) and low angle (neutron or X-ray) scattering etc. [10]



1.5.2 Classification of amorphous Semiconductors

The distribution of amorphous semiconductors is shown in figure 1.2
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Figure 1.2: Distribution of amorphous Semiconductors

> lonic bonded or oxide amorphous semiconductors: lonic bonded or oxide
glasses amorphous semiconductors are good insulators because electrons are
bonded to their ions and do not participate in electrical conduction. Silica glasses
(SiO,) are favorable materials for long-distance optical fiber communication. The
silica-based glass has a lower refractive index used for operating in nonlinear
devices. Although these silica glasses require a high intensity of light for
functioning. The transmission window of silica is in the range of 3 to 5 um. Due to
these limitations, it is necessary to obtain some new glass family suitable for optical
applications in mid and far-IR region.

» Non-Oxide or covalent bonded amorphous semiconductors: The Non Oxide
glasses are generally characterized in three classes; “fluoride, tetrahedral and

chalcogenide glasses” (figure 1.2). The fluoride glasses are the classes of non-oxide
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glasses composed of “Zirconium, barium, lanthanum, aluminum and sodium
(ZBLAN)”. Due to low viscosity of these glasses, crystallization is not totally
ignored during glass transition processing. Heavy metal fluoride glass (HMFG)
possesses less optical attenuation and is simple to prepare. However, HMFG have
poor resistance to moisture and are fragile. For optical fibre applications, HMFG

had a lower intrinsic loss than silica fibres in the mid-IR range.

1.6 Glass

Glasses may be described as amorphous semiconductors that can be cooled to a rigid
condition without crystallization. Like all glasses, chalcogenide glasses possess “glass
transition temperature (T)”, that is critical for processing bulk glasses into thin films and
optical fibres. The glassy industry is totally affected by the traditional silica-based
materials, which provide a stable application in car industry, telecommunication, optics,

building etc.

All oxide-based materials such as silicate, borate and phosphate glasses are developed from
light elements of the periodic table and they form robust chemical bonding. Subsequently,
the vibration modes possess higher energy, which leads to IR absorption limited to 3um

region. Thus these glasses are opaque above IR range.

1.7 Chalcogenide glasses

The group 16" of the periodic table is known as the chalcogens family (figure 1.3). The
oxygen family is the name given to this group. It contains elements like oxygen (O),
Sulphur (S), Selenium (Se), Tellurium (Te) and Polonium (Po).

11
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Figure 1.3: Location of chalcogens elements in the periodic table

The metallic nature rises with the rise of the atomic number of these group elements, i.e. S
< Se < Te. Chalcogens elements S, Se and Te have covalent bonding structures. The word
chalcogenide originated from the Greek word 'Chalcos' means Ore and gen means
formation. So the meaning of chalcogenide is ore formation [12]. The elements are called
chalcogenide as their atoms have a marked tendency to link together to form a long chain
polymer [12]. The oxygen is also included in group 16™ but has its own class i.e. oxide
glasses. It possesses ionic bonding character and different properties compared to
chalcogenide or non-oxide glass. Selenium is beneficial in glassmaking applications. Te
materials are mostly suitable in electronic devices, solar cells and optical disks. All the
chalcogens have six valence electrons having configuration s? p* s shell is filled with two
electrons and the p shell has one filled electron pair, considered for non-bonding and two

unfilled states (figure 1.4(a)).
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Figure 1.4: (a) Bonding electrons (b) Bonding in chalcogenide glasses given by
Kastner [13]

The “lone pair electron” occupies the states at the top of the “valence band” due to
the higher energy of unshared electrons than the bonding electrons. Now the valence
band is no longer the bonding band as the lone pair (LP) and ¢ (bonding) is filled
[14]. The lone pair lies between the “bonding (o) and antibonding (c*)” states.
Moreover, the occupied states fall into the o band while unoccupied states form the

acceptor band above LP (figure 1.4(b)).

All the chalcogens play a vital role in biological functions such as a toxin or nutrient.
Sulphur is rarely toxic and helpful in pure form. Se is also an essential nutrient, but
more toxic than Sulphur. The unique characteristics of chalcogenide glasses are high
“refractive index”, wider infrared transmission (up to the far-infrared region),
photosensitivity and low “phonon energy” which make them suitable for
optoelectronic applications. It is not necessary to grow chalcogenide glasses on a
single crystalline substrate due to their amorphous nature. The phonon energy and the
electronic structure of chalcogenide glasses are two characteristics that have a
significant influence on their interaction with light. The phonon energy of the material
is used to estimate the infrared side of the transparent region, which leads to the wider
transmission window extended up to the far-IR region (figure 1.5). The existence of

heavy and large atoms causes the phonon energies at lower region and consequently
13



at longer wavelengths. Due to low phonon energy, chalcogenide glasses are used for
infrared applications. The disorder and randomness produce localized electronic
states that get extended into the prohibited bandgap. The presence of states has a

profound impact on chalcogenide glasses’s electrical and optical properties.
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Figure 1.5: Comparison of transmission for chalcogenide glasses with fluoride &

silica glasses [15]

The chalcogens have well-defined coordination numbers. Due to the existence of two-
fold coordination, there is the presence of lone pair electrons in all chalcogens
elements. The lone pairs do not contribute in chemical bonding so they show defects
viz dangling bonds, vacancy and non-bridging atoms. The presence of defects creates
energy levels in the bandgap and depict some peaks in density state distribution

spectra.

One of the major distinctions among the chalcogenide and oxide glasses is the
bandgap. The bandgap of the SiO. is about 10 eV, whereas the bandgap of
chalcogenide glasses lies between 0.7 - 3 eV [16]. The chalcogenide glasses are
known as soft semiconductors as their atomic structures are flexible. The bandgap of

chalcogenide is similar to the bandgap of the semiconductors.

In the present era, key focus has been paid to the greenhouse effect that plays a

crucial role in global warming. Many molecular species like CO2, Oz, CHa, H20O etc.
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exist in the atmospheric window. They show strong absorption bands in the mid-
infrared (2.5 to 25um) region. These molecules are considered as the main reason
for global warming as they inhibit infrared light emitted by earth to escape into
space. The transparency window in the near IR range is around 1.6 pum and 2.3 pm
for the O-H absorption band [17]. The Ozone molecule (O3) also possesses an
absorption band in the 10 pum region. All specifications can be fulfilled only by the
material which is made up of heavier atoms and has a low energy vibrational mode.

The chalcogenide glassy materials such as Te, Se and S fulfils this requirement.

1.7.1 Types of chalcogenide glasses

Chalcogens have a small glass formation region [18]. Hence to enhance the glass-
forming region, it is necessary to add network modifier with chalcogens like

antimony (Sb), tin (Sn), gallium (Ga) and germanium (Ge) etc.
The chalcogenide glasses may be divided into two categories as:
“Lone-pair semiconductors: S, Se, Te, As>S3, As,Sez etc.

Cross-linking network: When one or more than one elements are combined
with the binary system, the structure is cross-linked such as As-Se-Ge, Ge-Se-
Sb, As-Se-Te etc”.

The most promising chalcogenide material is Te-based chalcogenide glasses. These
systems possess high IR transmission in mid to far IR region. The unique properties
of these systems may be suitable in numerous hi-tech infrared applications viz space
optics, biosensors helpful for environment and medicine [19-21]. The greatest
limitation of Te based glasses is their higher metallic character, which tends to a
strong tendency towards crystallization. This disadvantage also creates some
complications in the processing of the glassy system. In recent days the main
emphasis is kept on finding the system with appropriate optical, thermal and other
properties. To surmount this problem, it is required to dope the system with the

stabilizing components such as Ge, Se, Ga, I, In, Bi, As, etc.
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1.8 Theoretical background

It was initially proposed that amorphous materials are structureless, as the word "structure™
is employed only for crystalline materials. Thereafter, loffe and Regal [14] pointed out that
the amorphous materials have an absence of long-range order and retain their
semiconducting properties. The inadequacy of long-range order in amorphous systems
indicates a shortage of translational periodicity [22, 23]. It is well known that several kinds
of experimental techniques viz “x-ray diffraction (XRD), neutron diffraction, Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy” are being used to find
the structure of amorphous semiconductors. Numerous models like the “continuous
random network (CRN) model, chemically ordered network model (CONM), random
covalent network model (RCNM)” [24-26] are discussed here to realize the compositional
dependence of chalcogenide glasses. The network structure of amorphous materials can be
characterized into three levels: i) The atomic coordination of each constituent element ii)
distribution and counts of bonds and iii) the molecular structure of network forming groups
of atoms [24].

In 1979 J. C. Phillips [26] proposed the basic idea on mechanical-constraint counting
algorithms to describe the system's glass formation tendencies. The Philips —Thorpe model
considered for non-oxide covalent materials such as chalcogenide glasses carries a
microscopic approach by taking into account the connectivity of individual atoms.
According to this theory, the glass-forming ability of a material is estimated by comparing
the number of interaction force field constraints with the number of “degrees of freedom”.
For the 3-D space system, each atom consists of three translational “degrees of freedom”.
Due to the presence of constraints, these degrees of freedom can be removed. According to
the topological constraint network theory, the average coordination number <r> is the main

ruler of the physical properties of these covalent glasses.

The band models which have been used to discuss the behaviour of crystalline materials
cannot be directly used for amorphous materials. In crystalline solids, the presence of a
sharp edge in the density of states, produces well defined forbidden bandgap. It happens
only due to the ideal long-range order and perfect short-range order in these materials. The
non-crystalline materials have lack of periodicity. The periodic arrangement of atoms in
the crystalline solids facilitates the calculation of electronic states mathematically by using

Bloch theory, where as it becomes problematic in case of amorphous materials. The
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electronic states in the amorphous solids can be discussed in terms of “tight-binding

approximation and Hartree-Fock™ calculations.

Different models have been formulated for the explanation of optical and electrical
characteristics of amorphous solids in terms of states in the gap. These are mainly because
of the existence of defects like weak and strained bonds. The electronic energy state of a
semiconductor has delocalized states (also called an extended state) and the localized states
viz dangling bonds and tails etc. The tail states in the amorphous solids are due to a
compositional and translational disorder where the presence of short-range order gives rise
to extended states. In amorphous semiconductors, these localized states are certain. These
localized states are specific in the amorphous semiconductors. The energy separates the
localized states from the extended states, referred as mobility edge [27]. Various models

have been discovered to understand the solids band structures are as follow [17, 27-33]:

» Cohen Fritzsche Ovshinsky (CFO) model
» Mott -Davis Model
» Mott Davis and Street (MDS) model

There exist various approaches for the evaluation of optical constants viz. “refractive index
(n) and extinction coefficient (k)”, but here only those parameters are considered specific
for thin films. Films are not self-supporting. These need some supporting substrate for their
deposition, which results in a system consisting three dielectric media such as air, thin films
and the substrate [34].

The optical properties of chalcogenide glasses have been studied from the last decades as
these materials show high transparency up to far-infrared regions and are used in optical
devices. When the light beam interacts with the material, it can be partially transmitted,

partially absorbed or partially reflected.
The methods to calculate n and k are categorized into three modes viz:

)} Both reflection and transmittance (R and T)
i) Only reflectance (R)
iii) Only transmittance (T)
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Transmission is a characteristic of a material to permit the passage of radiation with some
or none of the incident radiation being absorbed in the process. It has been observed that
the presence of impurity absorption bands lowers the transmission window up to a specific

region.

The transmission method is originally introduced by J.C. Manificier [35] and further
expanded by Swanepoel [36, 37]. In this process, only the transmission spectrum has been
used to determine the optical constants. Consider the thin film on the transparent glass
substrate having “thickness d and complex refractive index (n* = n - ik)”. The refractive
indices of air na~ 1 and the refractive index of glass substrates s = 1.51 (figure 1.6).

Incident light
Air

Glass Substrate Al

Transmitted light

Figure 1.6: “System of an absorbing thin film on a thick transparent glass
substrate”
If the thickness of the thin film is non-uniform, then interference fringes are absent and
consequently, the transmission is a smooth curve rather than full spectrum. While for the
uniform film thickness, the presence of interference effects produce the transmission

spectra as depicted in figure 1.7.
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Figure 1.7: Graph of wavelength versus transmission showing upper and lower
envelope for GeTeSeGa thin films
The thermal analysis method is a branch of analytical science in which the characteristics
of analytes are examined as they vary with the temperature. Thermal analysis is defined as
the variation of chemical and physical properties of the material with the change in
temperature [38]. For example, the crystallization time should be lower for a rapid phase
change materials used for storage devices. The thermal properties of glassy alloys cover a
variety of aspects, such as the stability to devitrification and the glass transition
temperature. The thermal variations in the material are because of endothermic (heat
absorb) or exothermic (heat release) enthalpic reactions which are caused by vaporization
and phase change etc. The oxidation, crystallization and some decomposition reactions are
exothermic effects. On the other hand, dehydration, phase change, reduction and some
decomposition reactions are endothermic [39]. The glasses are formed in the process of
glass transition or vitrification. It is well known that amorphous materials have a tendency

to relax towards equilibrium [39].

Tg is the temperature at which the material undergoes a state transformation (supercooled
liquid to glassy solid). Also, several physical properties like hardness and volume, endure

a dramatic transformation at this point.

The IR region is usually allocated into three regions as follow [40]:
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Near- IR 14000cm™*- 4000 cm* 0.8 um -2.5um Harmonic vibration
Mid - IR 4000 cm*- 400cm™* 2.5 um-25 pm Functional group identification
Far-IR 400 cm™*-10 cm? 25 pm-1000 pum Rotational Spectroscopy

IR spectra have mainly two regions viz. 0 to 1000 cm™ (fingerprint region) and 1000 —

4000 cm™ (functional group region). The information about the structural positioning of

the glass alloys may be determined from far-Infrared spectroscopy.

1.9 Applications

Amorphous chalcogenide glasses have gained a lot of enthusiasm as these prove to be the
high-tech materials applicable in optics, chemistry, physics, biology, medicine, electronics,
material science, engineering, optoelectronics etc (figure 1.8). After being exposed to
electromagnetic radiation, these may experience major change in their physical and
structural properties. These changes may be reversible or irreversible and used for device

fabrication suitable for specific applications [41-45].
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Figure 1.8: Flow chart of applications of chalcogenide glasses in different fields

1.10 Properties of chalcogenide glasses-A Literature Survey

From the literature survey, it has been found that work has been carried out for binary,
ternary and quaternary chalcogenide glasses. The varied compound composition shows
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very interesting properties, suitable for different optoelectronic applications. In this study,
several glasses have been reviewed for their structural, optical, electrical and thermal

properties.

1.10.1 Structural properties

The structural properties have been discussed with the help of “FTIR (Fourier Transform
Infrared Spectroscopy), XRD (x-ray diffraction) and Raman spectroscopy”. The spectra
obtained from Raman and Infrared spectroscopy provide information about the bonding
arrangement of constituent elements. The geometrical model for the ideal glass was firstly
proposed by Zachariasen in 1932 [23]. The lone pairs do not contribute in chemical bonding
so they show defects viz. dangling bonds, vacancy and non-bridging atoms. The presences
of defects give rise to energy levels in the bandgap and also some peaks in density state
distribution.

Rajneesh Kumar et al. [46] reported the impact of the addition of Tin (Sn) on the bonding
arrangement of Se-Te alloys by “far-infrared transmission spectroscopy”. Far-IR spectra
shifted towards the higher frequency side with the appearance of new bands. It could be
because of the absorption coefficient or light scattering caused by increasing defect centres
with the Sn

concentration.

Neha Sharma et al. [47] investigated the bulk samples of Ge-Se-Sb-Te chalcogenide glasses
by using far-IR spectroscopy in the range of 30cm™-350cm™. The far-infrared analysis
outcomes were also used to discuss the reduction in the optical bandgap of the prepared
compositions. In comparison to other bonds, the bond energy of Te-Te and Ge-Te bonds is
low. Because of the low bond energy, the overall energy of the system reduces, resulting
in a decline in the “optical band gap”.

The structural changes of metals and metal halides modified GeTes glasses were studied
using Raman spectroscopy [48]. The spectra of glasses were obtained in the range of 100
cm™ —300 cm displayed four bands at 124cm contributed by Ge-Te, 140 cm™* & 159 cmv”
Lfor Te-Te and 275 cm™ for Ge-Ge vibrations. However, relative intensities of 140 cm™
and 124 cm™ bands are insensitive to composition changes. It should be noted that Ga and
Ge are periodic table neighbours with similar size and electronegativity.

Yuju He et al. [49] revealed the consequence of doping of Al and AICIs on the optical

properties of Ge-Te-Ga “far-IR” transmitting glasses. The IR transmitting and thermal
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stability properties were analyzed by “differential scanning calorimetry (DSC) and Fourier
transform infrared spectroscopy (FTIR)”. The inclusion of Al may successfully remove the
impurities in Ge-Te—Ga because Al can grab the oxygen from the raw elements Ge, Te,
and Ga. Thus it reduces possibility of combing oxygen combining with the metals Te, Ga
and Ge.

M. Fabian et al. [50] studied the atomic structure of GexSha4oxSego chalcogenide glasses by
different characterizations like x-ray diffraction (XRD), neutron diffraction (ND) and far
FTIR (450cm™ — 50cm?) reflectance spectroscopy. With the increment in Sb content in the
GexShaoxSeso well-defined Sb-pyramidal units were formed. It may be attributed that the
glassy network exhibits distinctive bands associated with Ge-Se and Sb-Se chemical bond
vibration in SbSes pyramidal and GeSe4 tetrahedral units.

Baudet et al. [51] reported the structural analysis by Raman and XPS spectroscopy of RF
sputtered (GeSe2)100-x (Sb2Ses)x thin films. The wide band corresponds to vibration mode
of corner linked [GeSear2] tetrahedra (~200cm™) and [GeSeas/2] tetrahedra connected by
edges (~215cm™).

S. Ahmadpour et al. [52] reported the FTIR spectra of Snx(Seo.sAS0.1Ge0.3)100-x (X=0 to 6 at.
%) chalcogenide glasses in the range of 2.5um -13.5um. The increment of Sn concentration
enhances the system connectivity. The FTIR spectra also verified the existence of distinct
impurities. The inclusion of Sn (up to 3%) the IR transmittance declines because it works
as modifier. However, addition of Sn (at 6%) shows inverse results. Thus for sn (at 6%), it
acts as networker in the composition.

M. Ghayeblooa et al. [53] studied the impact of Csl on the (SesS20Ge20ShsAS1s)1x
chalcogenide glassy system synthesized by conventional “melt quenching” method. The
absorption peak of Se-O-H, S-H, H20, Ge-O, and Ge-O, located at 2.85 um, 4 pm, 6.26
um, 7.9 um, and 12.5 um corresponds to oxides and hydrides impurities. With the
increment of Csl percentage to the glass composition, the infrared transmission decrease.
It follows the same trend as the “glass transition temperature”. It could be due to the
reduction in connectivity of the glassy network with Csl addition.

1.10.2 Physical properties
Ishu Sharma et al. [54] studied the compositional dependent and topology of physical
parameters of GeigSero-xTewoBix (X= 0 to 10 at. %) glassy alloys. The physical parameters

like “mean coordination number (<r>), the number of constraints, density (p), lone pair
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electrons (L), mean bond energy (<E>), cohesive energy (CE)” and other parameters are
estimated. The value of <r> increased by the enhancement of Bi in the system. Using <r>
values, lone pair electrons” had been estimated. By adding Bi content, the value of L
decreases which may be attributed to the interaction of lone pair bridging Se atoms and Bi
ions

J. Sharma et al. [55] revealed the influence of Ge addition on the physical and dielectric
properties of SersTezs and SegsTess chalcogenide system. The physical parameters like
“mean coordination number, counts of constraints, and average heat of atomization”
enhances. However, “electronegativity, lone pair electrons, a fraction of floppy modes and
stoichiometry (R)” parameters decrease with the increase of Ge concentration. This is due
to addition of four fold Ge as compared to other two (have two-fold coordination)

Ishu Sharma et al. [56] investigated the optical and physical characteristics of GexoTego-
xSbx (x=0to 10 at. %) amorphous bulk and thin films. The values of the physical parameter
<r>were utilized to estimate the value of L. With the increment of Sb, L values decreases.
The density was calculated theoretically and experimentally. With the increase of Sh
content; the p values increased attributed to the increase of refraction index values. Firstly,
Te (two fold) chains cross linked with Ge (four fold) then by three-fold Sh. The rise in Sb
in the system leads to increase in <r> values.

K.A Aly et al. [57] reported the investigation of topological and compositional dependence
of CuxGesoxS7ox (0 to 5 at. %) glassy alloys. With the rise in Cu content, the value of <r>
increased from 2.6 to 2.7. It may be due to the four-fold coordination of Cu. The
compactness and density values are also enhanced, whereas molar volume values reduced.
With the incorporation of Cu content, the “average heat of atomization and mean bond
strength” depict a similar trend. It was noted that the optical gap reduced from 2.75eV to
2.28eV with the rise in Cu concentration due to reduction in S-S bonds.

L. Heireche et al. [58] investigated the physical properties of the Sego-xZn10Sbhx (x=0 to 6
at. %) glassy system. The values of the “average coordination number” rises from 2 to 2.06
with the antimony concentration. The number of constraints and fraction of zero frequency
modes were also determined. The values of <r> were utilized to determine the lone pair
electrons. The increase response is because of inclusion of adition of three fold coordinated
Sb in place of two fold coordinated Se. T4 values decreases with Sb content which may be
due to the reduction in mean bond strength. The R parameter was utilized to evaluate mean

bond <E>and Tg.
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Ahmed Saeed Hassanien et al. [59] reported the physical and optical properties of
amorphous CuxGezoxSesoTeso (Xx= 0.5 to 20 at. %) glassy system. The values of density and
packing density increase with the rise of Cu concentration. It may be due to replacement of
Ge (pee=5.32g/cm™®) with Cu (pcu = 8.92g/cm™). The values of CE increased from 1.099eV
to 3.184eV, whereas counts of constraints (N¢) reduced from 3.2 to 4.4.

H. I. EI Saeedy et al. [60] investigated the physical properties of the Cux(GezoSe7o)100-x
glassy system. The physical parameters such as <r>, molar volume (Vm), p, compactness
and CE were determined for the system. The “average coordination number” increases from
2.6t0 2.77. is ascribed to the addition of four-fold Cu atoms. The value of Vi reduces while
the compactness and density values increase with the increase of Cu concentration. “The
heat of atomization (Hs) and mean bond strength” showed a similar trend with the
enhancement of Cu concentration. The increase of Hs with Cu addition is due to its higher
value of Hey (81.1kcal/mol) as compared to others.

Imen Kebaili et al. [61] studied the physical properties and bandgap tuning of ternary
Snx(GeSez)100x(X= 0 to 24 at. %). The influence of Sn on the physical parameters such as
<r>, p, Vm, the heat of atomization and degree of ionicity has been studied. Using CBA,
the values of cohesive energy were determined. With the enhancement of Sn content, the
molar volume and density increased which is related to enhance cross linkage due to four-
fold coordination of Sn in the material.

J. Kang et al. [62] studied the effect of Sn on physical, electrical and structural
characteristics of (Ge20Seso)90-xSb10Shx (Xx= 2 to 10 at. %) glassy system. The various
physical parameters viz “<r>, number of constraints, L, stoichiometry parameter,
electronegativity, Tg and mean bond energy” etc. were estimated. The increase in <E> may
be due to higher bond energy of Se-Sn bond as compared to homopolar Se-Se bonds. With
the enhancement of Sn, the <r> increased from 2.492 to 2.620, and the number of
constraints increased from 3.23 to 3.55 respectively. Lone pair electrons were estimated
from the mean coordination number and which reduces with Sn content. This is ascribed to

the interaction of Sn ions with bridging Se atoms.

1.10.3 Optical Properties
When a beam of light interacts with the material, it can be partially transmitted, absorbed

or reflected. Several researchers have reported the optical properties; viz “refractive index

(n), extinction coefficient (k), optical bandgap (Egpt) and absorption coefficient (a))” for
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various chalcogenide glasses.

Rittwick Mondal et al. [63] investigated the influence of sulphur concentration on the
optical, and dielectric behaviour of xS-(1-x)(0.65Se-0.35Te) chalcogenide glassy alloys
prepared from the “melt quenched” technique. By adding S amount in the system the

“optical band gap (Egpt)” had been found to increase and may be due to decrease in

unsaturated defects which lead to increase of Eg” values. The reduction in electric

polarizability corresponds to the decrease in n values of the material. With the addition of
S amount in the system, the non-linear parameters like third-order non-linear susceptibility
and non-linear refractive index were found to decline.

M. Rashad et al. [64] revealed the influence of different dopant on the optical constants for
melt quenched (SegoTe1)esM (M=Bi and Zn) system. The films were prepared by an
evaporation process of thickness 100 nm on cleaned glass substrates. The optical band gap
increases for Zn system due to decrement in defect states. However, it declines (1.28eV)
for the Bi-doped system due to enhancement of localized states with Bi addition in system
as compared to the pure SgoTeio System (1.85eV).

M.M. Soraya [65] investigated the optical and structural characteristics of the rapid melt
quenched SegsxTeisIny (x=0 to 10 at. %) amorphous system. The “refractive index” and
thickness of the film were estimated by the Swanepoel method. By the incorporation of In
content, the values of n and dielectric constant (¢) increases. The rise in value of n can be
related to higher polarizability of In atoms (r = 2A) compared to Se atoms (r = 1.22A). For
the non-direct transition, the “optical band gap” had been obtained from the Tauc method

and the values of bandgap reduced (1.69 to 1.51) with the enhancement of In content. The
decrease in Eg'ot was discussed according to CBA and electronegativity difference of

constituent elements.
Ishu Sharma et al. [66] reported the optical and physical properties of Pbi1oSeg-xGex (x=0

to 10 at. %) chalcogenide glassy system. The bulk samples and thin films were prepared by
traditional melt quenched and “thermal evaporation” techniques. E;’pt was obtained by the

“Tauc method”. With the addition of Ge concentration, the values of optical band gap

reduced from 1.6eV to 1.53 eV. Inclusion of Ge, rises the absorbance and creates the
defects in the system. Further, it leads to widening of localized states and decrease in Egpt

substantially.
26



Palwinder et al. [67] investigated the optical bandgap tuning of Ag added Ge,Sh,Tes

thermally evaporated thin films. The transmission spectra of the prepared thin films were

analyzed in the near-IR range (500nm-3300nm) at 300K. Eg"t increases up to the addition

of 3% Ag content. However, further addition of higher content of Ag, Egpt decreases. This

behaviour is linked to decrement of density of states with Ag addition.

The optical properties of Sess-xTe10ShsBix quaternary thin films were studied by H.
Nyakotyo et al. [68]. The transmission spectra of thin films had been obtained in the UV-
Vis-NIR region (500-2500nm). By the enhancement of Bi in the material, the transmission

increases while EJ™ decreases. This decrease was interpreted based on the chemical bond

approach. Additionally, reduction in E;’pt values may be due to rise in defects states with

Bi addition.
R. Raj et al. [69] investigated the optical and structural properties of thermal evaporated

(GeS2)100-x(Sb2Ss)x thin films. The values of the E¢™ were reduced from 2.40eV to 2.34eV.
With the enhancement of doping concentration, the values of “absorption coefficient,
extinction coefficient, refractive index and Urbach energy” increases. The decrease in Egpt

with Sb content was discussed according to Mott Davis model. Also increase of Sh

concentration leads the formation of more defect states causes reduction in Eg” .

S. S. Fouad et al. [70] revealed the optical and physical properties of GeioSego-xTex thin
films. With the rise in Te concentration the joint density of states enhances while the
bandgap of the film decreases. The increase in linear, non-linear refractive index, electronic
polarizability and the third-order susceptibility has been observed with the increment of Te
concentration in the Ge-Se system. This response has been explained by alloy effect.
Moreover, these changes may be caused by variation in bond length and angles in the

system. Further, the red shift in EE,"Ot has also been explained by increasing the degree of

disorder and density of states with Te addition.

E. R. Shaaban et al. [71] revealed the heating effect on the optical properties of the
amorphous AssoSessSess chalcogenide thin films. The bandgap was calculated by the Tauc
method, which exhibits indirect allowed transition for the as-prepared and annealed

samples. Moreover, with the increase of annealing temperature an increase crystallite size
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for system was also observed. The reduction in Eg'ot may be ascribed to the quantum

confinement phenomenon.
K. A. Aly et al. [72] investigated the optical properties of amorphous As>oSeso-xSx films by
using the transmission spectra. With the rise of the Sulphur concentration, the optical band

gap increases however, the refractive index reduces. This reduction in Egpt may be due to

widening of localized states and increase of defect states with S addition.

D. C. Sati et al. [73] studied the role of substrate temperature (303K, 363K, 423K) on the
non-linear optical properties of GeioSegoxTex (X = 0 at. % to 50 at. %) thin films. The
nonlinear “refractive index” enhances with Te and with the increase of substrate
temperature. The best composition, GeioSesoTeso, exhibits large non-linearity suitable
material for high-speed communication, optical switching and IR optics.

Some recent literature data for the estimation of an optical constant by any means like
transmission or reflection is described in the table 1.2.
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S.No

10.

Composition

Geo.17S€0.83-xShx

GexShao-x Seso

(SesoTe20)100-xZNx

Ge1s.x ShySespTess

GexSessxTess

SesoxTesoAgx

(Ge11.5Se67.5Te12.5)100x) Sbx

Ge1o0Sego-x Tex

Ge2pSn1pSero-x Tex

SeSO-XTeZObe

Type of study

Transmittance

& Reflectance

Transmittance

& Reflectance

Transmittance

Transmittance

& Reflectance

Transmittance

Transmittance

Transmittance

Transmittance

Transmittance

Transmittance

29

Table 1.2: Literature review for optical properties of chalcogenide glasses

Optical band gap

1.92eVto 1.63eV

1.5eVt02.01eV

1.28 eV 1t01.33eV

1.047 eV to 0.864 eV

1.56 eV to 1.82eV

1.36 eV t01.41 eV

1.34 eV tol.41 eV

1.90eVto 1.61 eV

157eVto1.35eV

1.35eV t0 0.80 eV
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1.10.4 Thermal Properties

The thermal property provides the information of various reactions that take place with the
variation in temperature. In recent era, “Differential scanning calorimeter (DSC) and
differential thermal analysis (DTA)” are used to analyze the “glass transition temperature,
crystallization temperature, activation energies” and other related parameters.

Glass is made from the corresponding melt so it naturally exhibits Tg. It is well understood
that glass becomes viscous when it is heated, the glass rod is heated. Due to the slow
softening, glasses may be deformed to random shapes by moulding, stretching and blowing
etc. The “glass transition temperature Ty may be described as the transforming temperature
between the glassy and viscous supercooled liquid states.

If the cooling of the liquid is performed slowly, then it endures crystallization at melting
temperature (Tm). This crystal to liquid transformation happened under the thermal
equilibrium. On the other hand, if the liquid is cooled fastly, then it can diverge from the
thermal equilibrium and become supercooled, not depicting any signature at Tm. Here
"rapidly" means the time interval between 10 sec and 1day, depending upon the material.
The time at which disordered material cannot get sufficient time to relax and become an
ordered structure due to viscosity. In many disordered materials, thermal crystallization
occurs when heated. The crystallization process takes place when amorphous material is
subjected to pressure. The remarkable difference between the glass transition and glass
crystallization is; glass crystallization appears exothermic while the transition is
endothermic [84]. Crystallization is a form of structural relaxation that occurs when there
is a transition from disorder to order. The crystals cannot directly transform to glasses,

while the transformation between the glass and supercooled liquid can be reversible [85].

A. Kumar et al. [86] reported the calorimetric measurement of quaternary Se7s-x
Te2oSn2Cdx(x=0 to 6) to investigate the glass transition and crystallization kinetics of the
samples. Increase in Tg may be linked to reduction in Se rings with decrease of Se

concentration.

S. K. Pal et al. [87] reported the structural and thermal analysis of multicomponent Se-Te-
Sn-Ge phase change materials (PCMs). The various kinetics parameters of the chalcogens

rich non-oxide Sezs.yGeyTe2oSn2 (y = 0 to 6) were studied by DSC method in the non-
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isothermal method. With the addition of Ge, the long polymeric chains are linked by four

fold Ge in the system. It is composed of Seg rings and long polymeric chain.

Roman Svoboda et al. [88] investigated the crystallization kinetics of (GeTes)x(GaTes)1o0-
x glass for far-infrared optics by “differential scanning calorimetry (DSC), XRD, IR
spectroscopy and Raman spectroscopy”. The complex crystallization data comprises two
primary overlapping peaks: one relates to the production of rhombohedral GeTe and
GaxTes phases, while the other corresponds to the precipitation of “hexagonal tellurium and

formation of hexagonal Ga;Tes phase”.

P. Petkov et al. [89] investigated the thermal behaviour of (GeTes)1.xGax and (GeTes):-
XGax ( x = 0 to 15 at. %) bulk chalcogenide glassy alloys by using DSC. The addition of
Ga content affects the “Tg, crystallization temperature (Tc), melting temperature (Tm) and
crystallization peak temperature”. With the addition of Ga, a new stable phase GaTes
appeared. Moreover, another phase GarTes appeared along with GaTes when the Ga
content was about 20 mol%. The ternary phases were absent in all thermally treated
samples. The thermal experiment also predicts the presence of GaTes and GaTes are

composed of crystalline phases along with amorphous phases.

M. I. Abd- Elrahman et al. [90] investigated the thermal properties of (SegoTe10)100-xINx
melt quenched chalcogenide alloys. The DSC had been adopted with different heating rates
to investigate the T4 and fragility dynamics (< m >). With the increasing In concentration
in the system, the increase in T4 was observed. By increasing temperature, the decrement
in Eg is observed which is linked with the amount of free volume existing in the system.
The generation of strong Se—In bonds (227.43 kJ/mol) at the expense of Se-Te bonds

(185.04 kJ/mol) often results in an increase in Tg as In increases.

“Differential Scanning Calorimetry (DSC) and Thermomechanical analysis (TMA)” were
employed to investigate the Thermo kinetic behaviour of (GeTes)y(GaTes)i00y bulk
infrared glasses as reported by Roman Svoboda et al. [91]. Addition of Ga content into the
GeTes system results in the production of eutectic near (GeTes)s7(GaTes)ss, which is linked
to diminishing melting temperature. To begin, adding Ga lowers the T4 by 4 °C while

adding 20 mol % of Ga raises the Ty to 161°C.
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Brian Jeevan Fernandes [92] reported the effect on crystallization kinetics of GezoTego-xShx
chalcogenide glassy system with Sn addition. From DSC, the thermal parameters like glass
Tg, Tm, ONset crystallization (To), the activation energy of glass crystallization (Ec) had been
evaluated using the Kissinger and Moynihan Models. With the incorporation of Sn, the
glass-forming ability of the Ge-Te reduces, resulting in the narrow range of the glass
forming region. The increase in T4 value with the addition of Sn to GezxoTego material can
be explained due to semi metallic nature of Sn. Moreover, the introduction of S, leads to
the dominance of metallicity component resulting in decreased amorphous network

connectivity and rigidity. Also it results in decrease in Tqvalue of for GeooTegoxShx System.

Vandita Rao et al. [93] stated the study of crystallization kinetics of Seg>.xTe1sShx glassy
system prepared by the melt quenching method. With the enhancement of Sb content in Se-
Te system and the increase in heating rate, the crystallization temperature increases. The
activation energy (Ea) values of glassy system rises with Sb addition. It may be due to
structural variation caused by addition of Sb atoms in the system.

Vandita Rao et al. [94] revealed the thermo mechanical properties of amorphous Sezs-
x T€20Sn2Shy (X = 0 to 6) prepared by “melt quenched technique”. The bulk samples were
characterized by “DSC and XRD techniques” for the phase transformation and structural
analysis. The DSC analysis was performed at 10K/min for all the compositions. With the
increase of Sb percentage, Tq and hardness behaviour increases. The activation energy of
glasses rises with Sb addition. It may be due to structural variation caused by addition of
Sb atoms in the system.

Alaa M. Abd- Elnaiem et al. [95] reported the thermal kinetics of the ZnsSegs glassy system
by DTA under non-isothermal situations. For the estimation of activation energy of
crystalline, Moynihan et al. Kissinger's and other approaches have been used. The fragility
index of ZnsSegs glassy system calculated by the activation energy and glass transition
values. Tg enhances with heating rate () because of increment in structural relaxations.

Also it reduces relaxation time with increasing 3.

Ningning Yin et al. [96] revealed the influence of Te content on thermal characteristics of
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Ge2sShioSessx Tex glass system. The samples were developed by the melt quenching
technique. DSC, TMA, FTIR and XPS had been used for the investigations. The values of
Tg lie between 551.45 K - 514.56 K and AT (To-Tg) is greater than 110K. With the
increment of Te concentration, the thermal coefficient values change from 1.87x10 to
1.82x10°. The chemical bond energy is the most important factor to estimate characteristic
temperature. By adding Te, bond energy of Ge-Se (114.9kcal/mol) reduces. However, Ge-
Te bond (94.8kcal/mol) increases. Thus, the reduction in average bond energy is obtained
and subsequently the values of characteristic temperatures decreased.

The crystallization properties of (AssoSeso)100-xAgx (X=0 to 15) was reported by Mansour
Mohamed et al. [97] With the enhancement of Ag concentration, the value of glass
transition activation energy (Ea) reduces from 185.19 eV to 179.94 eV. This reduction in

Ea may be ascribed to rise in internal energy of the system with Ag content.

1.10.5 Electrical properties

The electric transport properties of the Zn doped SeTe chalcogenide system had been
studied in the frequency range 50 Hz-500 kHz under the temperature range 400K-520K by
Arun Kumar et al. [98]. The presence of a sharp peak in the XRD pattern revealed the
polycrystalline character of the samples. The doping of Zn influenced the dielectric and ac
conductivity of the Se-Te-Zn system. The zinc atoms may enter or cross-link into the Se-
Te system's chain or ring structure. As zinc concentration increases, zinc atoms behave as

network formers instead of network converters.

Mansour Mohamed et al. [99] revealed the electrical properties of Asa7.5Ses7sAgs thin films
at distinct thicknesses of 174nm-1383nm. The DC conductivity of the films was studied in
the temperature range 300K-588K. The variation in the film thickness strongly affect the
optoelectronic properties of the prepared AsszsSes7sAgs thin films. The reduction in
electrical conductivity with increasing film thickness might be related to rise in degree of
disorder and structural defects in the investigated films. The reduction in activation energy
values as film thickness increases is linked to an increase in the disorder of the atomic

bonds between neighbours.
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Alaa. M. Abd - Elanaiem et al. [100] investigated the effect of Ga and annealing
temperature on electrical properties of AszAsz-xGax melt quenched bulk and thermally
evaporated thin films. At the room temperature by addition of 3 at. % of Ga, the electrical
conductivity increased from 7.7 x 104 Q'cm™ t0 8.04 x 10 Q'cm™ However, it decreased
as the Ga content increased (> 3 at.%). Moreover, the changes in activation energy caused
by Ga addition act to form newly charged centres in the mobility gap, which modifies the

As-Te energy band.

Kristina O. Cajko et al. [101] investigated the electrical behaviour of Agx(As40S30S€30)100-
x melt quenched chalcogenide alloys. The DC conductivity measurement was performed
over a temperature range of 25 °C to 160°C. The “activation energy” of conduction was
determined on the basis of “Arrhenius law” which indicated a semiconductor-like
behaviour. The decrease in the activation energy values and increment in the DC
conductivity values by inclusion of Ag result from increasing the density of “localized
states” in the mobility gap. With the addition of Ag to the As—S—Se system, an increase in
DC conductivity observed. This corresponds to a decrease in activation energy. The rise in
conductivity with Ag concentration could be due to an increase in the density of “localized

states” in the system.

Yaseer B. Saddeek [102] reported the effect of Sn to (GeSe2)1xSnx(0 < x < 0.12at.%)
glasses on the electrical and mechanical properties. The temperature dependence of
electrical parameters had been analysed in the temperature range from 300K-450K. With
the increase of Sn content both the electrical conductivities (AEqc) and thermoelectric
activation energies (AEw) decreased according to “Mott and Davis model”. These results
corresponded to the enhancement in the “width of localized states” due to the presence of
Ge-Ge bonds. Sn is more electropositive “(ySn = 1.88) than Ge (yce = 2.05) and Se ()se =
2.55)”. Thus increasing the concentration of electropositive element in the host matrix

increases its electrical conductivity.

Pankaj Sharma et al. [103] investigated the electrical properties of Gei7SezaShe melt
quenched thermally evaporated thin films. The I-V characteristics were analyzed at
temperatures from 289K to 348K. The linear nature of the 1-V curve indicates that the

conduction mechanism was ohmic in nature. With the enhancement in temperature, the
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resistivity of thin films decreased implying the semiconducting behaviour of thin films.
Moreover, “the activation energy” decreased with the increase of voltage applied across the
films. This is owing to the fact that the density of thermally produced charge carriers

increases with temperature, which in turn raises the density of charge carriers.

K. A. Aly et al. [104] reported the effect of temperature dependence over the range of
300K-450K of Gez0SesgoxInx chalcogenide thin films. By adding In into the Ge-Se matrix,
the conductivity (o) and Seeback coefficient (S) increased while the “activation energy for
electrical conductivity (AE) and activation energy for thermoelectric (AEs)” decreased. The
mobility of GezoSeso-xInx thin films with In content increases. It is well known that mobility
() is directly proportional conductivity (). The inclusion of In results in a decrease in

activation energy (AE) and as a result, both increase with rising In content.

H.H. Hegazy et al. [105] reported the thermoelectric and electrical characteristics of
GezsSessShioxCuyx thin films in the temperature range of 300K - 400K. With the
enhancement of Ge content, the electric conductivity increased from 2.89 x 10° m™ to 6.39
x 107 m™. The positive values of thermoelectric power and negative temperature
dependence for all compositions had been found. As the temperature and Cu concentration
rises, the values of activation energy decrease. Consequently, the values of free carrier
concentration increases. When the temperature rises, the energy of the VB rises, permitting
electrons to jump to the CB leaving holes behind. The free electrons and holes improved

charge carrier concentration, which increased the conductivity.

The electric conductivity and dielectric investigation of Ago.s(As20S30S€30)99.5 glassy
system at a different temperature in the frequency range 100Hz to 1MHz had been
investigated by Kristina O. Cajko [106]. AC conductivity has a frequency dependency that
follows “Jonscher's power Law”. However, DC conductivity has an Arrhenius behaviour.
The dielectric properties such as “real and imaginary parts of dielectric constants” were
reduced with the frequency and enhanced with the temperature. The values of maximum
barrier height Wr, were determined by the dielectric loss data.

H. Bennaji et al. [107] revealed the electric, thermal and dielectric properties of Sn3Sb2Se
thin films for solar cell applications. The impedance spectroscopy had been adopted to

determine the dielectric and electrical properties of the sample. AC conductivity obeyed
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the Jonscher's power Law and DC conductivity followed Arrhenius behaviour. The results
indicated that the conduction process was thermally activated and the value of activation

energy was found to be 0.813eV.

E. R. Shaaban et al. [108] reported the short resistance temperature-dependent, electrical
and thermal analysis of Ass0Seeo-xSx thin films. The films had a thickness of 1000 nm and
a heating rate of 5K/min for estimating sheet resistance. The values of the sheet resistance
(Rs) decreased abruptly when the temperature increased from 300K to 390K. This is due to

the grain growth in the film due to increase in temperature.

R. Neffati et al. [109] reported the electric and thermoelectric power for ((SbSn)xSe100-x)
system. The DC conductivity obeyed Arrhenius response in the temperature range (300-
450K). By adding ShSn content, the values of activation energies decreased from 0.87 to
0.74 eV. Some parameters such as concentration, charge carrier, relaxation time and
mobility were determined for different investigated samples. It had been observed that with
the raising SbSn content causes a drop in activation energy (band gap). The introduction of
SbSn generates more cross linking and decreases polymerization of the Se chain. This
outcome results in reduction in band gap due to formation of heteropolar bonds. Further,
the rise in SbSn and the substitution of Se—Se bonds by Sn—Se and Sb—Se bonds, can be
linked to reduction in activation energy values due to overall reduction in the band gap.
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2. Experimental details
This chapter comprises of methods used to prepare amorphous chalcogenide glasses in
powder as well as in thin film form. Also it includes various characterization techniques

used to study different properties.

2.1 Bulk glass synthesis

There exist a dozen of different techniques used for the preparation of non-crystalline
semiconducting materials. Out of these techniques melt quenching is the conventional used
approach for the bulk sample preparation. The glasses produced by melt quenching
approaches are more than 99% of the practical glasses. This technique is flexible as no
stoichiometry is required among the composition. The flexibility in the variation of the
composition is the most important feature of this technique as compared to other
techniques. For example, for the production of glasses with unique properties, the doping
of the transition metal or rare earth elements at a few percent or very less is possible. As
chalcogen elements have a high vapour pressure, the melting of these materials has a high
viscosity and is susceptible to hydrolysis and oxidation. Quenching can be done by liquid
nitrogen, dry ice-alcohol and ice water. It is necessary for the proper glass formation that
the cooling rate must be fastened to avoid crystallization, nucleation, and growth. Fischer

and Krebs [1,2] discussed the following facts for the synthesis of chalcogenide materials.
1) The frequent agitation of melt is required for the homogeneity of the melt.

2) The step heating of temperature should be preferred as the vapour pressure of chalcogens

Se and Te increases quickly at higher temperature.

3) It is well known that chalcogens are prone to oxidation, so ampoules should be sealed at
high vacuum. The heating rate should depend upon the vapour pressure and melting point
of the constituent elements. The heating rate should be slow i.e. 3 — 4°C/min. At higher
heating rates, the vapour pressure of the chalcogens increases quickly and it may break the
ampoule. To surmount these problems, conventional melt quenching technique was utilized
for the preparation of GeioTegoSe10--Gaz(z = 0 to 10) bulk glassy system. During higher

temperature the chalcogenide glasses are reactive with oxygen, so melting is preferred in
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the cleaned quartz ampoules. The ampoules are precleaned by reducing the oxide and
hydroxide impurities which may affect the transmission window of glass. The cleaning
process of quartz tubes was performed with Chromic acid, ethanol, distilled water and dried
in a oven at temperature 100°C. The material of 5N purity of Ge, Te, Se and Ga was
weighed according to their weight % with the single pan balance. The weighed materials
was placed into quartz ampoules and sealed under the vacuum of 10 pa. Figures 2.1 (a &
b) represent the sealing unit and the sealed ampoules. After that, the sealed ampoules were
put into the muffle furnace at a temperature of 1000°C. The temperature of furnace is
increased in the step heating of 3°C/min. The maximum temperature of the furnace is kept

constant for atleast 12 hours for the homogeneity of the melt [3]. The flow diagram of melt

quenching process is depicted in figure 2.2.

Figure 2.1: (a) Represents the ampoules sealing unit  (b) Sealed ampoules
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'

{ Put ampoules in furnace J

Figure 2.2: The flow chart of melt quenching process

The temperature program for the GeioTesoSe1o and GeioTesoSesGaz composition has been
shown in figures 2.3 (a & b). The heating rate curve used for heating elements according
to their melting point. For the proper melting of a particular element, the temperature has
been kept constant for 1 hour. The ampoule has adequately been shaken to melt properly at
this constant temperature. After this, the melt is quenched in ice cooling water. The
quenched ampoules were put in HF+H20. solution for 24 hours for the etching of the
material from the tube. The materials were removed from the ampoules and kept in a

desiccator.
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Figure 2.3 (b): Time-Temperature profile program for GeioTesoSesGaz

2.2 Preparation of thin films
The thin films can be prepared by variety of approaches like thermal evaporation,

sputtering, e- beam and chemical vapour deposition (figure 2.4).
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Figure 2.4: Techniques for film deposition

The thin films of the synthesized bulk samples were prepared by “thermal evaporation
technique”. The films were deposited in the vacuum coating unit “HINDHIVAC model
12A4D” India (figure 2.5). The thin films were deposited on the clean glass substrates [4].

The cleaning of the glass substrate involved three steps:

1). The glass slides were rubbed by the soap solution continuously for 3-4 times. Then, the
glass slides were rinsed in the distilled water. The step was performed to remove extra dust,
grease and oil impurities.

2). After that the substrate was cleaned ultrasonically with ethanol for 10 - 15 minutes. This
process was repeated 2-3 times.

3). The vapour cleaning of the substrate was performed for the removal of organic
impurities.
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Figure 2.5: Vacuum coating unit HINDHIVAC

The boat of different material like molybdenum, tungsten and tantalum may be used for the
deposition process. In the present work a molybdenum boat has been used for the process.
The boat was cleaned properly by passing the high current through it until it become red
hot. The precleaning of the boat is known as boat firing. This process is performed under
high vacuum of 10°mbar. The bulk sample of ~200 mg was crushed in the mortar pestle
for making it fine. The bulk powder sample was kept in the boat. The whole process was
performed at the room temperature at pressure of 10 mbar. The thickness of the evaporated
thin films was controlled by the “thickness monitor DTM-101" using a quartz crystal. The
deposited films were kept in the deposition chamber in the dark for 12 hours to attain the

thermodynamic equilibrium [5]. The prepared thin films have been depicted in figure 2.6.
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Figure 2.6: The picture of prepared thin films

2.3 Characterization of bulk samples and thin films

2.3.1 “X-ray diffraction (XRD)”

On the microscopic level, crystalline and amorphous solids can be easily identified.
Crystalline materials have regular periodic atomic arrangement like common salt have cube
faces, while the glasses have curved surfaces. On a microscopic level, the “x-ray diffraction
technique” can be used to differentiate between the two. The amorphous nature of the
prepared glassy thin films has affirmed through “x-ray diffraction. X-ray diffraction
(XRD)” discovered in 1912 by Max Von Laue and it was applied by W. L. Brag and W. H.
Bragg for the determination of structure. This technique is a combination of interference

and scattering [6].

In the present study, the XRD of thin films has been obtained by using the Shimadzu 6000
diffractometer having CuKa source (A= 1.54056A) over the range 10°-80° at 2°/min scan
speed (figure 2.7) and the results are discussed elsewhere.
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Figure 2.7: “SHIMADZU analytical: XRD 6000 diffractometer”

2.3.2 “Energy dispersive x- ray spectroscopy”

The “Energy dispersive X-ray spectroscopy (EDS)” is used to find the elemental
composition of the bulk or film sample. In the current investigation, the presence of
elements and the surface morphology of the materials have been analyzed with the help of

“FEI-Quanta FEG 200F high resolution Scanning Electron Microscope (HRSEM)” (figure
2.8).

Figure 2.8: “FEI-Quanta FEG 200 HRSEM and EDX”
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2.3.3 Transmission Spectroscopy

Several phenomena occur with the passage of light into a solid, such as absorption,
transmission, reflection etc. There is always some reflection and absorption in some portion
of the spectra, so no material is completely transparent in all optical frequencies. It is
possible to measure the amount of light transmitted, reflected and absorbed by the
technique UV-Vis-NIR spectrophotometer. Intensity of light through the sample is I and I,
represents the intensity of light before the light travels through the sample. The /I, is
known as transmittance. Spectrometer can be a single or double beam.

In the present study, the normal incidence transmittance spectra in the spectral range 1 -
2.6pum of thin films have been measured by a “double beam Ultraviolet- visible- near
infrared spectrophotometer (Perkin EImer Lambda-750)” (figure 2.9) at “room temperature
(300 K)”. The spectrophotometer is set with a “slit width of 1 nm” in the given spectral
range. (Slit width correction is not needed due to its small value in comparison with
different line widths) [7].

Figure 2.9: “Perkin EImer Lambda 750 UV-visible-NIR spectrophotometer”

2.3.4 Fourier-Transform infrared spectroscopy

There exist different regions of electromagnetic spectrum. The infrared (IR) region exist
between the visible and microwave region. Infrared region mainly consists of three regions,
NIR, mid-IR, far-IR region. The Fourier transform infrared spectroscopy is a combination

of IR spectroscopy and the Fourier transform, which identify the functional group and
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detect the impurities present in the sample [8]. The block diagram of FTIR spectroscopy is

shown in figure 2.10.

Stationary Mirror //// , : , , , ;

Moving Mirror

[ Radiation Source ] U [|

[ ]

[ Detector ]
[ Interferometer [ Recorder

Figure 2.10: Block diagram of Fourier Transform Infrared spectra

In the present study the “far—IR transmission” measurements of powdered materials are
recorded in the range 30 -300cm™ with the help of FTIR spectrometer ("Bruker, Germany

3000 Hyperion Microscope with Vertex 80") at the spectral resolution of 0.2 cm™ (figure

2.11).

Figure 2.11: Bruker FTIR — Imaging system
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2.3.5 “Differential scanning calorimetry (DSC)”

“Differential scanning calorimetry (DSC)” is a technique used to determine the variation
in heat flow given out or taken in by a sample during temperature scanning in a controlled
environment. Any transformation that occurs in a material, whether heating or cooling, is
accompanied by a heat exchange; DSC allows the temperature of this transformation to be
assessed and the heat from it to be quantified [9]. Generally, it may be defined as when a
substance undergoes a physical or chemical change under continuous pressure, the
exchange of heat energy is obtained using thermal analysis by DSC. In the present study,
the thermal analysis of powdered samples is performed in the range of room temperature
to 450°C with the help of a Differential Scanning Calorimeter (Perkin Elmer) in N2
environment (figure 2.12). The sample of 5 to 10 mg has been measured in Nickel-

Chromium sample plate using nitrogen gas at 20.0 ml/min.

Figure 2.12: Perkin Elmer DSC system
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3. Physical and Structural properties of GeTeSeGa system

3.1 Physical Properties

This chapter consists of numerous physical parameters viz. "average coordination number
(<r>), cohesive energy (CE), theoretical energy gap ( E;h ) and glass transition temperature

(Tg)” which have been determined for GeioTesoSe10--Ga,(z =0 at.% to 10 at.%) quaternary
chalcogenide glasses.

Chalcogenide glasses are becoming the area of research for their high transmittance in the
mid to far-IR region. Due to their good optical and thermal properties, these glasses are
becoming an attractive candidate for several applications. These glasses can be used in
optical fibers, biosensors, phase change memory devices, holography and infrared detectors
[1-4]. The determination of physical or theoretical parameters is important to explore the
best features of a system for scientific and practical applications. The addition of Ga to the
GeTeSe system causes the configurational disorder in the system. The bonding state among

the constituents’ elements vary with the ratio of composition.

3.1.1 Experimental details
“Melt quenching technique” is adopted to prepare bulk glassy GeTeSeGa quaternary

chalcogenide alloys. The details of the synthesis have been discussed in chapter 2.

3.1.2 “Results and Discussion”

3.1.2.1 “Mean coordination number and counts of constraints”
Phillips Thorpe [5] model originally proposed for non-oxide covalent materials such as

chalcogenide glasses which adopt more microscopic approach by taking into account the
connectivity of individual atoms in the glassy network. The mean coordination number <r>
plays a significant role in interpreting the physical, thermal, optical and chemical properties
of chalcogenide glasses. For the glasses family, there are two coordination numbers “<r >
= 2.4 and <r>=2.67", which are known as topological thresholds. Phillips proposed the
constraint theory [5-6] according to which the chalcogenide glasses are comprised of floppy
or under coordinated and over coordinated regions. According to this model the
characteristics of the glassy network is divided into three categories as mentioned below:

» “For <r><2.4and N¢< 3; under coordinated, loosely connected and floppy mode

(Polymeric glass) where N¢ represent the total number of constraints”.
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» “For <r>=2.4 and N¢= 3; optimum glass composition. The transformation from
floppy to rigid structure (rigidity percolation)”.
» “For <r>>2.4and N¢> 3; network is over coordinated or over-constrained, rigid.
(Amorphous Solids)”.
The electronic features of the semiconductor system can be expressed by their bonding
response, i.e. “average or mean coordination number”. The value of <r> for GeTeSeGa

system is evaluated by using the relationship [5]:

_ (aNg, +bNy, +CNse+dNea)
100

<r>

1)

Where a, b, ¢, & d represent the atomic percentage of elements and Nge= 4, Nte= 3 [7-8],
Nse=2, Nga=4[9, 10](table 3.1) are coordination numbers of Ge, Te, Se and Ga
respectively.

Table 3.1: Standard values of specific parameters of Ge, Te, Se & Ga [7-12]

Parameters Ge Te Se Ga
Density (p) (g cm™) 5.323 6.24 4819 591
Coordination number (N) 4 3 2 4
Electronegativities (%) 2.01 2.1 2.55 1.81
Atomic mass (u) 72.59 1276 78.96 69.72
Heat of atomization 377 196 227 277
(H&) (kJ/mol)
Band gap (Ez) (eV) 0.67 0.335 1.95 0

According to this theory [5, 6], the glass-forming ability of a system is estimated by the
comparison of a number of interaction force field constraints with the count of the degree
of freedom. For the 3-D space system, each atom consists of three translational degrees of
freedom. Due to the presence of constraints, these degrees of freedom can be ignored. In

the covalent solids, there exist two kinds of near-neighbour bonding forces; “bond
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stretching (Ns) and bond bending (Nb)” representing “two-body radial bond-stretching and
three-body angular bond-bending”.The stretching bond constraint per atom is described as

[6] “Ny =< r >/2” and “bond bending constraint” is expressed as : "N, = 2 <r > —3"

The mean counts of total constraints (N¢) per atom is given by

Nc = Nb+ Ns )

The estimated obtained values are tabulated in table 3.2.
The mean counts of total constraints (N¢) are associated with the “effective coordination
number <ref>" and the bonding of atoms. For all compositions of GeTeSeGa system,

effective coordination number <res> is estimated as [6]:

<r>= (g) x (N,4+3) @)

The count of floppy modes (M) is given by;

Mi=2-55" (4)

and “cross-linking density (Dcr)”; Dc. =Nc¢-2 are also estimated. The value of floppy
modes decreases by the increment of both the Ga concentration and < r > (table 3.2). It
clarifies that the material acquires more rigidity with the enhancement of Ga concentration.
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Table 3.2: Calculated values “<r>, Np Ns, N¢,<retf>, DcL, and My”.

z <> Nb Ns Nc <Left> Dco M
0 3 1.5 3 4.5 3 25 -0.5
2 3.04 1.52 3.08 4.6 3.04 26 -0.53
4 3.08 1.54 3.16 4.7 3.08 2.7 -0.57
6 312 1.56 324 4.8 3.12 28 -0.6
8 3.16 1.58 3.32 49 3.16 29 -0.63
10 3.2 1.6 34 5 32 3 -0.67

The “lone pair” of electrons play a interguing role in the formation of glasses. Deforming
a bond with “lone pair electrons (L) is easier than deforming a bond having no sharing

electrons. The “lone pair of electrons” can be estimated as [11]
L=V—-<r> (5)

V refers to the count of valence electrons. Figure 3.1 clearly depicts that by adding Ga in
the system, L values decreased from 2.8 to 2.3. This effect may be because of contact of
Ga with bridged Te atom lone pair electrons. This decrease may also be attributed to the
reduction in the flexibility of the network. It may also be linked with the increment in <r>

values which clarifies that the system is shifting towards the rigid state.
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Lone-pair electrons (L)

Ga at.%

Figure 3.1: Variation of Lone pair electrons with gallium concentration

Zhenhua [12] introduced the simple criteria for analysing glass-forming ability in
chalcogenide system, i.e for “L > 2.6 for binary and L > 1 for ternary composition
respectively”. In the present investigated system although lone pair electrons decrease with
Ga addition but L>2 for whole system. Consequently, all the compositions of GeTeSeGa
may be acknowledged as good glass former.

3.1.2.2 Density, Molar volume, Compactness and free volume
“Density (p), molar volume (Vm) and compactness () are considered the most important
factors that influence material's physical properties. The rigidity of the material can be

connected with the density. Theoretically, density (p) values of the system are obtained by

[13].
p= [Z Xij (6)
di
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Where Xi and d; refers to the atomic fraction and density of i element of the glass.
Theoretical values of the sample densities help to determine the “packing density (P.D)”

estimated as:

_PN,
PD= o (7)

where Mjand Na represent the molecular weight and Avogadro number. The rise in packing
density values (table 3.3) may be due to the increase in density with the enhancement of
Ga concentration. Ga (5.91gcm) is much denser than Se (4.819gcm®), thus substitution
of Se by Ga give rise in the enahancement of “density” and may be attributed to the more
compactness of the system. Increasing Ga in the material leads to rise in density values
(figure 3.2), so the values of refractive index are also expected to increase. The higher
refractive index values of the samples make them suitable for use in IR filters and mirrors.

With the increase in <r> values, density values increase (figure 3.2).

T T T T
3.10 3.15 3.20

<r>

Figure 3.2: Variation of density with mean coordination number for GeTeSeGa

glasses
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Molar volume has been evaluated by using the density values by the following relation:

Vo = QL Xim)/p ®)
where mi represents the molecular weight of i element. It is noted from table 3.3 that the
value of molar volume decreases with the increment of Ga concentration. This may be
attributed to the replacement of Se by Ga (At. wt. Se > At. wt. Ga) leads to diminishing in
Vm with raise of Ga content.

Compactness (9) is defined as the estimation of the normalized mean volume of atoms. It

is obtained by the formula:

YX 4 -YX A
i e PR

®)

J=

P
Z‘X A

P

Where Xi, pi, Ai refer to the atomic fraction, density and atomic weight of the particular
elements [14].

Table 3.3: “Values of packing density (P.D), molar volume (Vm), cohesive energy (CE),

theoretical band gap ( E;h ), heat of atomization (Hs), and degree of ionicity &

covalency

(lc & Cy).”
: | PD.(X102 | Va (CE) £ A, | Bonds Ce I

g
atom/cm®) | (em¥/mol) | (kJ/mol) (kJ/mol)

0 3.08 19.52 263.1 0.495 218 Se-Ge 92.9 7.03
2 3.1 19.42 259.5 0.464 219 Te-Ga 97.9 2.08
4 3.11 19.32 248.7 0.433 220 Te-Ge 99.8 0.20
6 313 19.22 251.8 0.401 221 - - -
8 3.14 19.12 2477 0.370 222 - - -
10 3.16 19.02 2434 0.338 223 - - -
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With the increment of Ga concentration (0 to 10 at. %) in the pure composition, the
compactness of the material enhances. The variation of compactness and “free volume
percentage (FVP)” with <r> is plotted in figure 3.3. “FVP” for all composition has been
determined from the relation [15]:

FvP=[(V, —V;)/V,]x100 (10)

where Vi, represents the molar volume as determined in table 3.3. The values of theoretical

volume Vr are calculated as:

Vr =10V (Ge) + 80V (Te) + (10 — z)V(Se) + zV(Ga) 10(a)

The variation in FVP are because of change in the composition structure caused by a
variation in interatomic spacing, that may be linked to variation in the number of bonds
per unit volume of the material. The values of FVP decrease with the enhancement of Ga,
indicating the increase in rigidity of the material.

—s— Compactness e

—p— Free Volume Pcrccmag/
P

231

T

o

—
-y

T
=
=
=

Compactness (8)
Free Volume Percentage (FVP)

Figure 3.3: Plot of compactness and FVP with mean coordination number
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3.1.2.3 Estimation of “field strength (F)and polaron radius (Rp)”

“Polaron” is defined as the “quasi-particle”, which is utilized to realize the connection of
atoms and electrons in materials. It may be calculated for ordered and disordered systems.
The development of polaron drops the mobility of electrons in a semiconducting material.
The size of the polaron should reduce with the enhancement of the number of atoms.

Polaron radius (Rp) has been obtained using the formula [16]:

1
R, = 0.5(%,\')3 (11)
where N is the number of tellurium atoms per unit volume and is calculated by using the
relation [16]:

=100 | (12)

where p, Wpand AW denote the sample density, at. wt % of Te in GeTeSeGa material and
atomic weight of Te. The interatomic distance (r) of all the compositions is estimated from

the formula:

,.:[i]'* (13)
N

V..
F= % (14)
P

where Vno denotes the valence number of the tellurium element. Figure 3.4 clearly depicts
the decrement in the “polaron radius” and a concurrent increment in “field strength” and N
values with the rise of Ga content. This outcome also advises a rise in compactness of the
glassy network and consequent reduction in free space. The outcomes are in accordance

with the outcome achieved for FVP and compactness.
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Figure 3.4: Variation of field strength, polaron radius and number of atoms with Ga

content.

3.1.2.4 Distribution of bonds, assessment of cohesive energy

For the distribution of bonds, the “chemical bond approach (CBA)” [17] was applied for
the estimation of counts of bonds and their types “(heteropolar and homopolar)”. Based on
this method, atoms associate more favourably with atoms of dissimilar type instead of
similar type until the available valence of atoms are filled. Moreover, in comparison to
homopolar bonds, the generation of heteropolar bonds is relatively simple in the order of
reducing bond energy that is supposed to be additive in nature. The “heteropolar bond

energy” (Ea-s) has been obtained by Pauling’s relationship [18]

“BEpp = (EA—A xEg g )% + 3O(ZA —XB )2” (15)

Here Ea.aand Eg.g refer to the bond energies for the homopolar bond between A-A & B-B
and “ya and yg refer to the electronegativities” of the particular atoms. The standard

electronegativities values of constituents atoms such as yce, (e, Xse, Xca are listed in table
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3.1. The bond energies for homopolar bonds of the compositions of the material are “Ga-
Ga (106.4 kJ/mol, Ge-Ge (264.4 KJ/mol), Se-Se (330.5 kJ/mol) and Te-Te (257.6 kJ/mol)”
[20].The obtained energies for heteropolar bonds from equation (15) are;

o “Te-Se=297.8571 kJ/mol

o Se-Ge=304.356 kJ/mol

e Te-Ga=168.079 ki/mol

e Te-Ge =261.221 kJ/mol”
All these bonds are produced in the sequence of diminishing bond energy. The bond energy
for the bond Se-Ge is larger compared to other bonds formed, so they will form first,
followed by Te-Ge and Te-Ga. It is clear from figure 3.5 the first bond formed is Se-Ge,
where all the Se content is being consumed and the possibility of formation of this bond
reduces with the enhancing Ga content. Then after Te-Ga and Te-Ge bonds are generated
and their bond formation value rises with the addition of Ga concentration (0 to 10 at. %).
At last, the Te-Te homopolar bond is formed with the decrement in energy.

Distribution of bonds

LEIPLE

4 6
Ga at.%

Figure 3.5: Distribution of bonds for the GeTeSeGa system
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The optical behaviour of glasses can be interpreted on the basis of “cohesive energy” which
is defined as the stabilization energy of an infinitely higher bunch of a system per atom.

Cohesive energy (CE) determines the mean “bond strength” and is being computed by
adding together and given by the relation CE = ZCi E. where C; & Ei represent the chemical

bond distribution and energy of bond present in the system. The computed values of CE
are depicted in table 3.3. It is noticed from table 3.3 that by rising of Ga amount, CE
decreases. The decrease in CE values is attributed to the weakening of bonds in the material
and consequently lead to a reduction in the energy bandgap. The amount of Ge and Te in

the GeTeSeGa system is fixed i.e. 10% and 80% respectively, thus the variation in CE is
due to changes in Ga and Se concentration. The theoretical bandgap (E;h) of GeTeSeGa

system has been computed from the relation [20]

E,' =eE,(Ge)+ fE, (Te) + gE, (Se) + hE, (Ga) (16)

Here e, f, g & h refer to the volume fraction and the standard values of band gap Eq4 for
constituent atoms are listed in table 3.1.The volume fraction has been obtained from the
densities and atom weight fraction of constituent atoms.

The bandgap reduces with the raising Ga concentration and may be because of a drop in
the average bond energy in the material. E;h changes from 0.495eV to 0.338eV for all

compositions, as depicted in table 3.3.

3.1.2.5 “Heat of atomization”
The energy needed to detach one mole of a substance into its constituent atoms is known

as the “heat of atomization (HS)”. Several physical parameters of the semiconductors have

a direct link with (H). Aigran et al. [21] reported the linear link between the “energy band
gap (AE) and mean heat of atomization” as given by; “AE =a(H —b)” where a & b
represent the characteristics constants.

In the present study, the “lone pair electrons” states create the “valence band (o state)”
while “conduction band” arises from “anti bonding (c*) states”. So the bandgap can be
correlated with the average bond strength. The decrement in the bond strength of the system
leads to less splitting; and subsequently there is decrease in the band gap.
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Pauling [19] stated that the heat of atomization for binary system at standard pressure and
temperature for atoms is evaluated by the formula: H,(A— B) = AH + 0.5(H 2+ H®)where
AH (change in heat of atomization) is proportional to(y, — 4,)> For higher-order

semiconductor materials (viz ternary, quaternary etc.) the average heat of atomization is
computed by the relation [22, 23]:

o (@HZ* +bH® +cHX +dH )
° (a+b+c+d)

(17)

where the symbols have their usual meaning. It can be seen from table 3.3that with the
decrease in Se concentration and increase of Ga content, the value of HS increases. It may
be due to the substitution of Ga having higher Hs value compared to Se. The average single
bond energy is estimated by the formula : Hg/ < > .The variation of Hy/ < > with Ga
content (0 - 10 at. %) has been given in figure 3.6. From the figure it is noted that with the

raising of Ga concentration, there is a fall in the values of HS [ <r> This behaviour may

be correlated with the decrement in CE values that leads to the weakening of bond strength
with enhancing Ga concentration.

The rise of Ga content and reduction of Se content leads to decrease in “average single

bond energy ﬁs / <r > and energy bandgap. A similar trend has been previously stated

by Fouad [24] for SeSb system and there is linear relation between HS [ <r>and Eq,
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Figure 3.6: Plot of electronegativities and average single bond energy with Ga

content

Electronegativity of the material is estimated from the principle stated by Sanderson [25].
Conferring to this, the geometric mean of the electronegativity of an alloy's individual
constituents is the alloy's net electronegativity. It is clear from figure 3.6 that the

electronegativity also reduces with the addition of Ga content.

3.1.2.6 Covalent and lonic nature of bonds

According to the “bond constraint theory of Phillips-Thorpe” [6], for “<r> = 2.4, all bonds
are absolutely covalent”, however for another value of <r> greater than or less than 2.4, the
material may show ionic nature along with the covalent character. The Pauling formula has
been applied for the computation of the ionicity of a bond. Pauling ionic character (Ic) and

degree of covalency (C)is given by the relation [26]:

76



“C, =100 x(exp[%} } (18)

I :100x(1—exp{— @D (19)

The difference in electronegativity of elements is inversely proportional to the degree of
covalency of the material. All compositions under study have covalent character i.e.>90%
(table 3.3).

3.1.2.7 Estimation of “stoichiometry deviation (R)” and prediction of “glass transition
temperature (Tg)”

R value decides the content of chalcogen in the system. It can be defined as the ratio of

covalent bonding of chalcogens element viz (Se & Te) to the anti- chalcogens viz (Ga &

Ge). For the GeTeSeGa system, the R value is being obtained from the relation [27, 28].

R bNTe +cNSe
aNGe + dNGa

(20)

According to R values, the chalcogenides can be categorized into three groups
» For R>1, then the material is considered as chalcogens rich having chalcogens-
chalcogens bonds along with heteropolar bonds.
» For R<1, then the materaisl is considered as chalcogens poor, having only
heteropolar bonds.
» For R=1, then the system has only heteropolar bonds.
The variation of R with Ga concentration is depicted in figure 3.7.
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Figure 3.7: Plot of dependence of R with Ga content

In the present study, R>1 (figure 3.7) indicates that the material under study is regarded as
chalcogens rich, having both chalcogens—chalcogens (homopolar) bonds and heteropolar
bond.

The supercooled liquid becomes solid at some temperature known as “glass transition
temperature Tg”. It is an essential parameter which deals with the rigidity and strength of
the glassy system. The optical characteristics of chalcogenide glasses are linked to the
average bond energy that strongly depends on the value of <r>, the kind of bonds, bond
energy and degree of cross-linking per atom. “The mean bond energy (<E>)” has been
obtained according to “Tichy and Ticha” [27, 29] given by the relation:

«<E>=E,+E,_~ (21)

where E. represent contribution originating from the stronger “heteropolar bonds” and Erm
represent contribution originating from the remaining weak “homopolar bonds”. The value
of both the parameters Ec and Em show dependency on the value of R. For the present

system <E¢> is given by

Ec =aN (Ge) ESe—Ge +aN (Ge) ETe—Ge +dN (Ga) ETe—Ga 21(8.)
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where a, b, ¢, & d represent the atomic percentage of elements, N represent the coordination
number of Ge, Te, Se and Ga respectively. The bond energies of the homopolar bonds are
given by the relation;

g _bN(Te) +<>N(Se)<—r a>N (Ge) —dN(Ga) 21(b)

Tichy and Ticha proposed the equation for the estimation of “glass transition temperature
(Tg)” as

“T, =311[(E) 0.9 (22)
where <E> represents the mean bond energy of thesystem. It is noticed from figure 3.8 that
with the raising of Ga concentration, the values of <E> increases. As <E> values are used

in glass transition temperature calculation, same trend in T4 have also been observed. Saiter

et al. [30] suggested that if the doped element shows a coordination number higher than 2,
then Tgand <r> are linked by the relation; T, = f(<r>). Hence an increment in Ty with

the Ga concentration possess coordination number 4 signifies enhancement in the

connectivity in the glassy system.

Mean Bond Energy
—®— (lass Transition Temperature

/‘

Figure 3.8: Plot of transition temperature and mean bond energy with Ga

concentration
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3.2 Structural Properties

This part of the chapter comprises of structural properties of GeTeSeGa quaternary
chalcogenide glasses by the various characterization techniques such as “XRD, HRSEM
and FTIR spectroscopy” up to far-IR region. The outcomes are discussed based on bond
energies of distinct bonds, their probabilities and “chain crossing model, random-covalent
network model and the chemical bond approach” in the investigated system. “X-ray
diffraction and HRSEM” techniques have been used for the confirmation of the amorphous

nature of the material.

3.2.1 Structural Studies of GeTeSeGa chalcogenide glasses
The XRD analysis of the GeTeSeGa thin films with various compositions has been depicted
in figures 3.9 & 3.10. The absence of sharp peaks reveal the amorphous behaviour of the

system.

Intensity(arb.units)
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Figure 3.9: XRD pattern of GeioTesoSe10-2Gaz(z = 0 at. % to 4 at. %) thin films
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Figure 3.10: XRD pattern of GeioTesoSe10--Gaz(z = 6 at. % to 10 at. %) thin films

3.2.2 EDS and HRSEM data analysis

The energy-dispersive X-ray spectroscopy (EDS) images provide idea about the
presence of elements in the sytem and the spectral distribution of the constituent
elements are shown in figure 3.11. The EDS outcomes signify the presence of peaks
corresponding to Ge, Te, Se and Ga elements; which confirms the existence of these
elements in the prepared alloys. The images of HRSEM defines the surface
microstructure of the GeTeSeGa glassy system. The HRSEM figure 3.12 shows the

irregular morphology, shape and position of the grains.
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Figure 3.11 : EDS images for the GeTeSeGa glasses
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Figure 3.12 : HRSEM images for GeTeSeGa glassy system
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3.2.3 Far- Infrared spectroscopy

3.2.3.1 A quantitative explanation of absorption bands
In this technique, absorption is a consequence of bending and stretching vibrations in the

molecular system. The bonds energy of heteropolar bonds (Ea-g) like Te-Ga, Ge-Te, Ge-
Se and Se-Te in the system under investigation is determined by the Pauling relation given
in equation 15 [18]:

“Epp = (EA—A xEg g )% + 30(ZA — X8 )2” (15)

The “relative probability” of various bond formations has been obtained with the help of

the probability function [31]exp(%J at 300K and 1273 K respectively, where kg
B

represents the “Boltzmann constant”. The obtained values of relative probabilities and the

bond energies for different bonds are shown in table 3.5.

Table 3.4: Distribution of bonds, energies of bonds and relative Probability

Bonds Bond Energies (kcal/mol) Relative Probability of bond formation
at 300K at 1273K
Ge-Se 4942 1 1
Se-Ga 46.09 3.75%107 2.68x1071
Te-Se 4418 1.52x10 1.26x101
Se-Se 44.00 1.13x10* 1.17%107!
Ge-Ge 37.60 245107 9.35x107
Ge-Te 35.46 6.76x1011 4.01+103
Te-Te 33.00 1.093x10°12 1.52%1073
Ge-Ga 28.62 7.04 <1016 2.7%10*
Te-Ga 28.21 3.54 < 10°1° 2.3x10*
Ga-Ga 20.00 3.70 x 1072 8.9x10°

The Far-infrared transmission assessment of the GeTeSeGa glassy system has explained

under the rules as follow:
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i.  “Valence field Theory (VFF): This theory is based on the assumption that there is
a strong restoring force in the line of every valence bond if the distance between the
two atoms bound by this bond is varied” [32].

ii.  “The position of the intrinsic IR features is influenced mainly by stretching force

constants of the corresponding chemical bonds” [32].

The wavenumber (v) of the vibration modes in the infrared spectrum is estimated by the
weight of an atom and interatomic force in the group of atoms in the system. The relation
is as [33, 34]:

0.5
2nc\ u
K represent the “force constant” and “u refers to the reduced masses” of formed bonds and

: M. M : :
can be estimated by z = —2—2— here M1, M represent the atomic mass of the particular
1 + 2

atoms.

The relation formulated by Gordy [35] for the estimation of force constant (K:) value is as
follows:

0.75
K, =aN (Mj +b (24)

The constant a and b have values 1.67 and 0.30, also d represent the bond length in nm
obtained by the addition of the covalent radius of the atoms. N is the bond order given by

the formula [35] «“\ _ 9+2h =3, where 14, 1> represent the covalent radius for a single and
2d +r, —3r,

double bond”.

The relation in (equation 32) is applicable to hold accurately for many simple polyatomic

molecules and diatomic molecules respectively.

Somayayulu [36] formulated a relation to determine the “polyatomic force constants by

covalent force constants and electronegativities” as follow:
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Kz :(K.uKss )U-’ +(Z_; — Xz J- (25)

Kag denotes the force constant for heteropolar bond A-B, Kaa & Kgg represent the “force
constants” for homopolar bonds “A-A & B-B”. The values of force constants for Te-Te,
Ga-Ga Se-Se and Ge—Ge are 1.25 eV, 0.24 eV, 1.91 eV, 1.29 eV [36, 37]. The manually
estimated theoretically values of wavenumber (v) along with reduced mass and force

constant are depicted in table 3.6.

Table 3.5: Types of bond formation, d, Kag by Somayayulu, p, v by Gordy and

Somayayulu.
Bonds d(nm) Kais ux (10°29) v (cm™) v (em™)
(eV) (kg U Gordy Somayayulu

Ge-Ge 0.244 1.29 6.05 268.5 246
Ge-Te 0.265 1.27 7.71 2293 217
Ge-Se 0.239 1.86 6.30 267.9 289
Ge-Ga 0.245 0.59 5.92 2314 167.4
Te-Te 0.286 1.25 1.06 189 182
Te-Se 0.26 1.75 8.13 228.9 246.2
Te-Ga 0.268 0.63 7.51 233.8 153.6
Se-Se 0.234 1.91 6.58 302.9 287
Se-Ga 0.247 1.22 6.17 271 2359
Ga-Ga 0.25 0.24 5.81 253.8 107.8

3.2.3.1 Qualitative explanation of absorption bands
Sometimes the small frequency vibrations may not detected by Raman spectroscopy due to

prohibition of selection rules. For that case, far IR spectrum is the only means for detecting
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the data. The absorption in the “FTIR spectroscopy” is a consequence of bending and

stretching vibrations in the material.

Numerous approaches have been followed to discuss the structural and physical
charcteristics of chalcogenide materials. In the Te based glassy materials, two approaches,
such as “random covalent network model (RCNM) and chain crossing model (CCM)” plays
a significant role in managing two and four-fold coordination in the material. For a Ge-Se
binary system, Tronc [38] investigated the Raman scattering spectra and their optical
properties. CCM describes the cross-linkage of two-fold coordination in Se with four-fold
coordination Ge. Every Ge atom in the molecules makes the “heteropolar bond” with Se
and Te. So the probability of Ge - Ge “homopolar bond” is forbidden [39]. The RCNM
states that the sharing of all existing bonds in GeTeSe system such that Se-Ge, Te-Se, Te-
Te, Ge-Ge, Se-Se, are affected by the compositional and “two and four-fold coordination”
and not by any other factor viz. bond strength etc. The structure of materials has been
described by “CBA proposed by Bicerno and Ovshinsky” [17] which states that atoms

assemble preferably with the atoms of a dissimilar type instead of a similar one.

The far IR spectra of GeTeSeGa powdered samples have been shown in figures 3.13 &
3.14. For z =0, pure glassy alloy, i.e. having no Ga, comprises peaks at (89, 112, 151, 229
and 280 ) cm respectively. A peak located at 280 cm™ is allocated to the Raman mode of
GeSe;,, which agrees with “Ball et al.” [40]. The peak situated at 229 cm™ is allotted to
GeTeq tetrahedral, which agrees with the earlier results [41]. While the peak located at 151
cmhas been labelled to the homopolar Te-Te bond [42], the peak at 85 cm™ -90 cm™
resembles V> (E) bending modes of GeTes tetrahedra according to the literature data [43].
The fragile absorption peaks in the infrared spectrum can be because of Raman permitted

modes of small crystal-like vestige [44].
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Figure 3.13: Far-IR spectra of GeioTesoSe10:Ga; (z = 0 to 4) samples
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Figure 3.14: Far-IR spectra of GeioTesoSe10:Ga; (z = 6 to 10) samples
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With the incorporation of Ga in the GeioTesoSes system, the peak at (71, 113, 147 ,162,
217, 236, 272, 294) cm™* has been detected (figure 3.14). The bonding configuration of Ga
in the GeTeSe material is still unclear. Some researchers [45] revealed that Ga possesses
three-fold coordination that concerns the covalent bonds with the antibonding p electrons
of Te; i.e. Ga atom does not form covalent network with GeTe alloy. However, several
researchers reported [46] four-fold coordination of Ga which binds immediately into Ge-
Ga-Te tetrahedral system. The peak situated at 272 cm™ and 294 cm™ has been assigned to
the GeSe, mode. The band originated at 236 cm™ represents GeTeq tetrahedral in which is
in agreement with the previously stated data by [41]. With the incorporation of Ga within
the GeTeSe system, Ga chooses to get into the tetrahedra outrigger site of Te and causes
decrease in stress. It occurs merely because of the higher atomic radius of Ga (1.35A)
compared to Se (1.17A). The incorporation of Ga leads to the existence of new peak at 217
cm, which may be linked to the antisymmetric stretching of GeTe4 tetrahedral [41, 47].
The peak detected at 147 cm™ (z =2) maybe designated to the vibrations of Te-Te bonds
[44, 42, 48]. However the same peaks are obtained at (151, 152, 145) cm™ for z = 4 at.% to
10 at. % respectively. Similarly, the band recognized at 113 cm™ is assigned to the
tetrahedron GeTes[47]. The peaks at 110 cm™, 113 cmisalso being acknowledged in other
compositions respectively. The peaks at 85 to 90 cm™ are ascribed to the V2 (E) bending
modes of GeTes tetrahedra for all compositions (table 3.7)[43]. The composition is

chalcogens rich, consequently, the existence of a Ge-Ge homopolar bond is forbidden.

89



Table 3.6: Several absorption peaks positions in amorphous GeTeSeGa system

S.No Peak position Assignment (From Literature)
L 269 cm’” 0 296 cm” GeSex [40]
2. 229cm’ to 236 e GeTes [41]
3. 213 em t0217 e GaTey (anti symmetric stretching mode) [41,42,47]
4. et o Ga-Ga [50]
183 cm to 185 cm
S. 162 cm’ GeTe [47]
6. 145cm” to 151 cm” Symmetric stretching vibration of Te-Te bond [41.42]
7. 125 cm_l to 128 cm_l Vi(Al) Symmetric stretching mode of GeTes, GaTes [47]
8. 112 cm to 113 cm Existence of Tetrahedron of GeTes [42]
9. 83 cm’ to 95 cm Assigned to tetrahedral bending modes of GeTe4 [43]
10. 66 e to 68 e Assigned to tetrahedral bending modes of GeTes [43]

Amin et al. stated [8] that the chalcogens elements among Se and Te, Te has three-fold
coordination hence excess Te in the system implies the formation of unsatisfied Te-Te

bonds because of symmetric stretching of homopolar Te-Te bond.

It is revealed that the Raman signals of GaTesand GeTes tetrahedra overlap atleast in glassy
systems, where the peaks or bands are broad and coinciding [49]. The absorption peak at
162cm™ is assigned to GeTe; [44]. For z = 8 &10 the band arises in the range ~ 125 cm™
to 128 cm™. This band is being ascribed to the V1 (A1) symmetric stretching mode of GeTes
and finally GaTe, tetrahedra. For z = 8 &10, the peak at 185cm™ to 183 cm™ has been
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detected, which corresponds to Ga—Ga vibration as reported by “V. Nazabal et al.” at 180
cm*[50]. By the substitution of Ga in Ge-Te-Se material, Te—Te chains were divided and

new Ga-Te bonds are formed.

It is known that Ga and Ge are local neighbours in the modern periodic table and have the
equivalent size and electro-negativities [49]. Ga may build up the Te chain and frame a new
glassy structure relating to Ga-(Te-Te)as/2 triangles and Ge-(Te-Te)a.. tetrahedra. Thus, the

appearance of homopolar Te-Te bonds is reduced in present glassy network [49].

“The optical band gap (Egpt)” of the studied material reduces with Ga percentage. The

reduction in optical bandgap may be attributed to the generation of Te-Ga bonds possessing

lower bond energy compared to Ge-Se bonds (table 5). Additionally, the reduction in the
Egpt may be because of the generation of Te-Te bonds. By the replacement of Se with Ga,

the far-infrared investigation predicts that new Te-Ga bonds formed along with former
bonds viz Te-Te, Ge-Te and Ge-Se. Te-Ga bond possesses smaller bond energy compared
to other bonds. The lower bond energy corresponds to reduction in the values of the mean

bond strength of the material.

Consequently, calculated energy gap (E;h) and optical bandgap (Egpt) of the material

reduces. Moreover, the defects state increases with the increment in Ga concentration
which further reduces the optical bandgap. Therefore, far-infrared outcomes support a

decline in Eg™.

3.3 Conclusion

Theoretical investigation indicates that with the addition of Ga, the mean coordination
number, density and counts of constraints of the material increase. The system behaves as
overcoordinated and rigid. The values of the “lone pair of electrons” decrease with the
enhancement of Ga addition. Transition temperature and mean bond energy enhances with
the rise of Ga amount. Theoretical energy gap, electronegativity and cohesive energy shows
decreasing behaviour with the rise of Ga content.

XRD study indicates the amorphous character of the prepared thin films. Far - IR study
indicate that the inclusion of Ga leads to the formation of Te-Te bonds and Te-Ga bonds.
The lower bond energy corresponds to reduction in the values of the mean bond strength
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of the material. Consequently, the calculated energy gap and “optical bandgap” of the

material reduces.
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4. Optical properties

This chapter comprises of investigation of several optical constants viz “refractive index
(n), absorption coefficient (o), optical band gap(E;pt)”, optical density (Dop), extinction
coefficient (k), penetration depth (y) and dispersion parameters (Eq and Eo) etc. “The non-

linear parameters like non-linear refractive index (n2) and non-linear susceptibility (x©))
have also been calculated”. The two essential parameters like E;’pt and n have been

determined by the “Swanepoel approach and the Tauc extrapolation technique” [1, 2]. The
influence of Ga on GeioTegoSe10-:Ga; (z = 0 to 10) chalcogenide thin films have been
investigated to check the variation of “linear and non-linear optical properties”. Due to low
optical bandgap and high “linear and non-linear refractive index”, the studied system may
be used for optoelectronic applications. The optical properties have been realized by “UV-
Vis-NIR spectroscopy” in the NIR range. Because of their applications in modern covalent,
chalcogenide-based glasses have gained enormous attention. These glasses have several
industrial uses due to its “thermal, optical and optoelectronic” properties. The properties of
chalcogenides may be easily modified by adding various elements as well as the method

of synthesis and film deposition on a substrate.

4.1. Experimental details

The bulk samples of GeTeSeGa chalcogenide system are prepared by the traditional “melt
quenching technique”. The thin films of the prepared samples are deposited by thermal
evaporation method. The details of synthesis of bulk samples and thin films have already

been discussed in chapter 2.

4.2 Results and discussions

4.2.1 Linear parameters

4.2.1.1 Determination of “thickness and index of refraction of the thin film”
“The refractive index (n)” of the thin films has been evaluated by Swanepoel approach [1].

Figure 4.1 illustrates the transmission spectrum of prepared chalcogenide thin films. It is
observed from figure 4.1 that with the addition of Ga in the system, the absorption edge
moved to high wavelength region (red-shifted).Presence of various interference fringes
indicates that the films are uniform and smooth, i.e. no absorption or scattering occurs at

the longer wavelength. The strong absorption occurs due to the electronic band transitions
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of carriers. According to Swanepoel, [1] the minima and maxima of transmission spectra

can be utilized to measure the optical properties. The study of chalcogenide glasses by this

method is reported by several researchers [,4, 5]. By utilizing minima and maxima, the

continuous envelope has been drawn using software (figure 4.2).
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Figure 4.1: Transmission spectra of GeioTesoSe10-Ga; (z = 0 to 10) chalcogenide

thin films
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For all regions (transparent, medium and weak absorption region), the index of refraction
(n) is estimated by the relationship [1]:

n=[M +(M? —s?)%%]"? (26)

Ty T, (s*+1
M u?+(“§ +)

jl—:-‘Ia‘ Tm 2

M=12s for weak and medium absorption 26(b)

25 (s?+1)
M=—"-
where T 5

, for the transparent region and 26(a)

Tm & Tmrepresent the minima & maxima of transmittance at particular wavelength (A) and
s represent the indices of refraction of glass having a value of 1.51. The absorbance (x) has
been estimated by:

wy_ By ~[Ey" ~(0* ~1°(n — 5]

= (n—1°(n—s?) @)
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8n°s

where E,, = +(n* -D(n? -s?)” 27(a)

M
The basic interference equation is : 2nd =m A , where m denotes the integer for maxima

& half-integer for minima. The film thickness is obtained using the relation [1]:

B M,
2(4Nn, = A,Ny)

(28)

where n1 & n; are index of refraction of two nearby minima and maxima at “wavelengths
M & A2 respectively. The values of di and d are calculated by substituting d1 and d> in
place of d in equation 28. The mean thickness (d1) value has been employed to calculate
the order number for distinct minima and maxima. Thereafter, corrected thickness (dz) has
estimated with the help of half-integer and exact integer value of mo. The new values of d>
and mo have been utilized to determine final n values. The obtained values of thickness (dy

and dz) with Ga concentration have been tabulated in table 4.1.

Table 4.1: Values of thickness d1 and d. for GeTeSeGa thin films

4 di(nm) dz(nm)
0 1031 1023
2 1092 972
4 950.5 989.8
6 1001 998

8 936.5 949.3
10 596 581

By the addition of Ga, the absorption edge is red shifted which leads in reduction of “band
gap and also rise in refractive index”. Further the variation in the film thickness values also

changes with Ga content. The final n values are fitted using the “Cauchy dispersion

equation ; n= a+% ”” and the least square fitting approach is used to determine the values

of a and b. The variation of n with A is shown in figure 4.3.
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Figure 4.3: Dependence of n values with A for GeTeSeGa thin films
It is noted from figure 4.3, that the “refractive index” values decrease as the wavelength
increases. This decline may be ascribed as the “normal dispersion” response of the material.
With the enhancement of Ga content, the refractive index of GeTeSeGa thin films
increases. It may be attributed to the replacement of less dense element Se with the high
denser element Ga. It has already been discussed in chapter 3 that by adding Ga in the
system, the density values increases, hence the larger density values lead to enhancement
in refractive index of the system. The Lorentz—Lorenz connection may account for the
increase in refractive index [6]. The relation states that higher the atomic radii, greater is
the polarization, thus greater is the refractive index [7]. Larger values of the index of

refraction found for the samples are ideal for making IR mirrors and filters.

Absorption coefficient (a) is determined as follows [1,8]:

a:lhl[lj (29)
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Where x and d denotes the absorbance and thickness of thin-film (cm). The dependence of

a on the hv is depicted in figure 4.4.

Figure 4.4: Variation of absorption coefficient with photon energy

Figure 4.1 clearly depicts that by increasing of Ga, the absorption edge is shifted towards
higher wavelength region, i.e. red shift in the wavelength, which results in the rising of o

value with Ga content.

The “extinction coefficient (k)” is described as the amount of em radiation lost per unit
distance of the participating medium owing to scattering and absorption. The values of k

have been obtained by the equation [1, 9]:

_&
Az

k (30)

The values of the extinction coefficient of the investigated system rises as the concentration

of Ga increases (figure 4.5).
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Figure 4.5: Plot of Wavelength and extinction coefficient for GeTeSeGa thin films

It is noted from equation 30 that k is proportional to a. Hence increase in a with Ga content
leads to increment in k values.

“Dielectric constant (g)” of the materials is related to the magnetic energies, dissipation
energy and storage. The “real dielectric constant (er)” determines how much it slows down
the light propagation in materials whereas “imaginary part (¢i)” of the “dielectric constant”
describes a material's ability to completely absorb energy from a time-changing electric
field. The dielectric constant (g) is given by [10]:

e=¢, —¢ =(n-ik)’ (31)
g, =n®—k? 31(a)
g = 2nk 31(b)
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Figures 4.6 and 4.7 show how the “real and imaginary parts of the dielectric constant” vary

with wavelength.
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Figure 4.6: Plot of & with A for GeTeSeGa thin films
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With increasing wavelength, & & & of the “dielectric constant” of examined thin films
depict a comparable diminishing behaviour as that of n and k. It is already discussed in
figure 4.3 and 4.5 that by increasing of Ga, the values of n and k enhances. Moreover, & &
&i are related to n and k (equations 31(a) and 31(b)). So increase in both the parameters (n

and K) with the Ga content also results in the enhancement of & & &; values.

4.2.1.2 Determination of WDD / Single oscillator parameters
Wemple - Di Domenico (WDD) [9, 10] suggested the single oscillator model to describe

the dispersion energy parameters Eq and Eo. Eo and Eq denote the energy of a single
oscillator and the energy of dispersion respectively. The dispersion in n of the studied films
has been fitted by the WDD model.

The n value is determined by using the equation [11, 12]:

n2 1= EoEd (32)

E2 — (hv)?
Eo also referred as “average energy gap (EgWDD )”” has been observed to decline as the Ga
increases. Tanaka [13] proposed the relation: E, = 2EgWDD . The single oscillator

parameters (Eqand Eo) are obtained from the linear graph of (n?-1)* with (hv)?as plotted

in figure 4.8.
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Figure 4.8: Dependence of “(n?-1)* with (hv)?” for system

The values of E, and Eq are estimated by linear fitting the plot and calculated with the help
of intercepts Eo/Eq and slope (EoEq)™. The values of parameter E, is observed to decrease
while Eqincreases (table 4.2). E, is connected to the cohesive energy measures mean bond
strength. It has been reported in chapter 3 that by adding Ga in the GeTeSeGa chalcogenide
system, the mean bond strength reduces [14]. Table 4.2 clearly illustrates that with the
enhancement of Ga, the WDD parameters (E, and Eg) vary.

The dispersion parameter Eq exhibits the similar pattern as that of the film refractive index
and both increase with Ga content. It is already discussed in chapter 3 that by adding Ga

concentration, the values of <r> increases and so Eg increases.
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Table 4.2: “Calculated values of dispersed energy (Eqd), single oscillator energy (E,),
bandgap determined from single oscillator model (Eg), dielectric constant at a higher

frequency (ex) , static refractive index (no), moments of &i, (M.1& M.3)”.

z EeV) | Eo(eV) | £ (ev) 1, £ M, M
0 2522 2.26 1.13 3.48 11.917 10.92 2.19
2 25.44 224 1.12 3.50 1231 1131 223
4 25.71 222 1.11 3.54 12567 1157 233
6 29.72 2.19 1.09 3.81 1455 13.55 2.81
8 31.84 2.15 1.07 3.97 15.673 14.67 3.04
10 36.49 195 0.98 443 18.86 18.64 4.86

The “static refractive index (no)” is obtained by the formula:

0.5

Ed
no = |:1+ E—j| (33)

0
The enhanced values of no with the rising Ga are listed in table 4.2. The increment in no
values may also be attributed to the substitution of less dense Se (4.819gcm™3) with more

dense Ga (5.91gcm™) [14]. “Dielectric constant at a higher frequency (e..)” is estimated by
the relationé,, = (no)2 . Table 4.2 shows that e value enhances with Ga concentration. As

€ IS directly proportional to the square of no, hence increase in €. may be due to increase
in no values.

The WDD parameters “Eo and Eq” are associated to “imaginary part of dielectric constant
ie.

&i =2nk”. The optical moments “(M.1 and M-3)”” has been determined as [11, 12]
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M
“«El=—7 and E2=_—= 4
M, M (34)

which may be written in revised form as:

M

E,2

M == and Ms=—3~ 34(a)

By raising of Ga content, the values of these parameters “(M.1 and M.3)”” enhances (table
4.2). It is mentioned earlier that M.; and M3 are related with . Hence increase in &; values

with Ga content (figure 4.7) led to increase in both the parameters (M.1 and M.3).

The dispersion parameter () is given by [11, 12]:

Ed :ﬁZaNpNe (35)
where Np represent the effective coordination number, Ne denotes to the “total count of

valence electron per anion, and Z,=2 refers to formal valency of the anion. The parameter

B has two values i.e.”

0.37 £0.04eV for covalent (crystalline & amorphous) solids, and 35 (a)

0.26 £0.03eV for ionic solids 35 (b)

The values of above-mentioned parameter have been obtained by revising the base

composition as (GeiGao)ioTesoSeio. Now considering the hypothetical cation GeiGao,
N, =(10x4+80x6+10%6+0%3)/90~6.444 N =(1x4)=4, =0.41 and Za=2, the

value of Eq has been calculated using equation 35 : Eq=21.14 eV. Similarly, the values of
Ne, Np and Eq4 for other compositions are listed in table 4.3. For all compositions, the values
B =0.41 and Za =2 were used.
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Table 4.3: Values of N¢, Np and Eq and field strength (f) for different values of z

z Proposed cation Ne Np Eq f

0 Ge1Gao 6.4 = 21.13 54.46
2 Geo 233Gao 166 6.5 4 2139 57.20
4 Geo.714Gag 233 6.6 = 21.66 57.30
6 Geg625Gag 37s 6.7 4 21.94 65.18
8 Geg s5556Gap 4444 6.8 4 22.24 70.87
10 GegsGag s 6.9 4 22.55 71.42

The Eq values enhance with the rising concentration of Ga in the pure system. However,
the value of cation's effective coordination number N, remains constant. It is well known
that if two atoms involved in the bond formation having large difference in their
electronegativities (Pauling electronegativity), then the bond will be more ionic. With the
rising amount of Ga in the system, Eq values rises as explained earlier. The value of Np
remains the same while Ne rises. The observed rise in values of Eq and Ne indicate the more
interaction among structural layers and may be associated with the rise in compactness

values in the system as discussed in chapter 3.

It is already mentioned in chapter 3 that the effective coordination number & average
coordination number of the material enhance with the Ga concentration, so the E4 values

also enhances [10]. Oscillator strength (f) has been obtained from relation [15]:

f =EE, (36)
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It is noted that as the gallium content rises, the value of oscillator strength rises substantially
(table 4.3). Since the f values are related to Eq and Eo, variation in these parameters led to

increase in f values with Ga content.

4.2.1.3 Optical density and depth of penetration
The absorption coefficient plays an essential role in defining other parameters viz. bandgap,

skin depth (), optical density (Dop) etc. Optical density may be described as the degree to
which a refractive medium impedes the beam's transmitted rays. The parameter Dqp in thin
films results from scattering and refraction of light, which also implies the speed of the em

wave in the system.

The optical density of the investigated thin films is obtained by the relation [16]:

D,, = od (37)

op
Figure 4.9 displays the variation of Dop with hv. From the figure, it depicts that at lower
photon energy, zero absorbance has been noted which indicates an enhancement in the
transmittance of the electromagnetic spectrum in the lower photon energy region. This
response indicates the high infrared transmittance window in GeTeSeGa chalcogenide thin
films. With the rise in Ga content, the values of optical density also increased. It is already
mentioned that o plays an important role to determine Dop values and also Dop is
proportional to a. The increase in Dop Values with the Ga content may be due to the increase

in a (figure 4.4) with the addition of Ga content.
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Penetration depth or skin depth () is a measure of how deep the light or any em radiation
can penetrate into a material. It is referred to as the depth at which the optical density of the

incident light becomes 1/e of its value at the film's surface.

The penetration depth depicts its dependency on a as [16,17]:
w(em) =1 (38)

Figure 4.10 shows the dependency of y on the photon energy (hv) for thin films
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It is observed from figure 4.10 that with the rise of photon energy, the value of skin depth
declines for all samples which may be due to increase in a value (equation 46) with the Ga
content.

For the energy lesser than (hv), the absorption effect disappears. The photon energy at
which the skin depth depicts zero value is termed as cutoff energy. For all the investigated
samples, Ecuttotf = 0.93eV and the corresponding Acuttott = 1330nm.Single mode optical fibre
has cutoff wavelengths in the range 1300nm to 1550nm. The wavelength of the studied
system also lies in the same range indicating the materials may be appropriate for single

mode optical fibres.

The “optical conductivity (c)” may be linked to the “imaginary and real part of dielectric
constant (& & &r)” by the correlation [18]:

oc=0c +ioc
=g, +ig;
(39)

O = wsiE,

o =ws& &,
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where o and o represent “real & imaginary parts of the optical conductivity, o represents
the angular frequency”. Figures 4.11 & 4.12 illustrate the dependence of optical
conductivity (o and &) with photon energy. It has been found from the figures that optical
conductivity raises with the rise of photon energy. This response could be due to electron

excitation as the incident energy increases.
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Figure 4.11: Plot of “real part of optical conductivity versus photon energy”
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Figure 4.12: Graph of “imaginary part of optical conductivity vs photon energy”

It is known that 6 (6" and ¢ ) parameter is related to &r and & of dielectric constant. It is
found that both &r & &i increases with the Ga amount. Also € (er & &) are associated to n
and k, so increase in all the four parameters led to increase in optical conductivity with the

increase of Ga content.

4.2.1.4 “Optical band gap”
“The optical band gap (Egpt )” for GeTeSeGa thin films in the high absorption region
(a = 10*cm™1) is determined by the Tauc formula [2, 19-21]:

ahv =Bhv-EX)" (40)

where Eg‘“ represents the “optical band gap” and B represents the tailing parameter. The

values of m in the equation 40 have different values for allowed and non-allowed

transitions, i.e. m = 2 for in-direct allowed and m = 1/2 for direct allowed transition [22,
23]. The response of (ahv)”*with hy(ev) has been plotted in figure 4.13. The value of
E> is obtained by extrapolating (ahv)?5 - 0. The obtained values of the “optical band

Y

gap” have been listed in table 4. It is found that with the rise in Ga concentration, the
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absorption edge shifts towards the higher wavelength indicating the reduction in E;’p‘.

Conferring to Mott and Davis [24], the Egp‘ is indirectly linked to the “width of localized

states” and defects. The reduction in Egm is in good agreement with the mean bond strength

(CE) and E;h with the raise of Ga content. The shrinkage of E;"“ of the system may be

attributed to the presence of high localized states. The enhancement of defects and disorders
in the network may be due to the generation of Ga-Te bonds with the rise in Ga

concentration. This bandgap behaviour of the studied system is in consistent with the
literature data [25, 26].
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Figure 4.13: Dependence of (akv)%Swith hv for prepared thin films
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"opt

Again the bandgap is estimated by plotting hv(ei)*® against hv (figure 4.14) and E™ is

obtained using the relation [18, 27]:

h?v?eg, = (hu —ES™ )2 (41)

The above relation can be rewritten as

hu\/g_i = (hu - E;f’pt) 41(a)

The obtained values of E* show a good agreement with the E_” values. The calculated

values are tabulated in table 4.4. Optical band gap is very delicate property of the system
and reflects its bond strength. The decrease in “optical band gap” values may be due to

variation of bond angles and bond lengths.
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Figure 4.14: Dependence of hu(ei)**withhv for GeTeSeGa thin films
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Additionally, it is observed that by adding Ga in GeTeSe system, it raises the density of
defect states. However, the structural defect model argued that Ga has a lower
electronegativity value than Se, so Ga generates the impurities with positive charge [28].
Furthermore, Ga is metal and possess zero band gap, which is less than that of Se (1.95

eV). As a result, “band gap” decreases with the Ga content (chapter 3).

Also, E(j’pt of the investigated samples reduces with Ga at.%. The reduction in optical

bandgap may be attributed to the generation of Te-Ga bonds possessing lower bond energy

compared to Ge-Se bonds as discussed in chapter 3. Additionally, the reduction in the Eé""t

may be because of the generation of Te-Te bonds. By the substitution of Se with Ga, the
far-infrared investigation envisages that new Te-Ga bonds formed along with former bonds
viz Te-Te, Ge-Te and Ge-Se. Te-Ga bond possesses smaller bond energy compared to other

bonds [29]. The lower bond energy corresponds to reduction in the values of the mean bond

strength of the material. Consequently, calculated theoretical energy gap ( E;h ) and optical

bandgap (Egpt) of the material reduces. Moreover, the defects state increases with the

increment in Ga concentration which further reduces the optical bandgap.

4.2.1.5 Estimation of frequency dependence dielectric constant
The large frequency dielectric constant can be estimated by realizing the obtained data of

the refractive indices by two methods [30]. While the first method explains the contribution
of modes of lattice vibration of dispersion and free carriers, second one is based on the
dispersion produced by the bounded carriers in free space.

4.2.1.5.1 It method: Estimation of lattice constant and carrier concentration
The lattice constant arises mainly because of two factors partly due to free electrons and

partially due to bound electrons. The relationship between the “wavelength, dielectric
constant and refractive indices” is given by the equation [24, 31]:

e? N
n? =g — A PE
L |:47ZCZ<90 m*} (42)
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gL represent the lattice dielectric constant, N* denote the number of the carrier concentration
and m* is the “effective mass” of the charge carriers. The graph between n? and A? is shown

in figure 4.15 which reveals very small dispersion for longer wavelengths.
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Figure 4.15: “Plot of n? vs A?” for GeTeSeGa thin films.

The values of N*/m* and ¢ are obtained from the slope and intercept of the curve by
extrapolating the plot (figure 4.15). The estimated values of &_and N“/m* are tabulated in
table 4.4. With the enhancement of the Ga concentration, €. increases from 13.44 to 21.33
and similarly, N*/m* also increases from 2.66 to 5.89. It can be observed from the graph
that at a higher energy region, the refractive index is maximum because of normal
dispersion response of material. This behaviour is consistent with the response of
“refractive index” with the Ga content.

In general, the “high frequency dielectric constant _and the ratio N*/m*” is linked to the
internal microstructure of the thin film. Also thickness and band gap are related to the
microstructure of the films. It is observed that e and N*/m* rise with the Ga which is most
likely due to an enhancement in scattering of free carriers from ionized impurities and

defects with rising Ga content and variation in thickness [32].
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Additionally, it is found that e_>¢.. (table 2) which corresponds to the participation of free
carriers on the polarization process that take place within the material when the light is
incident on it [33].

Table 4.4: Estimated values of .o & So, e, N/m*, EJ" and E™

z 2o So x 1013 €L N/m* x 1036 e Tauc EX

(nm) (m?) (m3kg?) (eV) (eV)
0 547.74 3.714 13.44 2.66 0.95 0.95
2 551.61 3.718 13.88 2.83 0.93 0.92
4 557.45 3.721 14.40 2.88 0.92 091
6 566.38 4.22 16.48 3.80 0.88 0.88
8 575.66 4.46 18.30 3.96 0.86 0.86
10 639.06 4.55 21.33 5.89 0.79 0.80

4.2.1.5.2 24 method: Estimation of Sellmeier parameters
The refractive index executes the classical dispersion relation at the higher wavelength.

The relation is given by [31]:

2 2
" _—11 - 1_(%] (43)

Here Ao represent the oscillator wavelength. The Ao and n, values have been obtained from
figure 4.16.

Again the average oscillator strength (So) is given by:

S, =(n,2-1)/4, 43(a)

and equation (43) can also be expressed as:

1 1 1

(nz _1) = /10230 - AZSO (44)
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Figure 4.16: Dependence of (n?-1)* with A2 for GeTeSeGa thin films

The values of So & Ao are estimated from the slope (1/So) and intercept (1/A0%So) of figure
4.16 using equation 44 and the obtained values are given in table 4.4. It is observed that the
values of S, and A, enhances with Ga content.

It is known that “oscillator wavelength (Ao)” is inversely related to E, and it depends on

opt
g

Eg"‘. Consequently A, oc so increase in Ao values attributes to decrement in E

opt »
g

value. However Sq is related to Eq also thus increase in Eq values leads to increase in S,

values with the Ga content.

124



4.2.1.6 Assessment of plasma frequency and optical carrier concentration.
The optical carrier concentration for amorphous GeTeSeGa chalcogenide thin films is

obtained by Drude's Theory [34]

hao, )
T

where ho, gopt and hop denote the photon energy, residual dielectric constant and screened

(45)

plasma energy respectively. Dependence of n>-k? with (ho)? for GeTeSeGa thin films have

been shown in figure 4.17.

. 2?0 . 2!5 .
(hv) (eV)?

Figure 4.17: Dependence of n>-k? on (hv)? for GeTeSeGa thin films

The “optical dielectric constant (€opt) and screened plasma energy (hwp)” is estimated from
the intercept and the slope of the graph (figure 4.17). The values of eopt for studied thin
films have been found to be in the range of 13.75 to 21.68. Both the parameters hop and
€opt IS linked to the “plasma frequency (wp)” by the formula:
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“hew, =22 (46)

The values of wp are € [2.66 Hz, 2.98 Hz] (table 4.5). The optical carrier concentration

(Nopt) is determined by using two factors viz wp and &opt as follow:

* 2
_ gogoptmcwp
opt — 2

P e

N (47)

where m:" represents the “effective mass of the electron (m_ = 0.4m,)” [35]. It is noticed
from the table that both the parameters wp and €opt ShOW a rising trend with the Ga amount.
The estimated values of Nopt are € [1.23, 1.42x 10%° (m™®)]. (table4.5).

“By Drude’s theory, the ratio N*/m* for a dielectric material can be related to the wp and

EoL 2 . ,
> @,~. The increase in
e

N
the lattice dielectric constant gL through the formula [36]: o =

N”/m* values (table 4.4) leads to increase in wp Values. Also wp is related to Nopt (equation
47). Hence increase in Nopt value is observed with Ga content in the system. This is in good

harmony with the semiconductor carrier concentration.

Table 4.5: Calculated values of €opt, ®p, Nopt, ¥ @ and n2

z opt op x 10 Nopt X 10%¢ ) 1019 2 x10°
(Hz) (m?) (esu)
(esu)
0 13.75 2.66 1.23 1.05 1.05
2 14.01 2.69 1.26 1.12 1.20
4 14.35 2.73 1.29 1.22 1.29
6 16.80 2.79 1.33 2.30 2.27
8 18.25 2.82 1.38 3.26 3.01
10 21.68 2.98 1.42 8.25 7.01
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It is already been discussed that by increasing Ga, both the parameters n and k increases,
while these parameters decrease with the rise of wavelength. This response may be linked
to normal dispersion of the material. Additionally, it may be due to high polarizability rate
and more density of Ga compared to Se.

4.2.1.7 Estimation of Electronic Polarizability
The “electronic polarizability (op)” is critical for estimating the relationship

between the ionic/covalent character of solids and the other optical parameters. “Duffy and
others” [37-38] correlated several independent linear optical constants with ap. The average
molar refraction (Rm) for amorphous semiconducting materials is determined by Lorentz-
Lorenz equation [5]:

|
;Vm (48)

where My, p and Vi denote the molecular weight, density and molar volume of the
GeTeSeGa system.

ap can be linked to the Rm of the solid by “Clausius — Mosotti equation” [5]:

(47N )
Rm=1 3 :ap (49)

Conferring “Clausius — Mosotti equation and Lorentz-Lorenz relation”, the relation
between op, N and Vi is described as

2_
n 1_471Npa

n2+2 3M, ° (50)

where 4/3 is a constant and “(n? =1)/(n” + 2) is the reflection loss” denoted by R... The values

of R is obtained from the y-axis intercept at higher energies (figure 4.18(a)). Figure 4.18(b)
illustrates that by enhancing Ga content, the value of oy rises. This enhance response may
be ascribed according to the Lorentz-Lorenz relationship & Clausius — Mosotti model. The

correlation has been found by the generalization of these relationas: I oc N oc &, oc «r

, where 1, &, n, op denote the atomic radii, dielectric constant, refractive indices and
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electronic polarizability. The replacement of Se with Ga, increases all these parameters in

the investigated samples.
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Figure 4.18: (a, b, c and d) Plot of “Ry, ap, M, nopt” with hv.

4.2.1.8 Metallization criterion

Metallization (M) characteristics of a material is a parameter, which studies the metallic or

insulating character of the material. The value of M is estimated from the equation [5]:

M :(1_Rm/vm) (51)
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M values can be divided into two groups:
“Rm< Vm, M > 1; for metallic character

Rm>Vm, M < 1; for insulating or non-metallic character”

Figure 4.18 (c) shows the variation of M on hv and its value is found to be less than 1 (0.21
to 0.15) for all the studied samples It is well known that among all the chalcogens (S, Se &
Te), Te is more metallic than others which lead to easily crystallization. To surmount this
problem Ga is added in Te based system. Hence it may be concluded that with the inclusion
of Ga in the system, metallic character of system reduces. The consequences indicate the

insulating character of thin films.

4.2.1.9 “Optical electronegativity”
“Optical electronegativity (nopt)” is a parameter recommended by “Duffy” [39, 40] predicts

the possibility of ionic bond formation as of atoms or radicals to attract electrons. “Duffy”

suggested a link between electronegativity and n as;

[13 C 025 2
Mopt = (—j (52)

n

where C denotes the unit less constant having the value of “25.54 for all materials”. It is
found that nopt reduces with the raising of Ga concentration (figure 4.18(d)). It can be
correlated with the decrease of electronegativity of GeTeSeGa system as discussed in
chapter 3. With the substitution of Ga (yca<yxse), the covalency (Cc) also parameter increases

and ultimately decrease in optical electronegativity is observed.

4.2.2 Non-linear optical parameters

Nonlinear optical (NLO) materials serve an important role in nonlinear optics,
particularly in information technology and industrial applications. Non-linear optics deals
with the branch of physics which explains the response of em wave in the non-linear media
when a material is exposed to a strong electric field generated by an intense laser beam. So
the polarization (P) and electric field (E) are represented as a power series [41].

P=y YE + X WE? 1 P e where “yY E is linked to the linear response and y®

and ¢® denote the second and third-order non-linear susceptibility”. The intensity-

dependent refractive indices are the most intriguing phenomena among other non-linear
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optical phenomena. Experimentally it has been obtained that under strong “electric fields”;
the polarizability of a material is no longer proportional to the “linear electric field” but
rather the square of the “electric field”. The change in “refractive index (An)” follows the
relationship:

An= n2|E|2 (53)

where E stands for the electric field and n represents the “non-linear refractive index”. The
non-linearity of chalcogenide glasses strongly depends on incident light [42].

Non-linear refractive index may be defined as when an intense beam travels through a solid;
the electric field of the light may induce a variation in the index of refraction of the system,
which is related to the intensity of beam. The chalcogenide glasses possess 1000 times
greater non-linearities than silica [43, 44] and hence are good candidates for mid-infrared
super continuum (MIR SC) generation [45]. Glasses that consist of polarizable atoms or
ions, are likely to have large non-linear optical characteristics. In comparison to glasses,
the crystals show non-linear effects. However, glasses lead due to more advantages viz low
cost, large “refractive index” etc. The refractive index (n) may be described as n = no +
n2<E2>. Here n, >> Ny, and both parameters nz and n, are not dependent on the intensity of
em wave and <E2> represent mean square electric field [42]. The second term of the “non-

linear refractive index n” is related to the non-linear electron polarizability, Pnc as:

P=y"E+P, (54)

Where P, = y?E*+ yVE? 54(a)

4.2.2.1 Tichy and Ticha relation
The non-linear index of refraction (n2) has been deduced according to “Tichy and Ticha”
approach [46]. “Tichy and Ticha” combined the single oscillator model and Miller

generalization rule [47, 48] to evaluate n; as:

Eo Ed

n2=1+——od
E? ~ (ho)’

(55)

130



“Third order non-linear susceptibility (}{(3)) ” is calculated by the relation:

=AY (56)

“where ){1 = (n2 —1)/ Az at (hv — 0and n = no)” to determine the refractive index (ny)

4
E

@ = ‘ 56(a

d Zi%s = } @

where A= 1.7x10%%su. “The inordinate response of the material when it has been placed

and -

in the electric field is treated as the non-linear refractive index and is expressed as”:

127y
n, ===~ (57)

0

where no represents the “static refractive index”. The obtained values of Y ® and nz are
given in table 4.5. “Wang” [47] suggested the relation between y® and E;”. With the
incorporation of Ga in the material, the values of y® increases and the optical band gap
Eg"t decreases (figure 4.19). The values of composition-dependent ¥ © are depicted in the

table 4.5. In the investigated samples, the high susceptibility value is noted and is raising
the enhancement of Ga content. Generally polarizability, optical band gap and density are

considered as the vital parameters to determine third order susceptibility. In the present

investigation ;((3) increases monotonically with the decrement in the optical band gap

(figure 4.19). It is further described by the increment in “refractive index” values with the

Ga concentration.

Additionally, n and E;pt are inversely proportional to each other. Hence increase in n leads

. . 3 .
to increase in }(( ) values and decrease in E;’pt.
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Figure 4.19: Variation of non-linear susceptibility and optical band gap with Ga

concentration

4.2.2.2 “Fournier and Snitzer relationship”
“Fournier and Snitzer” [49] have suggested relation for estimating n of the thin films which

is stated as

—— ‘]13 +2):(:713 —1) E,
¥ 15072Nn  (E,)

2, -1} (58)

Here n, N denotes the refractive index and density of polarizable constituents. n, pursues a
similar response as n follows with the wavelength. The values of n; also shows rising trend
with the Ga content (figure 4.20).
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Figure 4.20: Photon energy and non-linear refractive index plot

The increase in n2 values can be related to increase of n which may also be attributed to
Lorentz- Lorentz relation. According to this relation greater is the atomic radii, more will
be polarizability and larger will be refractive index. In the present case Ga has large atomic
radii compared to Se (rca(1.35A) > rse(1.15A)) and is also more denser. Thus both n and n,

increases with increment of Ga amount in the system for all compositions.

The non-linearity of the glassy materials may be conferred on the basis of bandgap and
defects states [50]. According to Moss model, the non-linearity may be obtained by the

relation [51]:

n, o ()™ (59)
It is already known that by adding Ga, E " reduces and subsequently n enhances. The large

non-linearity of the sample makes these materials appropriate for high speed and low power
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devices for telecommunication. The studied thin films have n > 2 and have a higher

transmittance window; therefore, suitable in NIR imaging and sensing applications.

4.2.3 Relationship between energy gap (E;’pt) and refractive index (n)

Various efforts have been made to establish the relation between E;’pt and n by different

researchers. Moss [51] suggested the model which conferred that the energy levels of
materials are scaled down by the factor 1/E.ss , where Eett denotes the “effective dielectric

constant”.

“Moss” proposed the relation is given by:

4o
n, Egpt =k (60)
The value of k = 95eV. “Ravindra et al.” [52] revised the Moss relationship by providing a

different value for k= 108eV and equation 68 can be rewritten as:

n, EJ =108 (61)

The correlation suggested by “Moss” has limited the efficacy of relation 61. Hence
“Ravindra and Gupta” [53] suggested another relationship between refractive indices and

bandgap. The relation is as follow:

n=4.084 -0.62E™ (62)
After investigation, “Moss” claimed that the above equation (62) is valid to bandgap < 4
eV. Thereafter “Reddy et al.” [54] suggested a new relation having an exponential
response.
« Eg‘“en =36.3” (63)

“Herve — Vandamme [55] suggested the relation by using Penn's theory. This theory is

based on the random phase”. The equation is given by:

2
A
n? =1+ — 64

(ES‘“+BJ (64)

where B=3.47 eV and A denote the ionization energy of hydrogen =13.6eV.
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Kumar et al. [56] suggested a model to obtain the relation between the index of refraction
and bandgap. They claimed that this method might be suitable to determine optoelectronic

applications for specific semiconductors system.

n=KE gptc where c=-0.32234 and K= 3.3668 (65)

Annani et al. [57] suggested the relationship as

E =(17-5n) eV (66)

= n=34-02E (67)

Duffy [39] suggested the correlation between the “optical energy gap and the
electronegativity”

Ay  =0.2688E." (68)

Reddy et al. [58] obtained the relationship between refractive index and electronegativity
as follow:

n=-In[0.1028A; ] (69)

Combining equations (68) and (69), the new equation becomes:
n=-In[0.027E% | (70)

Ahammed and Reddy [59] suggested a relation to surmount a few of the downsides of the
Moss equation as

n*(E®™ - 0.365)=154 (71)

However, this relationship does not hold for E;’pt less than 0.365 eV.

It can be noted from Herve and Annani et al. (equations 62 & 67) that the relations are

limited to n values of 3.4 & 4.084 only. For equation (62), when n = 0, then E;* = 6.587.

For E;" >6.587eV, the equation 62 provides negative refractive index values. In the

studied system the refractive indices values change from 4.11 to 5.69 at 1um and so these
equations are suitable for GeTeSeGa thin films. It is found from figure 4.21 that the

relations proposed by Reddy and Ahammad [59], Ravindra and Gupta [53], Kumar & Singh
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[54], Reddy [55] and Reddy & Duffy [39, 58] are approximately similar to the
experimentally observed values in the present system. However, the relations provided by
Herve- Vandamme [55], Moss [51], Annani [57] and Ravindra [52] have depicted more
variation from experimental values.

—— Experimental
Ravindra & Gupta

—— Reddy

—«— Reddy and Duffy
Reddy &Ahammed

—— Kumar & Singh

Refractive index (n)

1 -1 1 1 1 -7 E
0.78 0.80 0.82 084 086 088 090 092 094 096

l_‘-gupl( CV )

Figure 4.21: Graph of the index of refraction by various models with optical band

gap
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Figure 4.22: Plot of refractive index by various models with optical band gap

The deviation in the n values (calculated from different relation) from the experimentally

observed values of the present system has been estimated and is depicted in figures 4.23 &
4.24.
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Figure 4.23: Plot of deviation in n with E
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Figure 4.24: Plot of deviation in n with EJ" .
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4.3 Conclusion
The transmission spectra for GeTeSeGa thin films have been discussed, which indicates
that the absorption edge is shifting towards the higher wavelength. The optical
parameters vary with the enhancement of Ga and decrement in Se concentration. With
the enhancement of Ga amount in GeTeSeGa chalcogenide glassy thin films, the
refractive indices rise and the optical band gap reduces. The single oscillator parameters
such as E, decreases from 2.26eV to 1.95 eV while Eq increases from 25.44 to 36.49,
indicating that with the addition of Ga, the films become more stable and stiff. Drude
theory has been applied for estimating electronic polarizability and other related
parameters. The value of m<1 reveals the non-metallic nature of the material. Nonlinear
parameters index of refraction (n2) and non—linear susceptibility (y®) rise with the

incorporation of Ga in the GeTeSeGa material.
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5. Thermal properties
Thermal transitions are transitions that occur as a result of a change in temperature. DSC
can provide valuable information about thermal transitions in a sample. When an

amorphous material is heated, the following basic phase changes occur:

» “Glass transition”: It is a reversible phase change in which the structure of an
amorphous material changes from a relatively hard state to a rubbery state. The
temperature at which glass transition occurs (known as "glass transition
temperature™) is extremely important because it indicates the stability of the glassy
or amorphous state.

» Crystallization: It is an irreversible phase change that involves the sequencing of
the random orientation via nucleation and growth processes, resulting in the
formation of crystalline structure.

» Melting: It is a phase transformation in which the crystalline lattice becomes
disordered (solid to liquid transition "fusion™). In contrast to crystallization, which
is a two-step exothermic process, it is a single - step endothermic process.

The aforementioned issue with tellurium-based glasses having high tendency to crystallize
can be resolved by stabilizing the complete telluride matrix with a few additional elements.
Nowadays, the main advancement is based on the GeTes matrix, which can be further doped
with stabilizing elements such as Se, Ga etc. By performing these activities, the glassy
material's properties are improved for subsequent processing, such as fiber-drawing or
moulding. Various thermal investigations of Ge-Te material doped with different forms of
Se were carried out by “DSC” [1-4]. The common feature of these studies was an effort to
identify the glass composition with the best stability and thermal charateristics. Maurugeon

et al. [3] reported stability parameter (AT) value for pure GexoTeso glass is 79 °C where
AT =T, —Tg (To and Tgq refer to onset of crystallization and glass transition temperature).

According to the other studies [3, 5], the compositions of the Ge-Se-Te systems used were
similar with the variation of Ge concentration where the amount of selenium used was kept

below 5 at. % in order to maintain the best thermal stability.
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5.1 “Experimental details”
The bulk samples of GeioTegoSe10--Ga; (z =0 to 10) chalcogenide glasses has been prepared
by conventional “melt quenching technique”. The details of the synthesis have already

been discussed in chapter 2.

5.2 Results and discussions

The DSC thermograms of GeioTegoSe10-:Ga; (z =0 to 10) powdered samples at single scan
10°C have been shown in figure 5.1. The figure depicts normalized heat flow curves
obtained by subtracting the baseline. The thermograms show well-defined endo and
exothermic peaks in the temperature range room temperature (28°C) to 450°C which
corresponds to the characteristic temperatures of the examined bulk samples. While the
temperatures associated with endothermic peaks are the glass transition temperature (Tg)
and melting temperature (Tm), temperature corresponds to the exothermic peaks are
recognized as onset of crystallization (To) and peak crystallization temperature (T¢). Glass

compositions with a higher T have better control over the nucleation and growth of crystals

[6].

Most samples have broad crystallization peaks, indicating that at temperatures above 500
K, more than one compound crystallize. According to several authors, the crystallization
temperature of about 500 K in binary glasses reveals the crystallization of the metastable
GeTe, phase. The melting of this phase is evident by the presence of the melting peak's
shoulder (Tm). The broadening of the crystallization peak in ternary glasses indicates the
co-crystallization of several phases. The melting points are almost similar for all the
compositions which can be attributed to the same phase. The values of Tg, To and T shifts
towards the higher temperature with the Ga addition whereas the small variations in Tmy

values agrees with the literature data [7].
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Figure 5.1: DSC thermograms of GeioTesoSe10:Ga; (z = 0 to 10) chalcogenide

glasses

5.2.1 Thermal Stability Parameters

Tg is a measure of chalcogenide glass structure rigidity or strength. As a result, Tq4also
provides relevant insight on the glassy state's thermal stability. However, it does not provide
any information on the glass-forming tendency (GFT) by itself. The difference between T,
and Tg has been found to be a strong indicator for both thermal stability and GFT.

It is observed from the figure 5.1 that by adding Ga amoun, Tq increases. It is already

discussed in chapter 3 that with the addition of Ga, the theoretical calculated parameter Tg
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increases for all compositions. The glass forming ability increases with the increases of Ga

for the present system.

Deiztal's criterion [7, 8] is the most commonly used criterion for determining glass thermal

stability against crystallization, which is expressed by the relation:

AT =T, —Tg (72)

The glass becomes more stable as AT rises. The obtained values of AT are tabulated in table
5.1. It is noted from the table 5.1 that by adding Ga concentration in the GeTeSeGa system
the value of AT increases. The increases in thermal stability parameters may be due to the
generation of Te-Ga covalent bonds. Also, with the generation of Te-Ga bonds the

possibility of homopolar Te-Te bond is reduced (discussed in chapter 3).

Table 5.1: Values of stability parameter (AT), thermal stability criterion (H”), Hruby
criterion (Hr, Kn), reduced glass transition temperature (Trg) for GeioTesoSe10--Gaz(z =0

to 10) chalcogenide glasses.

z AT H’ H, K., T
0 54.07 0.12 0.27 0.33 0.64
2 59.858 0.13 0.33 0.37 0.66
4 95.28 0.18 0.90 1.24 0.71
6 98.43 0.19 0.97 1.26 0.72
8 108.73 0.21 1.27 1.70 0.73
10 129.79 0.26 1.58 1.80 0.74

Saad and Poulain [9] discoveredthe additional criteria that provide information on thermal

stability. The weighted thermal stability criterion (H) is represented by:
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H =— (73)

By adding of Ga concentarion H’ values increase. It is clear from equation 73 that H’ value

is directly proportional to AT. Hence increase in AT values leads to increase in H’ values.

5.2.2 “Hruby Criterion and the Glass - Formation Factor”
Hruby's criterion (Hr) is used to determine the thermal stability of glass using characteristic

temperatures based on the following relationship [10].

AT s
H].: = =
0 T.—7

mn m

(74)

Further, the ability parameter or glass-formation factor (kn) for the GeTeSeGa system is

expressed by the relation:

AT
-I

ky = (75)

T,

n

The kn parameter used to quantify the glass-forming tendencies; higher values of criteria
parameters suggest an improvement in the thermal stability of the glasses. The calculated
values of both parameters (Hr & kn) are depicted in table 5.1. It is observed from the table
that by rising Ga in GeTeSeGa system, both the parameters increase. It is clear from
equations 74 & 75 that Hr and ky are directly proportional to AT. Hence an increase in AT

values (table 5.1) The inclusion of Ga leads to increment in both the parameters.

The observed behaviour in thermal parameters (Hr, AT, H’& kn) of present system can be
explained using well-known principles of crystallization of glasses in the Ge — Ga — Te
system. It is a double -stage procedure. First is mainly surface crystallization of tellurium
followed by crystallization of GaTe and Ga,Tes in a bulk autocatalytic manner [11]. The
crystallization stability of Ge—-Ga-Te glassy system is determined by formation of the
tellurium phase. The presence of Te-Te bonds and chains of —(Te-Te),— of varying lengths
in the glass structure is one of the factors contributing to tellurium crystallization [12,13].
This describes the stabilization of Ge-Te system by the inclusion of Ga due to the
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generation of structural tetrahedrons [GaTeas2], which further decrease the concentration of
tellurium chains [12].

The ease of glass formation is obtained by estimating the reduced glass transition
temperature (Trg). The values so estimated follow the ‘two-third rule’ and is given by [14-
16]

Trg === (76)

The obtained values of Ty for GeTeSeGa system are depicted in table 5.1 which strictly
follows the ‘two-third rule’. It is possible to generalize from the results (table 5.1) that the

addition of gallium to the chalcogenide matrix (Ge-Te-Se) improves the thermal stability.

Also it may be ascribed that the Ga atom forms covalent bond with Te (Te-Ga) by trapping
the metallic electrons and also reducing the probability of formation of tellurium
microcrystal (discussed in chapter 3). Hence the connectivity of glassy network is enhanced
and GFT increased consequently. Stronger glass forming ability and thermal stability

indicates better anti-crystallization.

5.3 Conclusion

The DSC thermograms of GeioTegoSe10:Ga; (z = 0 to 10) powdered samples at single scan
10°C has been analyzed. The value of Tg increases from 417.413K to 517.562 K and the
value of AT varies from 54.07 to 129.79 with the Ga addition. It is observed that with the

addition of Ga the thermal parameters improve and also the glass forming ability increases.
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6. Summary and Future scope

6.1 Summary

Chalcogenide glasses are potential materials for IR applications. The studies have been
performed on ternary and quaternary GeioTegoSe102Ga; (z = 0 to 10) chalcogenide glassy
alloys. Due to their good ““optical and thermal” properties, these glasses are becoming an
attractive candidate for several applications. The GeTeSeGa glasses have been studied for
their physical, structural, optical and thermal properties. The theoretical or physical studies
report that the “average coordination number and humber of constraints” increases with the
Ga enhancement. The value “<r> > 2.4 and N¢ > Ng”, which reveals that the studied
compositions possess over coordination and rigidity. The density of the studied system
shows an increment in their values, which supports the decrease in free volume space. In
the studied system, lone pair electrons decline with Ga addition but L > 2 for whole system.
Thus, all the compositions of GeTeSeGa may be approved as good glass former. According
to R parameter, the values of “transition temperature and mean bond energy” have been
investigated. The “theoretical bandgap and mean bond strength” decreases with the Ga

addition.

The bulk samples of GeioTegoSe1--Ga; (z = 0 to 10) glassy system are prepared by
traditional “melt quenching” method. The thin films of the bulk glasses have been deposited

on glass substrates by the “thermal evaporation technique” in the vacuum coating unit.

The XRD technique has been adopted to confirm the “amorphous nature” of the samples.
The HRSEM images also indicate the amorphous nature and presence of irregular shapes

in all the compositions.

The qualitative and quantitative descriptions of absorption bonds have been realized by
estimating theoretical calculations. The far-IR study reveals that the presence of Te-Ga and
GeTes and GaTes with the rise of Ga concentration. The lesser bond energy leads to decline
in the values of the mean bond strength of the material. Consequently, the calculated energy
gap and optical bandgap of the material reduces. The bond 145cm™-151cm™ corresponds
to the homopolar Te-Te bond. The far —IR study supports the decrease in band gap of
Gei1oTesoSe10-:Ga; (z = 0 to10 at. %).
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The optical properties have been realized by “UV-Vis-NIR spectroscopy in the NIR range”.
The optical study reveals that by Ga addition, the absorption edge has moved towards a
longer wavelength region. The index of refraction increases (n) with the enhancement of
Ga concentration. The decrease in n values with the increase of wavelength indicates the
normal dispersion behaviour of the system. The higher “refractive index” values of the
samples make them appropriate for IR mirrors and filters. The values of “extinction
coefficient and absorption coefficient” increase with the raising of Ga in the material. The
refractive index, polarization, density and dielectric constant shows a similar trend with the
Ga content. WDD parameters viz. Eo decreases from 2.26 eV to 1.95 eV. However, Eq4
increases from 25.44 eV to 36.49 eV. This indicates that with the enhancement of Ga, the
thin films become more stable and stiff. The optical bandgap of the thin films has been
estimated by the Tauc approach and the values decrease with the increase of Ga content.
The optical band gap exhibits the similar pattern as the mean bond strength and theoretical
bandgap with the Ga addition. The value of metallization character (M) < 1, which affirms
the non-metallic nature of the material. The non-linear parameters have also been
calculated. “Non-linear refractive index and non-linear susceptibility” increase by the

inclusion of Ga concentration in the GeTeSeGa material.

The DSC thermograms of GeioTegoSe10--Ga; (z = 0 to 10) powdered samples at single scan
10°C has been analyzed. The value of AT varies from 54.07 to 129.79 with the Ga addition.
It is observed that with the addition of Ga the thermal parameters improve and also the
glass forming ability increases. By increasing Ga in the GeTeSeGa, the value of AT
enhances. The increases in thermal stability parameters may be due to the generation of
Te-Ga covalent bonds. Also, by the creation of Te-Ga bonds the possibility of homopolar

Te-Te bond is reduced.
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6.2 Future Scope
The future work of the present work is described in following points

» To study dark conductivity and photoconducting of prepared thin films.
» Study of thermal stability at different heating rates.

» In future, Machine learning techniques may be supplement with proper domain
expertise to determine the optimal composition for achieving desired properties.
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