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Abstract

The work reported in this thesis is concerned with the study of optical
properties of Ge-Se-Te system and the effect of metal impurities (Bi, Cd, Pb and Sn)
on the optical properties of As-Se-Ge system. Various bulk samples and their thin
films prepared and studied are:

1. GejoSeqoxTex ; x =0, 10, 20, 30, 40, 50.
2. (AszSes)q0Gero
3. [(AszSes)9GerolosMs ; M = Bi, Cd, Pb and Sn.

Bulk samples were prepared by melt quench technique. Thin films of prepared
samples were deposited using thermal evaporation technique at base pressure of ~10™*
Pa. X-ray diffraction technique has been used to know the nature (amorphous or
crystalline) of bulk and deposited films. Far-infrared transmission spectra have been
obtained from FT-IR spectrophotometer to study the bonding arrangements in Ge-Se-
Te system. The optical properties (refractive index and extinction coefficient) have
been estimated by analyzing the transmission spectra (200 — 2400 nm) obtained from
ultraviolet-visible-near infrared spectrometer. Swanepoel’s method has been used to
determine refractive index and extinction coefficient. Optical band gap has been
determined using Tauc extrapolation. The effect of deposition parameters (type of
substrates, thickness and substrate temperature) has been examined on the refractive
index and optical energy gap of Ge-Se-Te thin films. Physical properties
(coordination number, density, compactness, theoretical energy gap, cohesive energy
and heat of atomization) of Ge-Se-Te glassy alloys have also been determined. The
effect of metal impurities (Bi, Cd, Pb and Sn) on the optical properties has been
studied for As-Se-Ge thin films.

A brief description of the thesis, which has been divided into seven chapters,
is given below.

General introduction of amorphous semiconductors and their classification,
historical development of chalcogenide glasses (ChG), their binary and ternary
compounds and the addition of metal impurities to ChG is described in chapter I. A

brief introduction of general properties of ChG has also been given. Various
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applications of ChG, motivation and objective of the thesis have also been included in
this chapter.

Theoretical background used in the present work is presented in chapter II.
This includes topics like structural models for ChG, various methods used in the
present work for the calculation of optical parameters and a brief description of
Wemple-DiDomenico single oscillator model.

Chapter III describes the experimental techniques used for the preparation of
bulk glasses, deposition of thin films, characterization of bulk and thin films by X-ray
diffraction, FTIR spectroscopy and optical studies using UV-Vis-NIR spectroscopy.
Density measurement of bulk glasses has also been described.

Chapter IV contains experimental results, observations and general discussion
of various studies on GejoSeg. Te, system. X-ray diffraction is used to check the
nature of bulk as well as thin films. Far infrared transmission through 50 to 650 cm™
of glassy alloys is described to study the bonding arrangements in ChG glasses.
Optical parameters of Ge-Se-Te thin films are described using transmission spectrum
of thin films. The effect of deposition parameters i.e. thickness of thin films, type of
substrate, substrate temperature on the optical parameters of Ge-Se-Te thin films has
also been given. The conclusions of the studies undertaken are given accordingly after
each section.

Chapter V includes calculation of some physical parameters of GejgSego.Tey
system. The physical parameters calculated are coordination number, density and
molar volume, compactness, lone pair of electrons, theoretical optical band gap,
average heat of atomization and cohesive energy. The last section includes the
conclusion of the study in this chapter.

Chapter VI deals with the studies of optical properties of (As,Ses)90Gero thin
films and the effect of metal additives (Bi, Cd, Pb and Sn) on the optical properties of
As-Se-Ge system. The conclusions of the studies undertaken are given accordingly
after each section.

Chapter VII includes the summary of the results obtained through various

studies.
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Introduction

Solids are considered as materials with viscosities exceeding 10'*° Poise while
fluids (liquids and gases) have viscosities below this value. Generally, solids are
characterized into two categories: crystalline solids and non-crystalline solids or
amorphous solids. A crystal is a regular three dimensional design and is a
consequence of the regular arrangement of atoms, ions or molecules of which it is
built up. When this periodicity extends throughout a single piece of material one calls
it a single crystal. A polycrystalline material is composed of tiny crystals. The
periodicity of the structure in the poly crystalline materials is interrupted at the so
called grain boundaries. The size of grains in which the structure is periodic may vary
from macroscopic dimensions to a size much larger as compared to the size of the
pattern unit. When the size of grains or crystallites become comparable to the size of
the pattern unit one can no longer speak of crystals since essential feature of the
crystalline material is the periodicity of the structure; one then speaks of non
crystalline, amorphous or vitreous solids. The structure of non crystalline solid is not
composed of repetitive three dimensional patterns of structural units. These solids do
exhibits some local order either in the form of regular coordination polyhedra or of
long chain molecules; they lack the long range order of crystals because their sub
units are packed together randomly. A distinctive class of amorphous solids is glasses
which are defined as amorphous solids obtained from the melt of a solid.

Amorphous solids, like crystalline solids, can be insulators, semiconductors
and in some cases at very low temperature they can even be superconductors. It was
Ioffe [1] who first pointed out that the basic electronic properties of a solid are
determined from the character of bonds between nearest neighbours rather than by
long range order. B. T. Kolomiets [2] while working on glasses observed that these
glasses behave similar to intrinsic crystalline semiconductors. The chemical bond
approach enabled Mooser and Pearson [3,4] to predict many of the semiconducting
properties of the amorphous materials.

Amorphous semiconductors on the basis of difference in chemical bonding
can be broadly classified into three major categories [5] as shown below

1. Covalent non-crystalline solids

A. Tetrahedral semiconductors

Si, Ge, SiC, InSb, GaAs, GaSb, ............
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B. Chalcogenide glasses
@) Lone pair semiconductors
Se, S, Te, As>Ses, AsySs, .........
(ii) Cross-linked network
Ge-Sb-Se, As-Se-Ge, Si-Ge-As-Te, As-Se-Te, As;Ses-As;Tes,
T1,Se-As,Te;
2. Semiconducting oxide glasses
V,05-P,05 MnO-Al,03-Si0,
V,05-PbO-Fe,0; Ti0-B,05-BaO
3. Dielectric films
SiOy, AlLO3, ZrO2, BN, ..o
Among the above classification of non crystalline solids the present work

shows interest in chalcogenide glasses.

1.1  Historical development of chalcogenide glasses

1.1.1 Chalcogenide glasses and their history

Chalcogens are elements occupying group VI-A of periodic table — sulphur
(S), selenium (Se) and tellurium (Te). The root chalco comes from a Greek word for
copper and chalcogenide elements have traditionally been those which form strong
compounds with copper. By extension chalcogenide glasses are named for their
association between these chalcogens with electropositive materials and organic
radicals. Typically any amorphous material containing an abundance of chalcogen
atoms is referred to as a chalcogenide glass.

It is difficult to assign a date that when the field of chalcogenide glasses has
been started. For the vast majority of time the vitreous glassy state was limited to
oxygen compounds and their derivatives. Schulz-Sellack [6] was the first to report
data on oxygen free glass in 1870. Though vitreous selenium and arsenic selenide and
sulphides were synthesized for the first time at the end of 19" century but the

scientists were not attracted to these materials. Vitreous Se became of most interest
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for scientific community at the beginning of 20" century when Wood [7] and Meier
[8] reported first on the subject.

The rising of infrared (IR) optics in the 20" century lead to the need of new IR
materials. Classical oxide glasses covered a transparency region from 3 um to 5 um
while heavy oxide materials helped to extend this region up to 8 pm. the interest for
the chalcogens comes from the attempt of scientist to extend the IR transparency
region in glasses past 8 pm.

The first work on chalcogenide glasses (ChG) was attributed to Frerichs in the
early 50 s on As,S;3 glass [9,10] and As;Se; by Fraser [11] and Dewulf [12]. Frerichs
was also at the instigation of development of Se glasses and binary compounds with
sulphur. Another scientist of vitreous ChG around that time was Winter-Klein [13].
The major research on ChG was started by two research groups from Saint-Petersburg
(USSR), one group was led by B.T. Kolomiets and N.A. Goryunova from the “A.F.
Ioffe Physico-Technical Institute” who were reported to discover the first
semiconducting glass [14] based on chalcogen elements while the other group was led
by R.L. Myuller. In 1968, S.R. Ovshinsky found memory and switching effects in
ChG [15,16]. This led to the development of non-crystalline chalcogenide glasses in
various fields such as xerography or computer memories. Around the same time Sir
N. F. Mott (Nobel prize winner in Physics in 1977) and E.A. Davis developed the
theory on the electronic processes in ChG [17]. After that several review books were
published in subsequent years on glasses like “Chemistry of Glasses” by A. Paul in
1982 [18], “The Physics of Amorphous Solids” by R. Zallan in 1983 [19], “Physics of
Amorphous Materials” by S.R. Elliott [20]. However the first review book entirely
dedicated to chalcogenide materials, “Glassy Semiconductors”, was published in 1981
by Z.U. Borisova who had worked with Myuller. In Moldova, A.M. Andriesh
published in 1988 a book entitled “Glassy Semiconductors in Photoelectric Systems
for Optical recording of Information” on ChG with special emphasis to their
applications. In 2000, M.A. Popescu gave a detailed account on the physical and
technological aspects of chalcogenide systems in his book ‘“Non-Crystalline
Chalcogenides” [21]. The Non-Crystalline Chalcogenides is the most detailed book
published to date in the field of amorphous and glassy chalcogenide materials. The

book covers the scientific and technological information on chalcogens (sulphur,
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selenium and tellurium) and chalcogenide combinations. Detailed descriptions and a
large corpus of physico-chemical data on these materials are the outstanding features
of this book. The influence of various external factors, especially light, is treated in
great detail and includes the latest news in the research of non-crystalline
chalcogenides. The basic applications in optoelectronics are also discussed. The book

is intended for use as a reference and research handbook

1.1.2 Compounds of chalcogenide glasses

1.1.2.1 Binary compounds

Chalcogens can form alloys together, viz. amorphous S-Se [22], Se-Te [23]
and S-Te [24,25] compounds were identified, for different compositions by varying
one or the other chalcogen. Many binary compounds can be synthesized by
associating one of the chalcogen with another element of the periodic table. Among
the most interesting elements, phosphorous (P), antimony (Sb), germanium (Ge),
arsenic (As) and tin (Sn) are considered good network formers with chalcogen
elements. Binary mixtures of Ge and As with Se are most commonly studied because
they have large glass forming regions. Abrikosov et al [26] reported the phase
diagram for the As-S and As-Se systems, the existence of As,S; and As,S; compound
for the first system and AsSe and As;Se; for the second system. The first phase
diagram for Ge-Se system was studied by thermal and x-ray phase analysis [27].
Glass formation in Ge-Se system occurs predominantly in alloys enriched with Se
containing 0 to 25 at. % of Ge [28]. Tronc et al [29] obtained glasses in Ge-Se system

with compositions Ge,Se;., where 0 <x < 0.4 (from elemental Se to GeSe; s).

1.1.2.2 Ternary Compounds

In chalcogen system, glass formation region is relatively small [30].
Introduction of As, Ge and few other polyvalent elements into chalcogens contribute
to considerable stabilization of their structure. Increasing the number of components
tends to increase the glass forming range and ternary glasses have been formed with
components from every column of periodic table. There are many ternary

chalcogenide systems which form glasses over a wide range such as As-Se-Ge [31-
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33], Ge-Se-Te [19,34], As-S-Se [35,36], As-Se-Te [37], As-Se-In [38], Ge-Se-In [39]

etc.

1.1.3 Metallic additives in chalcogenide glasses

It was thought for a long time that amorphous semiconductors could not be
doped because of the following two reasons (i) any foreign atom introduced into an
amorphous matrix would take up its normal chemical valence because of supposed
flexibility of the random network which is conducive to satisfy the local coordination
and (i1) the density of states in the gap is sufficiently large so that the Fermi level does
not shift by the addition of electrons and holes supplied by impurity atom.

The possibility of doping these materials was first demonstrated [40,41] in
amorphous hydrogenated Si; for doping with hydrogen, a large impurity concentration
was required [42,43]. In these studies the term modifier or additive is used for metal
atoms introduced. Comparing to conventional dopants in crystalline semiconductors
(in which one is considering dopant material in ppm) the modifier or additives are in
much larger amounts ranging from a few atomic percent to sometime as high as 20 to
30 at. %.

On metallic addition interesting effects observed in chalcogenide glasses are
(1) chemical modification of several chalcogenide glasses by introduction of large
quantity of certain metals (i1) transformation in the type of electronic conductivity
from the generally observed p type to n type on the addition of metals as Bi, Pb etc.

In general the addition of metal in multicomponent glasses can affect their
spatial, structural, chemical, electronic and optical properties. These effects can be
therefore being probed not only by studying the electrical conductivity but by a

careful characterization and analysis of other properties as well.

1.2 General Properties of Chalcogenide glasses

1.2.1 Glassy structure
Zachariasen was the first to propose a geometrical model for the ideal glass in
1932 [44]. A definite range order is imposed when each and every atom fulfills the

chemical valency requirements according to 8-N rule. The 8-N rule states that in most
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stable covalent glass an atom with N valence electrons is coordinated such that it
would have a completely filled outer shell of electrons. This geometrical model was
later the subject of extensive reviews by Weyl and Marboe [45] and Rawson [46]. In
1954, Morey defined glasses as amorphous solids obtained from the melt [47].
Following this idea, Cohen and Turnbull developed the free volume model of the
liquid state which implies that all liquids form an amorphous solid except for the
intervention of crystallization [48]. The same authors described extensively how to
prevent crystallization, i.e. greater the cooling rate and smaller the sample volume
hence slower the crystallization rate, and developed numerous thermodynamic criteria
[49] that formulate the problem in terms of experimental conditions and macroscopic
parameters (such as viscosity). Thus the geometrical approach described earlier,
which correlate the molecular constituents and structure to physical properties, can be
considered in the end a complementary description to the kinetic approach.

Phillips [50] established his theory on calculation of sum of tensile and
transverse stresses of covalent bonds for one atom to define the number of constraints
(Ne). It is established that the maximum mechanical stability in coordinate space is
obtained for a binary alloy A«B;.x with only short range interactions which supposed
to led maximum glass forming ability [50,51] when short range order defined by
bending and stretching forces is sufficient to exhaust the local degrees of freedom.
However this criterion suffers from not taking into account long range interactions,
ionicity and size effect.

Many other theories have been developed by researchers over the years such
as Dieztel [52], Baydakov and Blinov [53] but none of them showed a universal
aspect or can not be applied to multi element glasses. Though a large majority of
researchers agree on following that after cooling a liquid below its melting point it
will either form a glass or crystallize. During the glass formation viscosity, entropy,
volume and internal energy changes continuously except in the vicinity of glass
transition temperature (T,) where these changes are often rapid.

The chalcogenide glass structure has been the object of extensive studies,
considering both the bulk and thin film forms. Modeling a structure has proven
difficult because of great flexibility in the choice of the molecular units in ChG. A

vast study has been performed on binary and ternary chalcogenide glasses with As
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and Ge as network formers. Goriunova and Kolomiets [54] pointed out the
importance of covalent bonding in ChG as most important property to explain the
stability of these glasses. As opposed to metallic bonding, covalent bonding ensures
easier preparation of glasses. Thus cross linking initiated by As and Ge atoms should
reduce the freedom for disorder since the bonds are covalent.

The emergence of Fourier transform infrared (FTIR) spectroscopy and Raman
spectroscopy allows the researchers to identify the types of bond and their
arrangements in bulk glasses as well as thin films. Ball et al [55] and Lucovsky [56]
has used the FTIR spectroscopy for a wide range of germanium selenide glasses and
gave a detailed account of structural arrangements in Ge-Se glasses. Boolchand et al
[57] has used the Raman spectroscopy for germanium selenide glasses.

A characteristic to ChG is their electronic structure originating in the lone pair
electron of chalcogen. For example, Se has four outer p-electrons of which two are
used for covalent bonding and the two remaining electrons form a so called lone pair
of electrons. This has been observed that there exists no essential difference in the
band structure between crystalline and glassy chalcogenides. The two filled bonding
(6) p-states lie in the valence band and are separated from the empty (') states of
conduction band by the band gap [58]. These lone pair states are associated with the
defect model of Kastner, Adler and Fritzsche (Valence alteration pair or VAP) [59]
and Mott and Street model (charged dangling bonds) [60].

1.2.2 Thermal properties

In any ChG system, increasing the relative chalcogen atomic mass or its
atomic content with respect to other element in the network will diminish average
bond energy and thus increases the glass transition temperature. The glass transition
temperature in Ge-Se and Ge-Se-Te systems was reported by DeNeufville et al [23].
DeNeufville et al [23] have shown that with the increase of Te content to Ge-Se
system glass transition temperature increases while the average bond energy
decreases. The difference in the values of glass transition temperature found in the
literature comes from various techniques used and the way the data was used and
treated. This variation can be found for any type of data especially when it comes to

results of thermal analysis. In Ge-Se system, the softening and melting temperature



Introduction

(Ty) obtained from DSC increases with the increase of Ge content in Ge-Se system
[23]. According to Thornburg and Johnson [61], T, was shown to depend strongly on
the heating rate while T, showed a slight dependency.

1.2.3 Electrical properties
For most amorphous semiconductors, the temperature dependence of the (d.c.)
electrical conductivity (o) can be written for a long range of temperature as
o =0,exp(—E,/kT)
where o, is the proportionality constant and E, is the activation energy. The

electrical conductivity of amorphous arsenic selenide as a function of temperature and
dielectric constants has been reported by Kitao [62]. The activation energy was
calculated to be equal to 1.05 eV and 0.9 eV respectively above and below 200°C,
values correlated by Iovu et al [63]. Iovu [63] also measured a conductivity of 3 x 10
P 0'em”. The electrical properties in impurity doped As-Se-Ge thin films have been
reported by Katyal et al [64]. The electrical conductivity of Ge-Se-Te [65] at room
temperature varies in the range 10° — 10> Q'cm™ while at softening temperature the
electrical conductivity is 107 — 10"° Q'em™. The electrical conductivity of the

glasses of As-Ge-Se system ranges from —logo,, . =12.3 to —logo,,. =17.1 and

decreases with increase of Ge content. Introduction of Ge to arsenic selenide thus
lower the electrical conductivity. Borisova [65] reported a large set of electro-physical
parameters (density, conductivity and activation energy) for As-Se and Ge-Se based

glasses.

1.2.4 Optical properties

In ChG optical excitation of band edge electrons involves excitation of the
lone pair electrons into the conduction band. Even in alloys, the optical behaviour of
the glass is strongly determined by the nature and environment of the lone pair
electrons. Sulphides usually are transparent in the high wavelength range of the
visible region whereas selenides and tellurides are completely opaque. However they
all are highly transmissive in the near IR and far IR regions, specifically near 12 um,

15 um and 20 pm for sulphides, selenides and tellurides respectively [66,67].
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Due to lack of long range order in ChG, their absorption band is radically
changed when comparing the crystalline and amorphous states [68].The optical band
gap in As;Se; was determined to be ~ 1.76 eV [65,66]. Gutenev [71] measured the
refractive indices (#) of multiple amorphous glasses in the system As,S;., (0.10 <x <
0.44). According to Seddon [72] the refractive indices in the systems As-S and As-Se
ranges from 2 to 3. Savage [66] has presented the refractive indices for multiple
combinations of S, Se or Te with As, Ge, Sb and Si. The optical properties for thin

films of chalcogenide glasses for different compositions were reported [73-77].

1.3  Applications of chalcogenide glasses

The optical properties of the ChG make them the candidate materials for a
variety of optical applications. The wide range of compositions available and
associated with variation in optical, thermal and mechanical properties enable these
glasses to be engineered to suit a particular need. For example, some of the
applications will require a high value of optical parameters (absorption edge and
refractive index) while other require a low value. These apparently goals can be
achieved in the ChG by adjusting the composition to select the appropriate properties

of materials at the desired operating wavelength.

1.3.1 Xerography
Xerography, discovered by Carlson in 1938, is historically one of the first
applications of chalcogenide materials in the industry. Many compositions are used in

xerography, As;Se; and As,S;3 based films being often the materials of choice [78].

1.3.2 Infrared fibre optics

Infrared fibres are of great technological importance for communication,
imaging, remote sensing and laser power delivery [79]. The chalcogenide glasses fit
many of the material requirements for these varied applications [80]. They are
chemically stable in air and can be drawn into long core clad fibres. Recently
Sanghera et al [81] have shown that ChG have potential to permit new applications

that are unachievable with current infrared materials.
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The use of fibre optics to deliver high power laser light has led to significant
advances in surgical techniques. Present optical fibres absorb light in the mid and far
IR region and thus cannot be used for delivery of light in this region of wavelengths.
Power up to 3 W at 10.6 pm has been carried without damaging fibres made of
Te,Ses 0Ass I [82]. This may be sufficient for some applications. However, further
research would lead to compositions with much higher power handling capabilities.

ChG are likely to revolutionize the field of broadband infrared sensing.
Broadband sensing is used for temperature measurement, pollution monitoring and

infrared source detection [80].

1.3.3 Optical switching

With the proliferation of fibre optic networks comes the need to switch signals
between different fibre segments. Traditionally this switching has been done by
converting the optical signals into electrical signals and then using conventional
microcircuits to route the signals onto the proper fibres. The speed of these electronic
switches limits the speed of the entire optical network. The only way to overcome this
bottleneck is to develop switches that are completely optical. Lucent technologies
recently announced an optical switch that permits a tenfold increase in throughput
over conventional switches [83]. High speed optical switching has been demonstrated
with As;S; based fibres [84-86]. Demultiplexing signals of 50 Gbit/s were achieved
and the system has the potential to exceed 100 Gbit/s operations [86]. Switching can
also be achieved with thin film devices. A thin film optical switch must have
waveguides and other optical elements to direct the flow of light to the active region
of the switch [87]. These waveguides could be formed on chalcogenide glasses either
by photodarkening [88] or photodoping to create the proper variation in the index of

refraction.

1.3.4 Optical limiting

Current interest in materials for optical limiting is high. The military is
interested in protecting sensitive detectors from high power enemy laser fire. High

intensity blasts from infrared lasers can destroy the sensitive detectors used for
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guidance and military surveillance. One solution to protect against short laser bursts
involves placing a nonlinear optical material in front of the detector [89]. Such a
material must be transparent to low intensity IR light in the wavelengths of interest,
but must react to high intensity threats. Materials with a non linear index of refraction
will have a higher or lower index of refraction for the high power pulses. The change
in index of refraction varies with the spatial profile of the beam and exposed region
behaves as a graded index lens. The transient lens will defocus the laser on the
detector plane thereby reducing the intensity of attacking laser to safe levels and
protecting the sensor.

In recent years emphasis has been placed on acousto-optical devices [90] and
optical media [91] or photonic band gap structures [92]. Other applications of ChG
are in IR imaging [93], thermal imaging [94] etc. A detailed review on the
applications of the chalcogenide glasses has been published [81].

The real possibilities of ChG have only been gleaned by some of the cited
research but much more must be learned about the structure-property relationships in
ChG before we will know the true potential for these glasses in mentioned

applications.

1.4 Motivation and purpose of this research

The Chalcogenide glasses will enhance or revolutionize many of the products
that operate with or on infrared light. Some of the examples of the potential benefits
are presented in the above section. Chalcogenide infrared fibres are available today
for spectroscopic applications but their applicability is still limited. Most of the other
applications will only be realized after much further study of the properties of
chalcogenide glasses. All of the applications depend on our ability to engineer glass
compositions to meet the specific requirement of the system. The tailoring of
chalcogenide glasses for specific properties is possible but we do not know enough
about most of the glass systems to choose according to compositions. It is the intent of
this research to develop a basic understanding of the optical behavior of
chalcogenides. These results may lead directly to applications or more likely lay a

foundation for other research into the optical behaviour of chalcogenide glasses.
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Chalcogenide glasses are having relatively high atomic mass and weak bond
strength resulting low characteristic phonon energies (~ 50 - 450 cm™) even relative to
fluoride glasses (~ 550 cm™) [95]. Thus, chalcogenide glasses are highly transparent
in the mid to far infrared and they originally attract technological and commercial
interest for use in IR windows and optics. The transparency window of sulphide
glasses is 0.5-12 um, selenide glasses is approximately 0.8-15 pum while that of
telluride glasses transparency window extends to 20 um wavelength range [66,67].
Related to their narrow band gaps and high linear refractive index, chalcogenide
glasses exhibit high nonlinearities in the near IR wavelength region [96]. Key
challenges for the use of chalcogenides (S, Se and Te) include disadvantages like
short lifetime and low sensitivity etc. Due to high glass forming ability of Se, it
represents a good host matrix for the investigation of chalcogenide glasses in the bulk
and thin film forms [97-100]. Thus, the above problems can be overcome by alloying
Se with some impurity atoms (Bi, Sb, Ge, Ga, As etc), which gives higher sensitivity,
higher crystallization temperature and smaller ageing effects [101-103]. Here we have
chosen Ge as an additive to Se. Since alloying of Se with Ge improves the thermal
stability and gives smaller aging effects. The third element added is Te, as this
improves and enhances the IR transmission of Ge-Se glasses [66,67]. Further alloying
of Te reduces the optical band gap and hence increases the photosensitivity towards
longer wavelength [104]. Even to reduce the energy losses due to multiphonon
absorption Te is added to these glass systems. Since the multiphonon absorption
edges have been shifted to longer wavelength by increasing the amounts of heavier Te
atoms and these Te-rich glasses are preferable for a CO, laser power transmitting
glass fibres [105,106].

The present work is divided into two parts. The first part deals with the
systematic study of the structural and optical properties of GejoSeqo. Te, (x = 0, 10,
20, 30, 40, 50) thin films. Ge-Se system is the most studied system for its structural,
electrical and optical properties. There is enough structural data on the Ge-Se systems
but the structural study on the addition of Te to Ge-Se for these particular
compositions have not been performed well. So we have studied the effect of Te
addition on the structural properties of Ge-Se system using FTIR spectroscopy. On

the other hand what happens to the Ge-Se system, on account of its optical properties

14



Introduction

when Te is alloyed to it, is considered important as this was observed that adding Te
to Ge-Se increases the transmission region [107]. So we have decided to go for the
studies of optical properties of the Ge;oSeqo. Te, (x =0, 10, 20, 30, 40, 50) thin films
in details. Also the effect of deposition parameters i.e. thickness of thin films, type of
substrate, substrate temperature on the optical properties of Ge-Se-Te thin films has
been described. Along with structural and optical properties some of the physical
parameters have also been calculated for GejoSeqo..Te, glassy alloys which support
our experimental results.

The second part deals with the optical study of (As;Ses)90Gejo thin films. The
effect of metal additives on the optical properties of [(As2Ses)oGeiolosMs, where M =
Bi, Sn, Pb and Cd, thin films has also been studied. As-Se-Ge is a much widely
studied glass system because of the fact that Ge, As and Se are the elements of same
period in groups IV-VI and brings about the covalent character of the interaction
between their atoms. This result in a broad glass formation region in As-Se-Ge system
[65] among all investigated three component chalcogenide systems. Earlier it was
believed that chalcogenide glasses are insensitive to added impurities but in recent
research scenario, it has been observed that chalcogenide glasses are sensitive to
composition, impurities and deposition parameters like thickness, substrate type and
substrate temperature [108-113]. Recent experiments [113,114] reveal that the
addition of impurities likes Bi and Pb have produced a remarkable change in the
optical and electrical properties of chalcogenide glasses. In As-Se-Ge system the
addition of Bi, Cd, Sn and Pb impurities, which have a large electronegativity
difference with As, Se and Ge atoms, are supposed to modify the structure of As-Se-
Ge system and thus it’s electrical and optical properties. The electrical properties of
these impurities added As-Se-Ge system have already been reported [64] but not the
optical properties. This is conjectured that the addition of metal impurities in
(AsySes)oGejp thin films may change its optical properties remarkably. Thus, a
thorough study of optical properties is considered crucial to have better understanding

of the system.
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Theoretical Background

A short theoretical background has been presented in this chapter. This
includes the structural models for chalcogenide glasses; methods to determine optical

properties and Wemple — DiDomenico model.

2.1 Structural models for chalcogenide glasses

The atom scale structure of glasses is approached by presenting a method for
systematically describing the development of the local order in a binary system A;_,B,
(A = Ge, As; B =S or Se) where A and B are atomic species from column a and b of
the periodic table [1]. The network structure of the amorphous solids can be specified
in three stages (i) atomic coordination (ii) distribution of bonds between the atoms
and (iii) the molecular structure of the network forming groups. It is assumed that all
bonds with in the network are satisfied. In melt quenched glasses, the coordination at
each atom satisfies the normal chemical valence given by 8-N rule. There are two
ways to specify distribution of bonds in a covalent network. The first is purely
statistical and is known as “Random Covalent Network Model” (RCNM) [2]. For a
binary system A;«By, the distribution is completely determined by the two atomic
coordinations and the concentration. Considering the atomic coordination for A as m
and for B as n and normalizing the alloy composition to one atom, the number of

bonds of a particular type is given by

N, =m*(1-x)*/4N, 2.1)
N, =n’x’[4N, (2.2)
N, =mnx(1-x)/2N, (2.3)

where N, is total number of bonds and is simply one half of the total coordination i.e.

N, =[m(1-x) + nx]/2 (2.4)
The RCNM includes A-A, A-B, B-B bonds for all compositions except for x = 0 and
x = 1. This distribution, therefore, neglects all factors especially the relative bond
energies which could promote a non-statistical distribution.

The second model for the bond distribution is called chemically ordered network
model (CONM) [3] which emphasizes just on the relative bond energies and thereby

favours heteropolar A-B bonds for all concentrations [4]. This model includes a
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compound composition, x, =m/m+n in which there are only A-B bonds. The
composition range given by x. <x <1 is called B-rich alloy regime and contains A-B
and B-B bonds whereas the range 0 < x <x_ is called A-rich and has A-B and A-A

bonds. The total number of bonds in any composition is still given by equation (2.4),
but now the bond distribution must be specified separately for the alloy regimes

defined above and for the compound composition x, .

N, =0, N,=m(-x), Ny =[(m—n)x—-—m]/2 for x, <x<1 (2.5)
N, =0, Ny=0, N, =mn/(m+n) for x=x, (2.6)
N, =[m—(m-n)x]/2, N,,=nx, N,=0 for0<x<x, (2.7)

Figures 2.1 and 2.2 illustrates the bond distribution for two important classes of alloy
systems, m=3, n=2 and m=4, n=2. Ge-Se and As-Se alloys corresponds to 4-2
and 3-2 alloys. Here in the present study we are concerned with chemically ordered
compounds in Ge-Se. For 4-2 alloys the cluster is AB4 and for 3-2 alloys the cluster is
AB;. The three dimensional character of the local molecular cluster depends on the
nature of the bonding orbitals of the central atom. Clusters in Ge-Se and As-Se have
tetrahedral and pyramidal structures. In the B-rich alloy regime there are only A-B
and B-B bonds and the local clusters at the A atom sites are the same clusters that
characterize the compound compositions and their number is simply proportional to
the number of atoms. If B is two-fold coordinated then the general form of a second
molecular cluster is B, where n > 2. The local molecular cluster in the A rich alloy
regime cannot be specified in a unique way since only some of the more highly
coordinated A atoms must have both A and B type immediate neighbours. For 3-2
alloys there are four pyramidal clusters ABs;, AB,A, ABA, and AAs. For 4-2 alloys
there are five tetrahedral clusters AB4, AB3A, ----- etc. An alternate way of describing
molecular clusters in the A-rich regime is based on the existence of additional
compound compositions in which the network forming clusters have both A-A and A-
B bonds. Figure 2.3 shows the molecular cluster in Ge-X and As-X (X =S, Se or Te)
for X-rich and Ge or As-rich regimes. Infrared and Raman spectra provide additional
information on the structure of molecular clusters in glasses. By comparing glassy

spectra with crystalline spectra and utilizing quasi-selection rules regarding infrared
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(b)

Figure 2.4 Molecular models of: (a) one layer of the high temperature
form of GeSe, and (b) the smallest unit of a particularly polarized

cluster in the glass. Ge-atoms are represented by the small balls.
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versus Raman activity, one may be able to identify local vibrational modes in the
glass which are also present in the crystal. The high temperature crystal structure has
been determined [5,6] in both GeX; (X =S, Se). It is a layer structure with the basic
units consisting of central Ge layers covered by outer chalcogen layers. Again
Ge[S12(Sein)]s tetrahedra are the basic structural units. In the (a,b) plane corner
sharing tetrahedra form chains parallel to a-axis. In order for these chains to be cross-
linked without very large distortions of bond angles two tetrahedra share edges [7] (a
kind of 3-dimensional analogue of diborane, H,-B-H,-B-H,) as shown in figure
2.4(a). Bridenbaugh et al [8] proposed that the basic structural unit in g-Ge(S,Se); is a
large cluster which is a fragment of the layer crystal structure which is still
polymerized along the a-axis but is terminated along the b-axis by Se dimmer as

shown in figure 2.4(b).

2.2 Methods to determine optical properties

Optics is the study of the interaction of light with matter. Light is quantized
electromagnetic wave, the quantum units of which are photons. Matter is a
conglomeration of atoms, which are composed of electrons, protons and neutrons.
Photons interact with charged particles in matter. The nature of this interaction

between light and matter is expressed in the dielectric response of the material. The

complex dielectric response, £, is also called the dielectric constant, an unfortunate
misnomer since it is a function of wavelength of light. The entire interaction of light
with matter is contained in the dielectric response and the dielectric response can be
calculated from the information about the atomic and electronic structure of the
material. So if the structure is known the interaction of light can be calculated.
Conversely, the interaction of material with light gives information about the structure
of that material via the dielectric response. The dielectric response can be calculated
from the complex refractive index. The techniques used to calculate the optical

parameters like refractive index (), extinction coefficient (k), absorption coefficient

(), thickness of thin film () and optical band gap (E;”") are described in this section.
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2.2.1 Refractive index and extinction coefficient

The refractive index of a substance is the ratio of the speed of light in vacuum
to the speed of light in that substance. Optical glasses suitable for applications in the
IR region should have a high transparency in this spectral range. In addition and
according to Lloyd, their refractive indices must have high values and as independent
of temperature as possible [9]. However such indices thereby require specific anti-
reflection coatings to mitigate the corresponding high Fresnel losses that scale with
index. In materials, the photons are absorbed and re-emitted by molecules, which
slows down the speed of light. This retardation is represented in Maxwell’s equations
by having the parameters i, € and o depart from there free space values [10]. The

refractive index can be written as

gﬂ 1/2
n= (2.8)
80#0

From the Maxwell’s equations, the complex refractive index related to complex
dielectric constant can also be resolved into real and imaginary components as

n =n—ik (2.9)
It is customary to define » as the refractive index and & as the extinction coefficient or
absorption index. This index is a function of the wavelength, so the beams with
different colours (or frequencies) travel at different speeds.

There are various methods to estimate the optical parameters » and & but here
we are concerned only with those which are applicable to thin films only. Since films
are not self supporting, a suitable supporting substrate is used for deposition. This
results in a system consisting of three dielectrics namely air, thin film and substrate. It
is also possible that both the film and substrate may be transparent or partly or opaque
to the incident light. Hence the methods will considerably depend on the optical
nature of film. The basic principle is however to measure the reflected or transmitted
light or both along with that of the incident one. The last may or may not be polarized.
The values of » and & of air or vacuum are taken as 1 and 0. The methods to determine
n and k [11] are grouped into categories depending on the mode used such as (i) both

reflection and transmission (ii) only reflection (iii) only transmission.
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(i) Reflection and transmission method

In this method both reflectance and transmittance are used to calculate the
optical constants separately. Reflectance (R) and transmittance (7)) are measured at the
normal incidence. Transmittance is given by the relation

_16n,(n* —k*)exp(—47kd | X)
A+ D)+ K, +n)? + kY

(2.10)

where n and n_ are the refractive indices of the thin film and substrate respectively,

d is the thickness of the thin film. Further 7 and R are related by the following
relation

T =(1—R)* exp(—47kd | A) (2.11)
Extinction coefficient can be determined from the variation 7 with film thickness

given by the relation

2.303* 7
-————lo
4d

k = gT (2.12)

(ii) Reflection method
In this case reflectance from an absorbing surface is measured at normal
incidence. n and k are estimated roughly with the help of following relation

R (=) K

C(n+1)? + k> 13)

If (n—1)* >>k’, then n can reasonably be determined from R. However, a second

measurement at another angle of incidence is necessary for the evaluation of » and £.

(iii) Transmission method

This method was basically proposed by J. C. Manificier [12] and extended by
Swanepoel [13]. This method considers only transmission spectra of thin films for the
calculation of optical parameters. Swanepoel’s method has advantage due to its non
destructive nature and yield the dispersion relation over a large range of wavelength
without any prior knowledge of film’s thickness. Consider a thin film having
thickness d and complex refractive index »n° = n— ik , where n is the real part of the

refractive index and £ is the extinction coefficient. The index of the surrounding air is
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n, =1. The glass substrate is several orders of magnitude thicker than the film and

has a refractive index s=1.51. All the multiple reflections at the three interfaces,
figure 2.5, are taken into account when calculating transmittance 7. If the thickness d
is uniform and comparable with wavelength of light which goes through the thin film,
interference effect give rise to a typical spectrum such as shown in figure 2.6 the as-
deposited conditions on microscope glass slide substrate. Beginning at the long
wavelength end and moving to shorter wavelength, we can divide the spectrum
following Swanepoel method into different regions according to their transmission
intensities. In the transparent spectral region of the film « = 0, the transmission is
determined by » and s through multiple reflections. In the region of weak absorption,
a 1s small so the transmission starts to decrease. In the region of medium absorption
a 1s large and hence determines the overall transmission.

In the region of strong absorption, the transmission decreases drastically
almost exclusively due to the influence of ¢ . In the transparent region transmission

fringe minima 7, can be used to calculate the refractive index of the film which is

given by

n=[M+(M*-5s*)"?1" (2.14)
2

where M :$—¥ 2.15)

m

If there are insufficient fringes in the transparent region, one may have to resort to
using fringes from the region of weak and medium absorption, where & # 0. Both
extremes, 7j, and T, are used to determine the film’s refractive index (), then M in
equation (2.14) is given by
T, -T 2+l
P Cia)

M =2sM1
T.T, 2

(2.16)

This optical characterization method provides values for refractive index of films at
particular wavelengths where transmission spectra are tangential to their
corresponding top and bottom envelops. A distinct advantage of using the envelopes
of the transmission spectrum rather than only the transmission spectrum is that the
envelopes are slow-changing functions of wavelength (A), whereas the spectrum

varies rapidly with A.
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Figure 2.5 System of an absorbing thin film on a thick finite transparent
substrate.
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Figure 2.6 A Typical transmission spectrum for GejpSeyo thin film; S =
strong absorption, M = medium absorption, W = weak absorption and T =

transparent.
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In the strong absorption region, the transmittance decreases drastically due to
the influence of @ and the refractive index can be estimated by extrapolating the
values of » calculated in the other regions of the spectrum. Then we must evaluate the
spectral dependence of the absorbance (x) and finally spectral dependence of

absorption coefficient (& ). Therefore, we first apply Cauchy’s formula to estimate »
B
n=A+ T (2.17)

where A and B are material dependent constants. Therefore, the resulting solid line of
n in interference region is extrapolated onto the refractive index axis to obtain the
value of » in strong absorption region [14]. Then the value of absorbance can be
calculated from

(n+l)3(n+s2)
X =
16n’s

(2.18)

where T, represents the transmission in the region of strong absorption. In the region
of weak and medium absorption using the transmission maxima, x can be calculated
by

_Ey-[E, -’ =)’ =5

x= e m—— (2.19)

2
E, = 8;’ Y =D(n? —5?) (2.20)

M

The extinction coefficient also called absorption index is a measure of the fraction of
light lost due to scattering and absorption per unit distance of the participating

medium. The extinction coefficient (k) can be calculated using the relation [11]

k= A /) 2.21)

wd

2.2.2 Thickness of thin film
Thickness of the thin film can be determined from the envelope method

proposed by Swanepoel [13]. If »#, and n, are the refractive indices of two adjacent
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maxima or minima at wavelengths 4, and A,, then the thickness d of the film is given
by
d=AA,/2(A4n, — A,n,) (2.22)

2.2.3 Absorption coefficient

An electronic transition between the valence and conduction bands in the
crystal starts at the absorption edge which corresponds to the minimum energy
difference between the lowest minimum of the conduction band and highest
maximum of the valence band. If these extrema lie at the same point of the k-space
then the transition is called direct. If this is not, then only the phonon assisted
transitions called indirect transitions are possible. In most of the amorphous
compound semiconductors the absorption curves appear similar. Optical absorption is
characterized in terms of the absorption coefficient ().

It is crucial to determine the absorption characteristics of glasses and thin
films, especially when comes to optical materials in order to evaluate their potential
applications. When light is incident on a thin film some of its energy is reflected,
some is absorbed and rest is transmitted. The optical absorption of thin films varies
with thickness and wavelength and is a function of its physical and chemical structure.

The absorption coefficient (&) measures the spatial decrease in intensity of a

propagating beam of light due to progressive conversion of the beam into different
forms of energy. The values of absorption coefficient from the transmission spectra
have been calculated using the equation.

a = (1/d)n(l/x) (2.23)
where d is the thickness of the thin film and x is the absorbance. The absorption
coefficient of chalcogenide glasses is known to change rapidly for photon energies
close to their band gap and for many glassy and amorphous non-metallic materials,

the absorption edge can be divided into three regions [15]

(a) For high absorption coefficient (o >10* cm™) Tauc’s power law states that
ohv = B(hv —E®")’ (2.24)

where B is the slope of Tauc edge called band tailing parameter that depends on the
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width of localized states in the band gap which are attributed to homopolar bonds in
chalcogenide glasses. In the above equation n = /2 for a direct allowed transition, »

= 3/2 for a direct forbidden transition, » = 2 for an indirect allowed transition and n =

3 for an indirect forbidden transition. E;”’ is the optical band gap.

(b) For intermediate absorption coefficient (10' cm™ <a<10*cm™) the

absorption coefficient follows the Urbach’s exponential relation [16] i.e.

a=a,exp(hv/E)), (2.25)
where v is the frequency of the radiation, ¢, is a constant, /# is Planck’s constant
and E, is an energy which is often interpreted as the width of the tail of localized
states in the gap region or Urbach energy. The parameter E, is thought to provide

information about the extent of disorder or randomness in amorphous chalcogenide
glasses. Absorption in this region is related to the transition between extended states
in one band and localized states in the exponential tail of the other band; hence
disorder here refers more towards that of electronic states with in the material as
compared to irregularity in atomic arrangement. This relation was first proposed by
Urbach [16] to describe the absorption edge in alkali halide crystals at high absorption
levels. The relation has been found to hold for many amorphous or glassy materials.
Tauc [15] believes that it arises from electronic transitions between localized states in
the band edge tails, the density of which is assumed to fall off exponentially with
energy. Davis and Mott [17] were uncertain about the precise explanation of the
exponential dependence and suggested that the slopes of the observed exponential
edges obtained from equation (2.25) are very much same in many semiconductors and

the value of E, for a range of amorphous semiconductors [18] lies between 0.045 and
0.67 eV.
(c) For weak absorption region (& <1lcm™) the strength and shape of absorption

edge were found to depend on the preparation, purity and thermal history of the

material.
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2.2.4 Optical band gap

Band gap is the energy difference between the lowest minimum of the
conduction band and highest maximum of the valence band is called the band or
forbidden gap or simply energy gap. When this energy gap is calculated using optical
methods then it is called optical band gap. The optical band gap of most of the
chalcogenide glasses varies in the range 0.7 to 3.0 eV [19]. By knowing the values of
absorption coefficient, optical band gap can be calculated from the relation (2.24).

This relationship allows us to estimate the value of optical band gap by plotting

(ahv)" against hv. The values of Egp’ and B can readily be calculated from the

plot of (ahv)™ as a function of hv. The value of E' can be estimated by the

intercept of the extrapolations to zero absorption with the photon energy axis
(ahv)"® — 0. The value of band tailing parameter (B) is of the order of 10° - 10° as

reported in the literature [19].
Theoretically the optical band gap can be calculated for the amorphous alloys
from the Shimakawa’s relation [20]

E (AB)Y)=YE, (A)+(1-Y)E,(B) (2.26)
where Y is the volume fraction of element 4, E, (A4)and E,(B)are the optical gaps

for A and B elements, respectively. The conversion from atomic composition (at.%) or
molecular composition (mol %) to volume fraction (Y) is made using atomic or

molecular mass and density.

2.2.5 Dielectric constants

The complex dielectric constant is a fundamental intrinsic material property.
The real part of it is associated with the term that how much it will slow down the
speed of light in the material and imaginary part gives that how a dielectric absorb
energy from electric field due to dipole motion. The knowledge of real and imaginary
part of dielectric constant provides information about the loss factor which is the ratio
of imaginary part of dielectric constant to real part of dielectric constant i.e. larger the
imaginary part of dielectric constant or smaller the real part of dielectric constant,

larger is the loss factor.
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The complex refractive index is given by the relation [11]

n) =&xu (2.27)
where & is complex dielectric constant (or complex permittivity) and #° is complex
permeability. For non-magnetic materials #  =1. Then above equation can be written
as

(n—ik)’ =€, —ie, (2.28)
So the real and imaginary parts of the dielectric constant can be determined using the

relations derived from above equation

£, = n’ —k* (2.29)
and
g = 2nk (2.30)

2.2.6 Optical Conductivity

The optical response of a material is most conveniently studied in terms of the
optical conductivity. It has dimensions of frequency which is valid only in Gaussian
system of units. The optical conductivity (o) has been determined from the relation
[21]
c = anc/4n (2.31)
where ¢ is the velocity of light, & is absorption coefficient and » is the refractive

index.

2.3 Wemple — DiDomenico model

According to single oscillator model proposed by Wemple-DiDomenico
(WDD) model [22], the optical data could be described to an excellent approximation
by the following expression
EyE,

n*(hv)=1+—5—""4—
E; —(hv)

(2.32)

where AV is photon energy, E, is single oscillator energy and E, is dispersion

energy which is a measure of the average strength of interband optical transitions

(interband transition energy or also called dispersion energy). Experimental
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verification of equation (2.32) can be obtained by plotting (n2 —1)_1 against (A V)z.
The resulting straight line yields values of parameters E, and E,. Moreover an

important achievement of Wemple-DiDomenico model is that it relates the dispersion

energy E, to other physical parameters of the material through a simple empirical
relation

E,=pN.Z,N, (2.33)
where N, 1is effective number of valence electrons per anion, N, is effective
coordination number of the cation nearest neighbour to the anion, Z, is the chemical
valency of the anion and £ is a two valued constant with either an ionic or covalent

value (for ionic materials f=0.26+0.03 eV and for covalent materials

B =037£0.04 eV [23]).
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Exgerimental Technigues

This chapter is dedicated to the fabrication and characterization techniques
utilized for the bulk glasses and their corresponding thin films, prepared and used in
this study. A short theory background is presented in each case along with the reason

for using each particular technique.

3.1 Bulk glass fabrication

The most convenient and conventional technique for the bulk glass formation
is melt quenching. An essential pre-requisite for glass formation from the melt is that
the cooling is sufficiently fast to preclude crystal nucleation and its growth; as
thermodynamically crystalline phase is more stable than amorphous phase if allowed
to take place. The distinguished feature of the melt quenching process of producing
amorphous materials is that the amorphous solid is formed by continuous hardening
(i.e. increase in viscosity) of the melt.

Before the development of the chemical vapour deposition and sol-gel
processes, melt quenching was the only method by which bulk glasses of acceptable
size could be obtained. Even today, glasses produced by melt quenching make up
more than 99% of the practical glasses. The advantage of melt quenching technique
over other techniques is the large flexibility of variation in compositions. Since
quenching of melt does not require stoichiometry among constituents, the preparation
of glasses with a wide variety of compositions, consisting of sometimes up to ten
kinds of constituents at various ratios from a few to several ten of percent, is possible.
The doping or co-doping of active ions such as rare earth or transition metal at a level
of few percent or less is also made relatively easily, which is quite important for the
production of glasses with special properties.

This technique requires material weighed according to their at. wt. %, quartz
ampoule, high temperature furnace with rocking arrangement, ice cold water/liquid
nitrogen bath. First materials were weighed according to their at. wt. % followed by
sealing of these materials in an evacuated (~ 10™ Pa) quartz ampoule. The sealed
ampoule was then put inside a rocking furnace where the temperature was increased
up to a certain temperature depending on the material gradually at a heating rate of 3-

4 °C/min. The temperature — time profile for GejoSeqo.xTex (x =0, 10, 20, 30, 40, 50)
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Figure 3.1.1 Temperature time profile for Ge oSeqoxTex glassy
alloys.

1000

800 | [(Aszse3)9oGe1o]95M5

600

400 -

Temperature ( 0C)

200 -

o J AU I U P U U EU NP N HPU U EPU (NP RPN SN EPUN B B T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Time (h)

Figure 3.1.2 Temperature time profile for [(As,Se3)90Geio]osMs glassy
alloys.
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and [(As2Ses)90Geio]osMs (M = Bi, Cd, Sn and Pb) glassy systems studied are given in
figures 3.1 and 3.2.

The ampoule was frequently rocked for 24 h at the highest temperature to
make the melt homogeneous. The quenching was done in ice-cold water. The
GeoSegoxTex compositions were quenched at 1000 °C while [(As2Ses3)90Gero]osMs
were quenched at 950 °C. The bulk glass was taken out by breaking the ampoule.

3.2  Thin film deposition

Thin films can be prepared from a variety of materials such as metals,
semiconductors, insulators or dielectrics etc. and for this purpose various preparative
techniques have been developed. Techniques involved in general are (i) thermal
deposition in vacuum by resistive heating, electron gun or laser gun evaporation, etc.
from suitable sources, (ii) sputtering of cathode materials in presence of inert or active
gases either at low or medium pressure, (iii) chemical vapour deposition (CVD) by
pyrolysis, dissociations, reactions in vapour phase, (iv) Chemical deposition from
solutions including electro-deposition, chemical displacement, chemical reaction etc.

In the present work, we have dealt with thermal deposition in vacuum by
resistive heating. This is the most commonly used technique adopted for deposition of
metals, alloys and also many compounds. The primary requirement for this method is
a high vacuum deposition system at a pressure of about 10 Pa or even less.

Fine powder of the material to be deposited was put into the flash cleaned
boat. Flash cleaning was done by passing a heavy current through the boat so as to
make it white hot or incandescent for a short period. Then the system was evacuated
to a base pressure of 10 Pa. A shutter was incorporated in between the source and
the substrate so that no vapour stream of the material can reach the substrate directly
prior to attaining the required deposition conditions. After establishing required
source temperature, substrate temperature and vacuum in the chamber, the shutter was
removed to start the deposition of film on the cleaned substrate. When the required
film thickness was obtained the shutter was brought back to the original position.

Cleaning of the substrate was done in three steps: (i) soap solution cleaning
and (i1) cleaning with acetone (vapour cleaning) and (iii) with methanol. Soap

solution cleaning basically involves scrubbing the substrate in the soap solution, then
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rinsing it thoroughly with distilled water. This procedure was repeated 3 - 4 times for
cleaning single substrate. Soap solution cleaning was used to remove any visible oil,
grease and dust impurities. Vapour cleaning procedure was used to remove the
organic impurities, which may be present on the surface of substrate. Acetone was
used for the removal of organic impurities. For the removal of inorganic impurities
methanol was used. After all this cleaning the substrates are subjected to dry in an
oven at a temperature approximately 110°C and then put into deposition chamber.

Thin films were kept in the deposition chamber in the dark for 24 h to attain
thermodynamic equilibrium as stressed by Abkowitz et al [1]. The vacuum
evaporation process was carried out in a coating system (HINDHIVAC model 12A4D
India). The rate of evaporation of deposited thin films and thickness of the films
deposited has been measured by thickness monitor (Model DTM-101).

3.3 X-ray diffraction

X-ray diffraction (XRD) was discovered by Max Von Laue inl1912 and
immediately applied to structure determination in 1913 by W. L. Bragg and W. H.
Bragg. XRD is presently the most widely used technique to detect the crystalline
phase in glasses. X-ray energies range from 200 eV to 1 MeV in the electromagnetic
spectrum, in between ultraviolet radiation and y-rays. XRD is a combined effect of
scattering and interference [2]. Scattering is a process of absorption and reemission of
an electromagnetic radiation. If the scattered waves are in phase they interfere
constructively and form diffracted beams with specific directions. The well known
Bragg’s law associates the wavelength (A) of x-rays to the spacing between atomic

planes and can be expressed as A=2d,,sind,,, where d,, is the interplanar
spacing, 6,,, is the angle between the atomic plane and the incident and diffracted

waves.
The powder method was used to check the nature (i.e. amorphous or
polycrystalline or crystalline) of the bulk samples. The bulk samples were crushed to

fine powder with a pestle and mortar and then this powder was used for taking XRD

0
pattern. Philips PW 1710 X-ray diffractometer (Cu-Ka radiation, A = 1.540598 A4, 40
KV and 25 mA was used to take the XRD patterns of the samples. Data acquisition
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was made in the 260 range from 10° to 100°. Step size was set to 0.05° was employed.
Thin films of the fabricated bulk samples deposited on the microscopic glass slides

were also characterized to check the nature of the films.

3.4 Transmission spectroscopy

No material is fully transparent in all optical frequencies and hence there is
always some absorption in some region of the spectra. When light is incident on a thin
film some of its energy is reflected, some is absorbed and rest is transmitted. Thin
films are studied more accurately by acquiring transmission instead of absorption as is
the case for bulk glasses. The transmission spectra of the thin films in the spectral
range 200 — 2400 nm were obtained using a double beam ultraviolet - visible - near
infrared spectrophotometer (Hitachi-330 and Perkin Elmer Lambda-750). The
spectrophotometer was set with a slit width of 1 nm. Therefore it was unnecessary to
make slit width corrections because of a small slit width value in comparison with
different line widths [3]. Typical interference fringes were obtained and the signal
was used to calculate the refractive index dispersion curves using Swanepoel’s
technique as mentioned in chapter 2. This technique additionally allows the
calculation of thickness of deposited thin films, optical absorbance and absorption

coefficient.

3.5 Fourier-Transform infrared spectroscopy

Fourier - Transform infrared (FT-IR) spectroscopy combines the advantages
of IR spectroscopy and Fourier -Transform to allow the identification of functional
groups and the detection of the presence of impurities. When a molecule absorbs
specific frequencies of IR radiation, vibration or rotations of the functional groups are
created and an absorbance spectrum regrouping the absorbed frequencies can be
observed. This spectrum is specific to each molecule which allows an experimenter to
know with precision the functional groups forming the sample. In addition the
radiation absorbed is proportional to the concentration of each compound. This
electronic process is combined with Fourier transform, named after Jean-Baptiste

Joseph Fourier, which converts time based signals into frequency domain. The IR
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beam used in FT-IR is split into two components in an interferometer, one component
traveling to a mirror placed at a distance and other one to a moving mirror, thus
creating constructive and destructive interference [4]. The resulting interference
pattern is a time based function that is translated as a function of frequency after
Fourier transform.

Far-infrared transmission measurements were obtained in the spectral range
50-650 cm™ at room temperature using Perkin Elmer 1600 FT-IR Spectrometer. The
resolution during the measurements was set at 2 cm™'. Measurements were made using
the polyethylene pellet method. About 10 mg of finely grounded powder sample was
mixed with 500 mg of polyethylene powder and pellet of 2.0 cm diameter was
prepared under a pressure of 13 ton/mm’. To take account of the polyethylene
absorption, the spectrum of polyethylene was used as reference spectrum. The sample
spectrum was divided by the reference spectrum to nullify the polyethylene

absorptions.

3.6 Density measurements

Density refers to the mass contained with in a unit volume under specified
conditions and is measured in kg/m’. Density of bulk samples was measured by
Archimedes (buoyancy) method. Archimedes’ principle state that the apparent weight
of an object immersed in a liquid decreases by an amount equal to the weight of the
volume of the liquid that it displaces. The apparatus consists of a beaker filled with
double distilled water as a reference liquid. A thermometer was placed in the liquid to
measure the temperature. The method is first to calculate the weight of sample in air.
Then the sample is placed on the sinker part and plunge it into the beaker in such a
way that the sample is covered with at least 10 mm of liquid. After making sure that
no bubbles are trapped in between the sample and the sinker the weight of the sample

is measured in the liquid. The density of double distilled water (p, ..) is obtained

water
from a calibrated table knowing its temperature. Thus the density of the sample is

calculated using the formula

W
p = pwater
W =W,
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where w, and w, are the weight of the sample in air and the weight of the sample in

the reference liquid (double distilled water) respectively. Each sample was weighed

five times and average density was recorded.
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Structural and Optical Properties of Ge-Se-Te System

In this chapter we have discussed the preparation and characterization of the
Ge-Se-Te system and their bonding arrangement from far-infrared transmission study.
Optical properties viz. refractive index, absorption coefficient, optical energy gap
have been reported using ultraviolet-visible-near infrared spectroscopy. A detailed
account on the effect of deposition parameter has also been discussed on the optical

properties for Ge-Se-Te thin films.

4.1 Ge-Se-Te System

The Ge-Se-Te system is of special interest in view of the fact that it forms
glasses over a wide domain of compositions. The glass forming region in the ternary
Ge-Se-Te system extends to complete replacement of Se by Te, with the rest being
Ge. Ge-Se-Te system is an important system as the addition of Te to Ge-Se system
creates a configurational and compositional disorder with respect to binary system.
Therefore, it is a suitable system for the investigation of its structural and optical

properties. The glassy alloys of the system Ge,,Se,, Te (0 <x < 50) were prepared

by conventional melt quenching technique (chapter 3). The high purity (99.999%)
elemental constituents were weighed and mixed in seal evacuated (at ~ 10™* Pa) quartz
ampoules. The ampoules were kept inside a furnace where the temperature was
increased up to 1000 °C at a heating rate of 2-3 °C/min. The ampoules were frequently
rocked for 24 hours at the highest temperature to make the melt homogeneous. The
melt in the quartz ampoule was then quenched into ice-cold water.

Thin films of the glassy alloys of Ge;gSegp..Te, (x = 0, 10, 20, 30, 40, 50) were
prepared on glass substrates by vacuum evaporation technique at a base pressure ~10™
Pa. The bulk samples as well as their thin films were characterized by X-ray
diffraction (XRD) technique. Figure 4.1.1 shows the XRD patterns for bulk samples
while figure 4.1.2 shows XRD patterns for their thin films. The lack of any sharp peak

indicates the amorphous nature of bulk glasses as well as their thin films.
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4.2 Far-infrared transmission

4.2.1 Introduction

An understanding of the structure of an amorphous material is essential to
understand its physical properties. Determining the structure of glasses is difficult for
two main reasons. First, unlike for the crystal, there is no direct probe such as X-ray
diffraction that can determine the structure of a glass uniquely. This is due to the
absence of long range order in the glasses. Second, the glass may be in one of many
possible metastable states. These metastable states consist of different atomic
configurations which may differ only slightly from one another and result in physical
properties very similar to one another. The particular state in which a glass resides is
dependent on its history of preparation. That is, the glass forming ability is influenced
by the quenching rate, the amount of the sample prepared and the temperature from
which the melt of sample is quenched. Infrared (IR) absorption of solids can provide
useful information about the lattice vibrational density and structure of solids. In order
that the mode of vibration can absorb, a mechanism for coupling the vibration motion
to electromagnetic radiation must exist. The basic mechanism is that the motion
produces an oscillatory dipole moment which can be driven by oscillating electric
field of radiation. Raman scattering in solids is associated with the change of
polarizability corresponding to the vibrational modes. The vibrations that contribute
to IR absorption can be quantitatively separated into different types of modes
characterized by three frequency regimes; low frequency acoustic modes,
intermediate frequency bond bending modes and high frequency bond stretching
modes. The bond stretching mode generally yield the most direct structural
information since their frequencies are determined primarily by nearest neighbour
interactions and thus relative IR activity by local molecular symmetry.

Infrared and Raman measurements have been made as a useful means of
obtaining information about the structure of chalcogenide glasses [1-9]. In this case
this is essentially important to investigate vibrational spectra in the fundamental band
region. Several authors [10-13] have measured the IR and Raman spectra of pure
glassy Se in order to understand the structure. Structural investigations have also been

made for binary chalcogenide glasses as S-Se, Se-Te, As-Se and Ge-Se alloys by
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measuring the IR and Raman spectra [10-17]. These studies reveal that the pure glassy
Se consists of Seg puckered rings and Se, spiral chains [10,11,13,14] and in S-Se and
Se-Te glasses Ss..Se, and Ses..Te, mixed rings were formed [14,16]. On the other
hand it was considered in 4s-Se and Ge-Se glasses that AsSe; pyramidal molecules
[14,16] and GeSe, tetrahedral molecules [14,15,17] were formed as a local
configuration.

The Ge-Se system provides a wide range of concentrations for which it is
possible to obtain bulk amorphous compounds. The Ge-Se system has been widely
probed using IR and Raman spectroscopy [1,2,15,18-24]. Alloys of glassy Ge,Se;.,
system with Ge concentration range 0 < x < (.5 are supposedly composed of Se chain,
Ge(Sej), tetrahedral, Ges(Se;»)s ethane like and Ge(Se;), structural units in
proportions varying to comply with the actual x-values. Substitution of tellurium (7e)

into Ge-Se system makes the system of interest. The system Ge,,Se,, Te (0 <x <

50) has been studied here with emphasis on the effect of Te. The system is of quite
interest as this was shown that addition of 7e into Ge-Se increases the transparency
range of the glasses [25-27]. Thus addition of 7e to Ge-Se provides an ideal system
for optical study in far-IR region. To have a better understanding of the optical
properties one should have the knowledge of its structural constituents. This makes

the authors to have a detailed structural study of the Ge,,Se,, Te (0 <x <50) system

in the far-IR region.

4.2.2 Experimental details

Far-infrared transmission measurements were obtained in the spectral range
50-650 cm™ at room temperature using Thermo Nicolet Nexus 670 FT-IR
Spectrometer. The resolution during the measurements was set at 2 cm'.
Measurements were made using the polyethylene pellet method. To take account of
the polyethylene absorption, the spectrum of polyethylene was used as reference
spectrum. The sample spectrum was divided by the reference spectrum to nullify the

polyethylene absorptions.
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4.2.3 Results and discussion

The IR spectra of Ge,,Se,, Te where x =0, 10, 20 and x = 30, 40, 50 glassy

alloys are shown in figures 4.2.1 and 4.2.2 respectively. The IR spectra of Ge-based
chalcogenide glasses have been largely interpreted in terms of isolated molecular
units. Two different models have been proposed for the structure of Ge-Se glasses.

In the first model [15] called chain crossing model (CCM) the four fold
tetrahedrally coordinated Ge-atoms act as chain crossing points in Se chain structure.
In second model [28] known as random covalent network model (RCNM), the
tetrahedrally coordinated Ge-atoms bond to other Ge-atoms as readily as to the two
fold Se-atoms. In the chemical bond approach, to explain the structure of
chalcogenide glasses Bicerno and Ovshinsky [29] proposed that atoms of one type
combine more favourably with atoms of different type and the bonds are formed in
the sequence of decreasing bond energy until all available valencies of the atoms are
filled. Keeping this view in mind the energies of various possible bonds in

Ge,,Se,, Te  system have been calculated on the basis of relation [30]

D(A~B)=[D(4~A)+D(B~B)I/2+23(24 ~ ¥5) (M
where y, and y, are the electronegativities of the atoms 4 and B and D(4-4) and
D(B-B) are the bond energies of A-4 and B-B bonds respectively. The relative
probabilities of formation of different bonds have also been calculated using the
probability function exp(D/K,T) at room temperature as well as 1000 °C at which
the samples were prepared. The results are shown in table 4.2.1.

When Ge is introduced into Se, it is four fold tetrahedral coordinated [31].
GeSey tetrahedral molecules have four fundamental modes (v;, v,, vz, vy [32].
Although only the v; and v, modes are infrared active in GeSe; molecules, it is
expected that all the fundamental modes appear in infrared absorption spectra because
of breakdown of selection rules in glassy materials. Considering first the Ge,,Se,,
bulk glass the main absorption bands appears at ~ 84 cm™, 102 em™, 150 cm™, 175
ecm™, 220 cm™ and 280 cm™ along with three shoulders at ~ 127 cm™, 137 cm™ and
193 cm™. The existence of these absorption bands is in good agreement with the

earlier reported results by Ball and Chamberlain [18]. The band at 84 cm™ has been

59



Structural and Optical Properties of Ge-Se-Te System

assigned to Ses [E> mode] [18] while the sharp absorption band at 102 cm’ has been
assigned to 4, mode of trigonal Se which is strongly infrared active. Ohsaka [14] has
also reported infrared active fundamental band in spectra of Se containing Te at 102
cm” and assigned it to 4, mode of trigonal Se. The shoulders at 127 cm™ and 137cm™
have been assigned to Se polymeric chains. Absorption peaks at 150 cm™ and 175 cm
! have been observed and assigned to GeSe; mode [18] which is active in Raman
mode. Ball et al [18] has reported GeSe, (v;) mode at 197 cm™ for Ge;sSess glassy
alloy so a shoulder at 193 cm™ may be assigned to v; mode of GeSe, tetrahedra. A
comparatively weak band at 220 cm™ has been assigned to GeSe, mode. Fukunaga et
al [33] also found a weak band at 220 cm™ for GeSe; and attributed it to the vibrations
of Ge-Ge bonds. Ksendzov et al [34] have reported that glasses have increasing ability
to relax and optimize bent Se-Se-Se bonds because the large chemically ordered
clusters become floppy [35]. So they assigned band at 280 cm™ to vibrations of nearly
isolated F, mode of Ge(Se; ), tetrahedra which are connected with Se chains outside
the clusters [33] because of lack of symmetry and relaxation of selection rules. In our
spectra a band at 280 cm™ may thus be assigned to an isolated F» mode of Ge(Se; )y
tetrahedra.

When Te is substituted for Se in Ge,,Se,,_Te. , the absorption band at 84 cm

starts to split into bands at ~ 79 cm™ and 89 cm™. The absorption band at 79 cm™ has
been assigned to v, (E) mode of GeTe, structural unit [36] and absorption peak at 89
cm” has been assigned to E; mode due to Seg rings. A strong vibrational band at 102
cm™ remains at its same position for x = 70 while for other higher Te concentrations
iLe. x = 20, 30, 40, 50 this absorption band is observed to shift towards higher
wavelength and is found at 100 cm™. The absorption band at 150 cm™ for x = 0
[GeSe; mode] is found missing for x = 70 at.% of Te but appears sharply for x > 20
at.% of Te content. Andrikopoulos et al [37] have assigned this vibrational mode to
symmetric stretching vibration of 7e-Te bond. In present case i.e. for Ge-Se-Te system
this strong vibrational mode at 150 cm™ is assigned to symmetric stretching of Te-Te
bonds. The presence of 7e-Te bonds at higher frequency is due to the fact that
stretching modes occurs at higher frequencies. A weak absorption band at 163 cm™ is
observed in all the compositions containing 7e content. This weak band has been

attributed to v; (4;) vibrational mode for GeTe;. Phillips [36] has also reported v; (4;)
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Figure 4.2.1 Far-IR transmission spectra of Ge;pSegpTex (x =0, 10, 20)
glassy alloys. The ordinate scale for different x-values is shifted for clarity.

Transmission

T T T T
100 200 300

Wavenumber (cm'l)

Figure 4.2.2 Far-IR transmission spectra of Ge;pSegp.Tey (x = 30, 40, 50)
glassy alloys. The ordinate scale for different x-values is shifted for clarity.
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Table 4.2.1 Bond energy and the relative probabilities of various bonds in
GejpSegpTe, (x = 0, 10, 20, 30, 40, 50) glassy alloys. The probability of the Ge-Se
bond has been taken as unity.

Bond Bond energy Relative probability at the following
(kcal/mol) Temperatures
27°C 1000 °C

Ge-Se 49.1 1 1

Se-Se 44.0 1.93x 10" 1.33x 10"
Se-Te 40.6 6.50x 107 3.47x 107
Ge-Ge 37.6 436x 107 1.06 x 107
Ge-Te 37.4 3.05x 107 9.81x 10~
Te-Te 33.0 1.91x 107" 1.72x10”
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vibrational mode for GeTe; at 167 cm™ in Ge-Te glassy alloys. The absorption bands
of 175 cm™ [GeSe, Raman Mode], 220 cm™ [GeSe;] and 280 cm™ [F, mode of
Ge(Se;.)4] which appears for x = 0 have not been observed when Te is substituted for

Se in Ge,,Se,, Te. glassy alloy while 127 cm™, 137 cm™ [Se polymeric chain] and

193 cm™ [v; mode of GeSe,] remains at their positions though their intensity changes
for some of the compositions.

On the addition of Te to Ge-Se system a well resolved doublet at 113 cm™ and
117 cm™ has been observed and two distinguishable absorption peaks are observed at

211 cm™ and 217 cm™ in all the compositions (x =10, 20,30, 40, 50). The intensity

of these peaks increase with the increase of Te content. The doublet of 113 ¢cm™ and
117 cm™ has been associated with v; (4;) vibrational frequency of GeTey tetrahedron
[37]. The absorption band at 211 cm™ has been assigned to the vibrations of Se-Te
bonds. Wang et al [38] also have reported the vibrations of Se-Te bonds at 210 cm™ in
Ge,SesTe; glassy alloy. Further Ohsaka [14] has reported the frequency of IR band in
Se-Te alloy at 205 cm™ which does not vary with the Te content. Consequently he did
not assign this band to Se,..Te, chains but to SegTe, mixed rings and is estimated to
be due to SesTe; mixed rings. The absorption band at 217 cm™ observed for Te added
Ge-Se system has been assigned to the vibrations of Se-Te bonds. Schottmiller et al
[16] also showed that the Raman band at 216 cm™” found in Se-Te alloys was
attributed to Ses..Te, rings probably SesTe, rings. Absorption peak at 237 cm™ which
does not show its appearance in compositions with x = 0, 10, 20 at.% starts showing
its existence for x>30at.% of Te content. Phillips [36] has also reported an
absorption band at 230 cm™ in Ge-Te glass and attributed it to v; (F,) vibrational
mode for GeTe,. In our case, the band at 237 cm™ appears as Te replaces Se for
x = 30 at.% and this may be assigned to v; (F>) vibrational mode for GeTe..

In order to understand the IR absorption spectra obtained above for

Ge,,Se,, Te, where x = 0, 10, 20, 30, 40, 50 glasses the absorption spectra of these

glasses have been compared with the IR studies of pure Se [10], binary Ge-Se [18],
Ge-Te [37], Se-Te [14] and ternary Ge-Se-Te glasses [38]. As seen for Ge;pSeqy glassy
alloy the absorption bands appears at 84 cm™, 102 cm™, 150 cm™, 175 cm™, 220 cm™
and 280 cm™' along with three shoulders at ~ 127 cm™, 137 cm™ and 193 cm™. On the
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addition of Te to Ge-Se system the absorption peak for E; mode of Seg at 84 cm’™
splits into two bands at 79 cm™ and 89 cm™ leading to the formation of GeTe, and Ses
structural units respectively. The other new absorption bands which appears at 113
cm'l, 117 cm'l, 163 cm'l, 211 cm™ and 217 cm™ shows the existence of tetrahedra of
GeTeyat 113 cm™ and117 cm™ doublet, GeTe; unit at 163 cm™! while vibrations of Se-
Te bonds in SegTe, mixed rings at 211 cm and 217 em™. Moreover it is found that
the absorption band at 150 cm™ for x = 0 composition disappears for x = 10 at.%
whereas it again appears at 150 cm” for x>20 at.% showing the symmetric
stretching vibrations of Te-Te bonds. Further for x> 30at.% the band at 237 cm™
appears due to GeTe; molecular unit.

With the increase of Te content it has been observed that some of the Ge-Se
and Se-Se bonds disappear leading to the formation of Se-Te and Ge-Te bonds.
Further the existence of Te-Te bonds has also been observed at 150 cm™. Ge-Se and

Se-Se bonds remain in the Ge,,Se,, Te_  glassy alloy even on the addition of 7e may

be explained in terms of their higher relative probability of formation (table 4.2.1).
The formation of Se-Te and Ge-Te bonds may be explained on the basis of supremacy
of heteropolar on homopolar bonds [29]. The existence of Ge-Ge bonds has not been
observed as the compositions under study were chalcogen rich. The absorption peaks
at 150 cm™ (for x > 20 at. %) confirms the formation of Te-Te bonds. However these
appear for higher Te content compositions. The least formation of 7e-Te bonds may
be attributed to their lower relative probability of formation. The formation of Te-Te
bonds may also be explained on the basis of chemical bond approach (CBA) method
[29]. Among chalcogens (Se and Te) Te acts as 3-fold coordinated. Thus for x > 20
at. % , Te become excessive and remain unsatisfied producing 7e-Te homopolar

bonds and appears at 150 cm™ due to symmetric stretching of Te-Te bonds.

4.2.4 Conclusion

The addition of Te to Ge;pSeqy shows that the far-IR transmission spectra shift
a little towards the lower wavenumber side. The addition of 7e in Ge;pSeqy has shown
the appearance of GeTe, and GeTe, molecular units and vibrations of Se-Te bond in

Ses «Te, mixed rings. The results were explained in terms of the vibrations of the
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isolated molecular units. This has been observed that some of the Ge-Se and Se-Se
bonds disappear leading to the formation of Se-Te and Ge-Te bonds. The existence of
Ge-Ge bonds has not been observed as the compositions under study were chalcogen
rich. The absorption peaks at 150 cm™ (for x > 20 at. %) confirms the formation of
Te-Te bonds. However these appear for higher 7e content compositions. The least
formation of Te-Te bonds may be attributed to their lower relative probability of
formation and also to excess of Te-Te bonds according to CBA. These results are
supported by observation that optical band gap decrease with the addition of 7e to

Ge pSegp..Te, system (section 4.3.3).

4.3 Optical properties
4.3.1 Introduction

Chalcogenide glasses recognized as promising materials for infrared optical
elements, infrared optical fibres, xerography, switching and memory devices,
photolithography and in the fabrication of inexpensive solar cells and more recently
for reversible phase change optical records [39-52]. The influence of impurities on
electrical, optical and the structural properties of chalcogenide glasses are of
important concern with respect to their application. This influence can be widely
different for different impurities. Many approaches were proposed to explain the
compositional dependence of various physical properties of chalcogenide networks
[39,53-56].

The chemical composition and energy band structure change on introducing
the Ge atoms into the Se matrix. The variation of the Ge-Se structure is reflected in
different properties such as the glass forming regions, glass transition temperature,
photoluminescence, IR and Raman spectra and the optical properties [57-59]. Optical
properties of IV-VI compounds have been studied by various researchers [60,61]. The
optical band gap and the localized states width were found to depend on the
composition.

The optical band gap and refractive index are the most significant parameters
in amorphous semiconducting thin films. The optical behaviour of material is utilized

to determine its optical constants. Films are ideal specimen for absorbance and
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transmittance type measurements. Therefore, accurate measurements of the optical
constants are extremely important. The optical properties of amorphous
semiconductors have been extensively studied [60,61] on Ge-Se system because of
their wide range of applications and strong dependence on composition.

In GejpSegp system the average coordination number <r > is 2.2 ie. the
system is in floppy mode. Alloying of Ge;ySegp with a fourth element of group VI (Te)
is very important from the basic as well as application point of view because for
GepSegorTer (x = 0, 10, 20, 30, 40, 50) compositions < r > varies from 2.2 to 2.7 i.e.
the system varies from floppy mode to rigid mode with a change in mode at 2.4
[54,56]. In the present work, therefore, the effect of Te additive on the optical
properties of such a technically important system Ge;pSegp has been studied. The

optical parameters refractive index (), extinction coefficient (k), absorption

coefficient (o) and optical band gap (E;”” ) of the amorphous thin films of Ge;ySeq.

JTe; (x =0, 10, 20, 30, 40, 50) have been calculated by analyzing their transmission
spectra. The dielectric constant and optical conductivity has also been calculated

using the other optical parameters.

4.3.2 Experimental details

The normal incidence transmission spectra in the transmission range 200-2400
nm for Ge;pSegp.Te, (x=0, 10, 20, 30, 40, 50) thin films (thickness 800 nm) were
obtained by a double beam ultraviolet-visible-near infrared spectrophotometer
[Hitachi-330]. The spectrophotometer was set with a slit width of 1 nm. The normal
incidence transmission spectra were also obtained by a double beam ultraviolet-
visible-near infrared spectrophotometer [Perkin Elmer Lambda-750]. In UV region no
transmission has been observed. The results obtained from both the instruments are in

good agreement.

4.3.3 Results

Figures 4.3.1, 4.3.2 and 4.3.3 show transmission spectra for Ge;pSegy..Tey

(x=0, 10, 20, 30, 40, 50) thin films. The fringes in the spectra are due to interference
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Figure 4.3.1 Transmission spectrum for Ge;oSegg thin film.
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Figure 4.3.2 Transmission spectra of Ge;pSegp.Te, (x = 10, 20, 30) thin films.
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4.6

4.4 4
A —=—Ge, Se,,
429 - GemsesoTem

] —a—Ge, Se_Te
4.04 1077707 C20

Refractive index

w
o
|

g
©
-

2.6

2.4 4

22 : T : T : T :
500 1000 1500 2000 2500
Wavelength (nm)

Figure 4.3.4 Variation of refractive index with wavelength for Ge;ySeg..Te, (x
=0, 10, 20) thin films.

68



Structural and Optical Properties of Ge-Se-Te System

5.6
5.2 4 —_—a—
=—Ge,Se Te,
—e—Ge,Se,Te,
4.8 —4—Ge,Se,Te,

Refractive index

2.0

T T T T T T T
500 1000 1500 2000 2500
Wavelength (nm)

Figure 4.3.5 Variation of refractive index with wavelength
for Ge;pSegp..Te, (x = 30, 40, 50) thin films.

0.035 0.055
0.050
0.030 + 0.08 | —=—Ge, Se,Te,
045 -
] —— Ge1OSe50Te4O
—4—Ge, Se, Te
0.025 0.040 10°%40 " ©50
- +— 0.035
o 5 ]
'S 0.020 2
= £ 0.030 1
o (0]
o 8 1
C
S 0015 § 00257
= 2 ]
k=1 S 0.020
ul i .
0.010
0.015
0.010
0.005 |
0.005
0.000 . ; . ; . ; : !
0.000 . . -
500 750 1000 1250 1500 750 ] 0'00 ] 2'50 1500

Wavelength (nm) Wavelength (nm)

Figure 4.3.6 Variation of extinction Figure 4.3.7 Variation of extinction
coefficient with wavelength  for Ge;oSeqp. coefficient with wavelength for
Te; (x =0, 10, 20) thin films. GejpSegpTex (x = 30, 40, 50) thin films.

69



Structural and Optical Properties of Ge-Se-Te System

at various wavelengths. The maxima and minima of these fringes are used to calculate
the various optical parameters. This is found that maxima and the minima of the
fringes shift towards higher wavelength region with the increase of Te content in
GejpSegoTer. This may be due to the influence of the absorption coefficient («) and
scattering of light by defects.

Refractive index (n) and extinction coefficient (k) have been calculated using
the technique proposed by Swanepoel (chapter 2). The spectral distribution of
refractive index is shown in figures 4.3.4 and 4.3.5 and extinction coefficient is shown
in figures 4.3.6 and 4.3.7 respectively. The values of refractive index at 800 nm are
given in table 4.3.1.

The values of thickness of the thin films under investigation have been
calculated using equation (2.22) and are given in table 4.3.1. The difference in
thickness measured from thickness monitor and calculated from equation (2.22) lies
with in £45 nm for all investigated thin films.

The high frequency properties of thin films could be treated as single
oscillator. According to the single-effective oscillator model proposed by Wemple
and DiDomenico [62] the optical data could be described to an excellent
approximation by the following relation

E E,
E2 —(hv)

n’—1=

where /v is the photon energy, » is refractive index, E, is the oscillator strength also
called average energy gap, E, is the dispersion energy. The latter quantity measures
the average strength of the interband optical transitions. Plotting (n2 —1)_l against
(hv)* allows us to determine the oscillator parameters by fitting a straight line to the
points. Figure 4.3.8 shows the plot of (n2 —1)_1 versus (hv)’. The values of E, and

E, can be directly determined from the slope (E,E,)”" and the intercept on the
vertical axis (E,/E,) respectively. The values of static refractive indices (n,) for

thin films under investigation are calculated by extrapolating the Wemple-

DiDomenico dispersion equation to 2V — 0 and are given in table 4.3.1. The high
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frequency dielectric constants [64] &€ = (no)2 for GejpSeqg..Te, thin films are also
given in table 4.3.1. Moreover an important achievement of Wemple-DiDomenico
model is that it relates the dispersion energy E, to other physical parameters of the
material through a simple empirical relation £, = SN _Z N, where N, is effective
number of valence electrons per anion, N_ is effective coordination number of the
cation nearest neighbour to the anion, Z, is the chemical valency of the anion and

is a two valued constant with either an ionic or covalent value (for ionic materials
B =0.26%0.03 eV and for covalent materials £ =0.3720.04 ¢V).

Figures 4.3.9 and 4.3.10 show the variation of absorption coefficient (&) with
energy for the Ge;pSegy..Te, thin films. The absorption coefficient is measured in high
and intermediate absorption regions, not in the weak absorption region. The values of
«a are calculated using equation (2.23). The absorption coefficient has been observed
to decrease with the decrease in energy or increase in wavelength for all the thin

films.

1/2

Figure 4.3.11 shows the plot of (ahv) '~ vs. hv for calculation of optical

band gap(E"). The optical gap is determined by taking the intercept of the

extrapolations to zero absorption with the photon energy axis {(oh V)% — 0} [65]. It
is clear from the figure 4.3.11 that the optical gap decreases with increasing Te
content. Figures 4.3.12 and 4.3.13 show the plots of real (£,) and imaginary (&)
parts of dielectric constants against photon energy respectively. The values £, and g,
are calculated by using » and k values in the relations €, =n” -k’ and €, = 2nk [66].

The optical conductivity (o) has been determined from the relation ¢ = anc/4n

[67]. Figure 4.3.14 shows the variation of 6 vs. AV .

4.3.4 Discussion

Addition of Te in Ge-Se shifts the transmission towards higher wavelength
side (figures 4.3.1, 4.3.2 and 4.3.3). This may be due to the influence of absorption
coefficient and scattering of light by heavier Te atoms replacing the Se atoms as size

of atoms play a crucial role in the scattering of light.
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Table 4.3.1 Values of thickness (d), refractive index (n at 800 nm), optical band
gap (E"), oscillator strength (E,), dispersion energy (E,), static refractive

index (n,) and high frequency dielectric constant (£_) for GejoSeq.xTex (x =0,
10, 20, 30, 40, 50) thin films

X d n E§P’ (eV) E, E, n, £,
(nm)
0 798 2.69 | 1.87+0.01 | 4.89 27.76 2.58 6.66
10 836 2.88 | 1.62+0.01 | 3.43 22.13 2.73 7.45
20 829 3.12 | 1.46+£0.01 | 3.12 20.79 2.81 7.90
30 749 321 | 1.27+£0.01 | 2.72 20.42 2.94 864
40 813 3.52 | 1.12+£0.01 | 2.39 20.19 3.09 9.55
50 782 3.86 | 1.03+£0.01 | 2.20 20.17 3.19 10.18
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Figures 4.3.4 and 4.3.5 show the variation of refractive index with wavelength.
It is found that with the increase of wavelength there is a continuous decrease in
refractive index showing the normal dispersion behaviour of the material. The
refractive index is found to increase with the increase of Te content. This increase is
large for the higher Te contents. This may be due to the change in stoichiometry [68]
and internal strain [69] of the glassy alloy with large incorporation of the Te content.
The addition of Te into Ge-Se system causes increase in the disorder which in turn
may lead to increase of refractive index. Dispersion of refractive index has been
studied in terms of Wemple-DiDomenico single oscillator model. This model leads to

the calculation of oscillator strength (£,) which, according to Tanaka [70], is related
to optical band gap by the relation E, = 2><E;,’”’ . The values of oscillator strength

observed in our case are in concordance with the Tanaka’s relation showing the
justification of our results.

Figures 4.3.9 and 4.3.10 show that the absorption coefficient lies in the range
10° - 10* cm™. The absorption around the absorption edge has been often found to
increase suddenly rather than gradually as in the case of oxide glasses. Optical band
gap has been determined using the Tauc’s extrapolation method. It is clear from
Figure 4.3.11 that the optical gap decreases with increasing Te content. This can be
correlated with the character of the chemical order of chalcogenide amorphous
semiconductors. According to the model described by Kastner [71], the dominant
contribution for states near the valence band edge in materials having chalcogen
atoms as major constituents, comes from chalcogen atoms, especially from their lone-
pair p-orbital. The lone-pair electrons in these atoms adjacent to electropositive atoms
will have higher energies than those close to electronegative atoms. Therefore, the
addition of electropositive elements to the alloy may raise the energy of some lone-
pair states sufficiently to broaden further the band inside the forbidden gap. The
electronegativities of Ge, Se and Te are 2.01, 2.55 and 2.1 respectively. According to
these values, it is noticed that Te is less electronegative than Se, so the substitution of
Te for Se may raise the energy of some lone-pair states and hence broaden the valence
band. This will give rise to additional absorption over a wider range of energy leading

to band tailing and hence shrinking of the band gap. The optical gap decreases from
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1.87 to 1.03 eV for x = 0 to x = 50 Te content as shown in table 4.3.1. The addition of
Te in the glass structure causes deeper band tails extended in the gap and thereby
leading to a decrease in the value of optical band gap. The decrease in optical band
gap with increasing Te content may also be related to the increase in number of Ge-Te
(37.4 kcal/bond), Se-Te (40.6 kcal/bond) and Te-Te (33.0 kcal/bond) bonds and
decrease of Se-Se (44.0 kcal/bond) and Ge-Se (49.1 kcal/bond) bonds. The strength of
Ge-Te, Se-Te and Te-Te bonds is lower as compare to Ge-Se and Se-Se bonds so the
optical absorption edge shifts towards higher values of wavelength with the addition
of Te. Tellurium enters into the tetrahedral structure of GeSe, forming units
containing all the three elements (Ge, Se, Te) thus leading to the modification of the
glassy network. Further, the optical band gap is strongly dependent on the fractional
concentration of Te atoms. This may be due to the tendency of Te atoms to form
chemical disordering and to create localized states in the forbidden gap [72] leading to
lower the optical band gap.

In chalcogenide glassy semiconductors, there are a large number of charged
defect states, which are due to dangling bonds or valence alteration. The addition of
Te to Ge-Se system induces structural changes in the host network because in
chalcogenide glasses among divalent atoms, Te acts as three fold coordinated leading
to acceptors or holes and thus supplying holes in the valence band. The increase of Te
content leads to the formation of composition with higher degree of disorder and
hence higher densities of localized states. The change in the optical properties for
GejpSegp..Te, compositions may be explained by assuming that Te atoms act as an
impurity center in the mobility gap. For binary Ge-Se alloy Ep is approximately
pinned at the center of mobility gap where the charged defect centers have equal
concentration. Thus the distribution and density of localized states are modified and
even some new trap states may be created in the mobility gap leading to changes in
the optical gap.

The other parameters i.e. dielectric constants and optical conductivity have
been determined by making use of the refractive index (), extinction coefficient (k)
and absorption coefficient (a). Figures 4.3.12 and 4.3.13 show the variation of real
and imaginary parts of dielectric constants and found to increase with the photon

energy. Figure 4.3.14 shows the plot of optical conductivity and it also increases with
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photon energy. Since dielectric constants and optical conductivity depends on 7, k and

a , thus their variation can be explained similarly to #, k and a.

4.3.5 Conclusion

Different parameters related to optical properties were calculated for the thin
films of GejpSegoxTex glassy alloy. Transmission spectra show that with the addition
of Te content there is red shift in the transmission. Refractive index has been found to
decrease with the increase of wavelength. The refractive index increases sharply for
higher content of Te addition. Absorption coefficient lies in the range 10~ — 10 cm™.
Optical band gap has been calculated from Tauc’s extrapolation method and found to
decrease with the increase of Te content. The optical band gap changes from 1.87 eV
to 1.03 eV for x = 0 to x = 50 respectively in GejpSegpx ey thin films. The decrease
of optical band gap has been explained on the basis of decrease of bond energy of the

system and electronegativity concept.

4.4 Effect of deposition parameters on the optical properties

Thin films deposited under different conditions produce different results,
whether it is the case of method of thin film deposition or the parameters considered
while deposition. In this section we have considered three important parameters on
which the properties of films may depend. These parameters contain variation of
thickness of films, type of substrates used and the substrate temperature at which
films are deposited. The optical properties, viz. refractive index and optical band gap,

of films deposited under these three conditions were investigated in this section.

4.4.1 Effect of thickness

The thickness dependent study has been performed for the optical properties
of GejpSegoxTex (x = 0, 10, 20, 30, 40, 50) thin films. Thin films of three different
thicknesses have been deposited on microscopic glass substrates for all the six
samples of Ge-Se-Te glassy alloys. Thickness of the thin films was measured while
deposition using thickness monitor (DTM-101) attached with coating unit
(HINDHIVAC 12A4D). The temperature of substrate was kept at 303 K.
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The transmission spectra of all the thin films have been obtained using UV-Vis-NIR
spectrophotometer (Perkin Elmer Lambda-750) in the spectral range 200-1500 nm. In
UV region no transmission has been observed. Figures 4.4.1 and 4.4.2 show the
transmission spectra for 500 nm and 1100 nm thick films. Figures 4.3.1, 4.3.2 and
4.3.3 show transmission spectra for 800 nm thick films. Refractive index (n) has been

determined from the envelope method proposed by Swanepoel using transmission

data only (chapter 2). Optical band gap (E;”) has been determined from the Tauc’s

extrapolation method (chapter 2). The accuracy in the values of thickness measured
and calculated using equation (2.22) was with in + 45 nm.

The variation of refractive index with wavelength for 500 nm and 1100 nm
thick films is shown in figure 4.4.3. Figures 4.3.4 and 4.3.5 show the variation of
refractive index for d = 800 nm. Table 4.4.1 shows the refractive indices calculated at
800 nm wavelength for 500 nm, 800 nm and 1100 nm thick films.

This has been observed from table that there is almost no variation of
refractive index with the change in thickness of the films from 500 nm to 1100 nm.
The standard deviation in the results is almost 0.018 on the average for all
compositions. So there is no change with in experimental error on the refractive index
in the thickness range from 500 nm to 1100 nm. Concerning the variation of refractive
index with composition, it increases with increasing Te ratio for all the thicknesses,
which may be attributed to the compactness of the material and/or material
aggregation leading to increase in disorder, as discussed earlier.

Figures 4.3.11 and 4.4.4 show the plots of (ahVv)"’ versus hv for the optical

band gap estimation. The corresponding values of optical band gap for all
composition for different d values are listed in Table 4.4.1. This has been observed
that the thicker films are accompanied with the larger optical band gap. This can be
explained in terms of insufficient number of atoms deposited on the amorphous film,
resulting in the existence of unsaturated bonds, which are responsible for the
formation of some defects in the film. These, in turn, produce localized states in the
band gap resulting in lowering of band gap. Thus thicker films are characterized by a
homogeneous network, which minimizes the number of defects and the localized

states, thereby increasing the optical band gap.
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Table 4.4.1 Value of refractive index at 800 nm and optical band gap of
GeoSegoxTex (x =0, 10, 20, 30, 40, 50) thin films for d = 500 nm, 800 nm and
1100 nm.

Refractive Index Optical Band Gap (eV)
Sample (at 800 nm wavelength) +0.01 eV
500 nm 800 nm | 1100 nm | 500 nm 800 nm | 1100 nm
0 2.67 2.69 2.68 1.78 1.87 1.80
10 2.85 2.88 2.90 1.42 1.62 1.48
20 3.10 3.12 3.08 1.28 1.46 1.58
30 3.25 3.21 3.24 1.11 1.27 1.40
40 3.49 3.52 3.50 1.02 1.12 1.26
50 3.84 3.86 3.85 0.91 1.03 1.09
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4.4.2 Effect of substrate type

To study the effect of substrate material on the optical properties of thin films,
three types of substrates have been used, (i) microscopic glass, (ii) quartz and (iii)
mica. Films of GepSeqxTex (x = 0, 10, 20, 30, 40, 50) glassy alloys were deposited
on these three substrates keeping thickness at 800 nm. The normal incidence
transmission spectra of films were obtained in the spectral range 200-2400 nm. In UV
region no transmission has been observed. The spectrophotometer was set with a
suitable slit width of one nm in the measured spectral range. Figures 4.4.5 and 4.4.6
show the transmission spectra for Ge-Se-Te films deposited on quartz and mica
substrates respectively. Figures 4.3.1, 4.3.2 and 4.3.3 show transmission spectra for
films deposited on microscopic glass. The refractive index () has been determined by
the envelope method proposed by Swanepoel using transmission data only. The

values of refractive indices used for three substrates are; s (microscopic glass) = 1.51,

s (quartz) = 1.46, s (mica) = 1.56. The optical band gap (E;p’) has been determined

from the Tauc’s extrapolation method (chapter 2).

The spectral dependence of refractive index for the three substrates used is
shown in figure 4.4.7. The values of refractive index at 800 nm are given in table
4.4.2. This is clear from the table that refractive index has maximum value for mica
substrate while for quartz substrate it has minimum values. The trend for refractive
index values 1S as Mmica > Mmicroscopic glass > Nquar-- 1he higher values of refractive index
for mica may be attributed to the increase of disorderness and the internal strain in the
films [69]. The effect of the substrate becomes less significant with the increase in
film thickness [73]. In terms of composition, refractive index increases (for all types
of substrates) with the increase of Te content. This may be explained on the basis of
polarizability. Larger the atomic radius of the atom larger will be its polarizability and
consequently according to Lorentz- Lorenz relation of refractive index and

polarizability [74] larger will be the refractive index.
Figures 4.3.11, 4.4.8 and 4.4.9 show the plots of (ahv)*’ versus hv for the

optical band gap estimation corresponding to microscopic glass, quartz and mica
substrates respectively. The values of optical band gap for all composition under

investigations are also listed in table 4.4.2.
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Figure 4.4.6 Transmission spectra for Ge;pSeg..Te, films deposited on mica.
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Table 4.4.2 Value of refractive index at 800 nm and optical band gap of
GejoSegoxTex (x = 0, 10, 20, 30, 40, 50) thin films deposited on different
substrates.

X Refractive Index Optical Band Gap (eV)
(at 800 nm) +0.01 eV
Microscopic | Quartz Mica | Microscopic | Quartz Mica
glass glass

0 2.69 2.65 2.77 1.87 1.85 1.75
10 2.88 2.85 291 1.62 1.61 1.50
20 3.12 3.00 3.16 1.46 1.47 1.38
30 3.21 3.16 3.26 1.27 1.26 1.23
40 3.52 3.46 3.55 1.12 1.13 0.94
50 3.86 3.81 3.94 1.03 1.05 0.89
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The films deposited on mica substrates have lower optical energy gap compared to
films deposited on glass and quartz substrates. The low values of Egp " of films grown

on mica may be attributed to that there might be some dangling bonds on the mica

which may further contribute to the defects at substrate film interface. These defects
may lead to decrease in Egp’. In such systems the degree of chemical order has a

considerable effect on the band-gap. The chemical order and structured features
depend in principle on the composition and deposition parameters, such as substrate
type. The effect of the substrate becomes less significant with the increase in film
thickness. These results are in good agreement with the results reported for Ge-Se-Bi-

S system [73].

4.4.3 Effect of substrate temperature

The effect of substrate temperature on the optical properties, optical band gap
and refractive index, of thermally deposited GejoSeqgxTex (x = 0, 10, 20, 30, 40, 50)
thin films have been reported using transmission data. Thin films of the glassy alloys
were prepared on glass substrates by vacuum evaporation technique at three different
substrate temperatures 303 K, 363 K and 423 K. Thickness of the films has been kept
at 800 nm. XRD patterns of GejpSegoxTex (x = 0, 10, 20, 30, 40, 50) thin films
deposited at 303 K reveals the amorphous nature of the films as they do not show any
spectacular peak (figure 4.1.2) while those deposited at 363 K (figure 4.4.10) and 423
K (figure 4.4.11) show the polycrystalline nature of films. The normal incidence
transmission spectra in the spectral range 200-1500 nm of Ge;oSegoxTex (x = 0, 10,
20, 30, 40, 50) thin films were obtained by a double beam ultraviolet-visible-near
infrared spectrophotometer [Perkin Elmer Lambda-750]. All transmission spectra
were obtained at room temperature (300 K). Transmission spectra of films deposited
at 363 K and 423 K have shown in figures 4.4.12 and 4.4.13 respectively. Figures
4.3.1,4.3.2 and 4.3.3 show transmission spectra for films deposited at 303 K.

Refractive index (n) has been determined from the envelope method and

optical band gap (E;?”) from Tauc extrapolation method for all the films deposited at

three different substrate temperatures. The spectral dependence of refractive index has

been shown in figure 4.4.14. The values of refractive index at 800 nm are given in
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substrate temperature of 423 K.
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Table 4.4.3 Value of refractive index at 800 nm and optical band gap of

GelOSego_xTex (X =

substrate temperatures.

0, 10, 20, 30, 40, 50) thin films deposited for different

X Substrate Temperatures
303K 363 K 423 K
E;’” (eV) n E;’” (eV) n E;”’ (eV) n

0 1.87 2.69 1.82 2.70 1.75 2.71
10 1.62 2.88 1.59 291 1.51 2.95
20 1.46 3.12 1.40 3.12 1.33 3.10
30 1.27 3.21 1.21 3.22 1.17 3.21
40 1.12 3.52 1.09 3.53 1.04 3.55
50 1.03 3.86 0.99 3.88 0.93 3.87
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Figure 4.4.13 Transmission spectra of GejpSeqoxTex films deposited at 423 K.
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table 4.4.3 for comparison sake. It is seen from the table that there is almost no
change in the refractive index with the increase of substrate temperature. According to
Lorentz-Lorenz relation [75], refractive index depends on polarizability which further
depends on the covalent radius (Ge = 122 pm, Se =117 pm, Te = 137 pm [20]) of
atom. So the refractive index shows its dependence on the composition of films (table

4.4.3). It does not show any dependence on the substrate temperature. The optical

band gap (E') has been estimated using the Tauc relation [65],

ahv = B(hv—E]")" where B is the slope of Tauc edge called band tailing parameter

that depends on the width of localized states in the band gap which are attributed to
homopolar bonds in chalcogenide glasses. In the above equation » = 1/2 for a direct
allowed transition, » = 3/2 for a direct forbidden transition, » = 2 for an indirect
allowed transition and » = 3 for an indirect forbidden transition. This relationship

allows us to estimate the value of optical band gap. For substrate temperatures 303 K,
363 K and 423 K the plots of (ahv)*’ versus hv are shown in figure 4.4.15.

The values of the optical band gap for the thin films under investigation
corresponding to different substrate temperatures are given in table 4.4.3. The optical
gap has been found to decrease with the increase of substrate temperature for all the
thin films. This reveals the increase in crystallinity of compositions [77]. Substrate
temperature higher than room temperature may have enough vibrational energy to
break some of the weaker bonds, thus introducing some translational degrees of
freedom to the system. Consequently, increase in crystallinity via nucleation and
growth becomes possible [78]. The area occupied by the crystallites increases, where
some of them may be interconnected and some may be isolated, due to which there
may be a decrease in optical gap. The decrease in energy gap and the increase in the
width of localized state tails with the increase in substrate temperature can be
interpreted by assuming it to be the product of surface dangling bonds around the
crystallites during the process of crystallization. The obtained values of optical gap
are in good agreement with that reported previously [79-81]. This is also observed
that the optical gap decreases with the increase of Te content for all substrate
temperatures. The shrinking of optical gap with increasing Te content can be

correlated with increase in covalent character of glass network. Since Ge-Te bonds (~
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99% covalent) are more covalent than Ge-Se (~90 % covalent) so optical gap
decreases with the increase in Te contents. A detailed discussion on the decrease of

optical gap with Te content is given in section 4.3.4.

4.4.4 Conclusion

Optical properties of GejpSegoxTex (x = 0, 10, 20, 30, 40, 50) thin films have
been studied for different deposition conditions, i.e. thickness, type of substrate and
substrate temperature. The concluding points are summarized below:

» With the increase of thickness (500 nm - 1100 nm) the optical band gap has
been found to increase while no significant change has been observed for
refractive index with in experimental errors.

» For different substrate used in deposition of thin films the refractive index
follows the order as n >n

> The optical band gap

mica microscopic glass = Nquartz -
for mica substrate is the smallest whereas no significant change has been
observed for microscopic glass and quartz substrate.

» With the increase of substrate temperature (i.e. from 303 K — 423 K) refractive

index remains unchanged while optical band gap decreases.
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Compositional Dependence of Physical Parameters in Ge-Se-Te System

In this chapter we have determined some physical parameters viz. coordination
number, density, molar volume, compactness, lone pair electrons, theoretical band gap,
average heat of atomization, cohesive energy and electronegativity of Ge-Se-Te

system.

5.1 Introduction

Recently, variation of physicochemical, mechanical and optical properties of
multicomponent chalcogenide glasses and thin films caused by changes in the average
coordination number (), has been the subject of intensive research [1-3]. The model of
bond arrangement [4,5] and topological models such as the constraints model [6,7] and
the structural transition model [8], have been used in the interpretation of the
compositional dependence of these properties. Distinct features such as an extremum
or a kink caused by chemical ordering are observed in the compositional dependence at
the stoichiometric or tie-line compositions (also known as chemical thresholds of the
system [9]). The topological model based on the constraints theory is also employed to
explain the peculiarities in property-compositional dependence of covalently bonded
chalcogenide glasses. In this model the properties are discussed in terms of the average
coordination number, m, which is not influenced by the nature of the atoms [8]. At m =
2.4 the glass network has a mechanical or floppy-to-rigid percolation threshold. At this
m the network structure changes from an elastically floppy type to a rigid type [7].
Taking into account not only the short range constraints, but also the constraints of the
medium range order (MRO), Tanaka [8] has predicted another structural phase
transition. It is the transition from two dimensional (2D) layer-like structures to 3D
cross-linked network. This transition is observed at m =~ 2.67 and may be regarded as a
topological one. The above mentioned thresholds have been observed in several

chalcogenide systems such as glasses [8] and thin films [3].
5.2 Coordination number

Nearest neighbour coordination number (m2) in the ternary system Ge;pSegp.Tex

(x =0, 10, 20, 30, 40, 50) is suitable for testing the validity of topological concepts
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Compositional Dependence of Physical Parameters in Ge-Se-Te System

[6,7] because of its large glass forming domain. The average coordination number in
GejpSegp~Te, system has been calculated using the relation
L Ng + BN N,

a+pfB+y
where a, B and vy are the at.% of Ge, Se and Te respectively and Ng, = 4, Ns. = 2 and

(5.1)

Nr. = 3 are their respective coordination numbers. The calculated coordination number
(m) values lie in range 2.2 <m < 2.7 and are given in table 5.1.

The calculated values of m, listed in Table 5.1, indicate that m increases with
increase of Te content. In compositions with Te content i.e. x = 0 and 10; the value of
m is less than 2.4. According to Phillips [6] these compositions have a floppy or
spongy glass network and are assumed to be undercoordinated, while in compositions
with Te content x = 20, 30, 40 and 50; m > 2.4. These have a rigid glass network and
hence more closely packed structure and are assumed to be over coordinated. This

conclusion is confirmed if correlated with the increases of density with Te content.

5.3 Density and molar volume

Density of bulk samples was measured by Archimedes (buoyancy) method.
The apparatus consists of a beaker filled with double distilled water as a reference
liquid. A thermometer was placed in the liquid to measure the temperature. The
method is first to calculate the weight of the sample in air. Then the sample is placed
on the sinker part and is plunged into the beaker in such a way that the sample is
covered with at least 10 mm of liquid. After making sure that no bubbles are trapped in
between the sample and the sinker the weight of the sample is measured in the liquid.

The density of double distilled water (p, .. ) is obtained from a calibrated table

water

knowing its temperature. Thus the density of the sample is calculated using the formula

p :{ Wl :|pwater (5'2)

Wy =W,
where w, and w, are the weight of the sample in air and the weight of the sample in

the reference liquid (double distilled water) respectively. Each sample was weighed

five times and average density was recorded. The average recorded densities for
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Table 5.1 Values of average coordination number (), density (), molar
volume (V) and compactness (0) for Ge;pSegp.Tex (x = 0, 10, 20, 30, 40,

50) glassy alloys.

Composition m Y v, o
Ge10Sey 2.2 4.473 17.96 -0.10278

GeoSesoTero 2.3 4.593 18.35 -0.09998

Ge10Se7o Tex 2.4 4.678 18.79 -0.09918

Ge10Seso Teso 2.5 4.863 19.11 -0.09301

Ge10Seso Teqo 2.6 5.028 19.45 -0.08799

Ge10Seq Teso 2.7 5.179 19.82 -0.08461
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different compositions are given in table 5.1. This is found that the density of the
system increases monotonically with the increase of Te content.

Another parameter related to the density, namely the molar volume (V,) was

determined from the density data by the equation
v, =~ xM, (5.3)
P

where M, is the molecular weight of the i”component and x, is the atomic
percentage of the same element in the sample. The values of V, for the prepared

compositions are listed in Table 5.1. The molar volume was found to increase with Te
content, which is a result of substituting Se atoms with the heavier and larger Te atoms

in the glass network.

5.4 Compactness
The compactness (0) of the structure of the glasses is determined from the

measured densities of the glasses. The compactness J was calculated using the

relation [10-12]
ZciAi _zciAl

5: i pj i 10

2 ¢, A,

Y

where ¢, is the atomic fraction, 4; is the atomic weight, p, is the atomic density of the

(5.4)

i" element of the glass and p is the measured density of the glass. Thus, J is a

measure of the normalized change of the mean atomic volume due to chemical
interactions of the elements forming the network of a given solid [13].

Consequently, it is more sensitive to changes in the structure of the glass
network as compared to the mean atomic volume. The compositional variation of
compactness, characterized by m of the investigated glassy alloys is shown in figure
5.4.1. From the figure, it is evident that the compactness increases with the increase of
coordination number while a little kink is observed at m =2.4, which may be

considered in light of constraint theory and rigidity percolation concept [6,14,15].
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Figure 5.4.1 Plot of compactness vs. average coordination number
for Ge;pSegp.Te, (x =0, 10, 20, 30, 40, 50) system.

109



Compositional Dependence of Physical Parameters in Ge-Se-Te System

Thus with the increase of Te content in Ge-Se system the system becomes more

compact i.e. the prepared compositions are becoming more rigid in structure.

5.5 Lone pair of electrons and glass forming ability

Most of the substances which can solidify in the vitreous state are found to
possess structural ‘bridges’, that give rise to tri-dimensional, bi-dimensional or linear
heteropolymeric formation. In most glasses, the bridges are formed of elements of
group VI and VII. The chalcogen (S, Se, Te) atoms in glass structures have two pairs
of lone-pair electrons. The existence of bridging atoms with lone-pair electrons can
eliminate the strain force caused by the formation of amorphous materials. In terms of
the viewpoint proposed by Pauling [16], the chemical bonds with lone-pair electrons
have a character of flexibility. Increasing the number of lone-pair electrons decreases
the strain energy in a system, and structures with large numbers of lone-pair electrons
favor glass formation. The lone pair of electrons is calculated using the relation
L=V-m (5.5)
where L is the number of lone pair electrons, V' is the valance electron which is equal
to unshared lone-pair electrons and m 1is the average coordination number. The values
of L for different m are listed in table 5.2.

Figure 5.5.1 shows the variation of lone pair electrons with Te content. It is
seen from the figure that the number of lone-pair electrons decreases continuously with
the increase of Te in the system. This is caused by the interaction between the Te ion
and the lone pair electrons of a bridging Se atom. The interaction decreases the role of
lone-pair electrons in the glass formation. Liang [17] introduced a simple criterion for
computing the ability of a chalcogenide system to retain its vitreous state; the criterion
contains the number of lone-pair electrons which is necessary for obtaining the system
in its vitreous state. For a binary system the number of lone-pair electrons must be
larger than 2.6 and for ternary system it must be larger than 1. This is clear from the
table that the minimum value of lone pair of electrons in present study is 3.1 leading to

conclude that the system under study is a good glass former.
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Table 5.2 Values of lone pair of electrons (L) for Ge;pSegp.Te, (x = 0,
10, 20, 30, 40, 50) glassy alloys.

Composition m 14 L=V—-m
Ge10Seq 22 5.8 3.6
GeoSegoTero 2.3 5.8 3.5
Ge9Seqo Texg 24 5.8 34
GejoSeeo Teso 2.5 5.8 33
GepSeso Teyo 2.6 5.8 32
GepSeyo Tesg 2.7 5.8 3.1
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Figure 5.5.1 Variation of lone pair of electrons (L) with the Te content.
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5.6 Optical band gap
The variation of energy gap with composition in amorphous alloys can be
calculated using relation [18]

E (AB)Y)=YE, (A)+(1-Y)E,(B) (5.6)
where Y is the volume fraction of element A, E, (4)and E,(B)are the optical gaps

for A and B elements, respectively. The conversion from atomic composition (at%) or
molecular composition (mol %) to volume fraction Y is made using atomic or
molecular mass and density. Figure 5.6.1 shows the variation of theoretically

calculated and experimentally observed band gap for a-Ge;pSegy..Te, thin films. In

conclusion both the optical gap E;ﬁ; for a-GejpSegp..Te, determined by volume

fraction and the optical gap E;p’ calculated using the experimental data decrease with

,eXp

the increase of Te content leading to the conjecture that a modified virtual crystal
approach for mixed crystals is acceptable for an amorphous system. The decrease of
optical band gap with the increase of Te content is discussed in detail in chapter 4

section 4.3.

5.7 Average heat of atomization

In chalcogenide glasses containing a high concentration of group VI element,
the lone-pair form the top of the valence band and the antibonding band forms the
bottom conduction band [19]. The optical gap corresponds closely to the energy
difference between the top of the valence band and the bottom of the conduction band.
Metal atoms can form a dative bond with group VI atoms (lone pair with empty
orbital) without any cost of energy, due to the presence of high-energy lone pair on the
latter. Dative bonds have corresponding (empty) antibonding levels which could give
localized acceptors states in the gap [20].
It is interesting to relate the optical band gap with the chemical bond energy. For this
purpose we calculate the heat of atomization. According to Pauling [16], the heat of

atomization H _(A—B) at standard temperature and pressure of a binary

semiconductor formed from atoms A and B is the sum of heat of formation AH and
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Figure 5.6.1 Plot of optical band gap (theoretical and experimental) vs.
Te content for Ge;pSegp..Te, (x =0, 10, 20, 30, 40, 50) system.
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the average heats of atomization H and H” that corresponds to the average non-

polar bond energy of the two atoms

HS(A—B):AH+%(HSA+HSB) (5.7)

The first term in above equation is proportional to the square of the difference between

the electronegativities ¥, and j¥, of the two atoms
2
AH o (ZA_ZB) (5'8)
In order to extend this idea to ternary and higher order semiconductor
compounds, the average heat of atomization H, (in kcal per gram-atom) is defined for

a compound 4,B,C, as a direct measure of the cohesive energy and thus of average

bond strength, as

7 aH!+ BH? + /¢
) a+p+y

(5.9)

Obviously the H, values do not contain the heat of formation (AH) as part of

cohesive energy; however H, is useful parameter for correlating the physical
properties of semiconducting compounds. In case of chalcogenide glasses the heat of
formation contributes very little towards the average heat of atomization because the
electronegativities of the constituent elements i.e. Ge, Se, Te are very similar and in
most of the cases of chalcogenide glasses the heat of formation is unknown. In few
materials for which heat of formation is known it accounts only 10% of the heat of
atomization and is therefore neglected. Hence for binary chalcogenide glasses

H (A-B) is given by
1 A B
HS<A—B>:5(HS +H?) (5.10)

whereas for ternary and higher order compounds, H, is given by the equation (5.9).

The heat of atomization for Ge, Se, Te elements [21] and average heat of atomization
H, (kcal/g-atom) and average single bond energy(ﬁs/m) are given in Table 5.3,

where m is the average coordination number calculated in section 5.1. From the Table
5.3 it is found that the heat of atomization decreases with the increase of Te content i.e.

the average single bond energy decreases. This decrease in the average single bond
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Table 5.3 Values of average coordination number (m), average heat of
atomization (H ), average single bond energy(H s / m)and heat of
atomization for Ge, Se, Te elements in Ge;pSegg.Te, (x=0, 10, 20, 30, 40, 50)

system.
X m H, (kcallg- | (H, / m) (kcal/g- | Element Heat of
atom) atom) atomization
(kcal/g-atom)
0 2.2 53.46 24.30 Ge 90
10 23 53.12 23.09 Se 494
20 | 24 52.78 21.99 Te 46
30 2.5 52.44 20.98
40 | 2.6 52.10 20.04
50 2.7 51.76 19.17
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energy with the increase of Te content may be the cause of the decrease in optical band

gap.

5.8 Cohesive energy and electronegativity

Using the chemical bond approach (CBA) method [22], the cohesive energy (CE) (the
stabilization energy of an infinitely large cluster of material per atom) for investigated
samples has been calculated. According to CBA, the bonds are formed in the sequence
of decreasing bond energy until the available valence of atoms is satisfied and the bond
energies are assumed to be additive. Thus the cohesive energies were calculated by
summing the bond energies over all bonds expected in the material. Consequently,
bonds between like atoms will only occur if there is an excess of certain type of atoms.
In the present compositions, the Ge-Se bonds with the highest possible energy (49.1
kcal/mol) are expected to occur first, followed by Se-Te bonds (40.6 kcal/mol). In all
the compositions Ge is saturated by Se as compare to Te since Ge-Se bonds (49.1
kcal/mol) are stronger than Ge-Te bonds (37.4 kcal/mol). Up to x = 20 at. %
composition there is still unsatisfied Se which must be satisfied by Se-Se defect
homopolar bonds. For x > 20 at. % Te becomes excessive and remain unsatisfied
which must be satisfied by Te-Te defect homopolar bonds. Calculated values of CE
along with the distribution of chemical bond for all the compositions are tabulated in
table 5.4. The results show the decrease in CE of these glassy alloys. Therefore, it can
be concluded that the decrease of optical band gap [23,24] with increasing Te content
(Fig. 5.7.1) is most probably due to the reduction of the average stabilization energy by
Te content. The decrease of CE of the Ge—Se—Te system tends to decrease the energy
of the conduction band edge causing a reduction in the gap between bonding (o) and
antibonding (0*) orbitals and thus resulting a decrease in optical band gap. It should be
mentioned that the approach of the chemical bond neglects dangling bond and other
valence defects as a first approximation. Also Vander Walls interactions are neglected,
which can provide a means for further stabilization by the formation of much weaker

links than regular covalent bonds. According to Yamaguchi [21] average single bond

energy (H,/m), where H, is average heat of atomization and m is average

coordination number, is a direct measure of cohesive energy. This is reported in
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Figure 5.8.1 Variation of cohesive energy (kcal/mol) and optical band gap
(eV) with Te content (at. %) for GeoSeqgoxTex (x =0, 10, 20, 30, 40, 50)
glassy alloys.
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Table 5.4 Values of electronegativity (y), optical band gap ( E;’P’ ), distribution

of chemical bonds and cohesive energy (C.E.) for Ge;oSeqoxTex (x =0, 10, 20,
30, 40, 50) glassy alloys.

X X E” Distribution of Chemical bonds C.E.(kcal/
(eV) Ge-Se Se-Te Se-Se Te-Te mol)
0 | 2489 | 1.87 | 0.2222 - 0.7778 - 45.13
10 | 2.442 | 1.62 | 0.2500 | 0.1875 | 0.5625 - 44.64
20 | 2.394 | 1.46 | 0.2857 | 0.4286 | 0.2857 - 43.99
30 | 2.348 | 1.27 | 0.3333 | 0.5556 - 0.1111 42.59
40 | 2303 | 1.12 | 0.2424 | 0.4546 - 0.3030 40.36
50 | 2.259 | 1.03 | 0.3061 | 0.2449 - 0.4490 39.79
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section 5.6 that there is a decrease in average single bond energy with the increase of
Te content. So it is interesting to correlate the optical band gap with cohesive energy
for Ge-Se-Te glassy alloys.

Thus, both cohesive energy and average single bond energy supports for the
decrease in optical band gap with the increase of Te content in GejoSegpTex system.
Moreover the decrease in optical band gap is also confirmed by the decrease of
electronegativity which is calculated using Sanderson’s principle [25]. According to
this principle electronegativity of the alloy is the geometric mean of electronegativity
of its constituent elements. It is evident from the table 5.4 that optical band gap

decreases as electronegativity decreases with the increasing content of Te.

5.9 Conclusion

The average coordination number, density, molar volume, compactness, lone
pair of electrons, theoretical optical band gap and average heat of atomization is
studied for GejoSeqoxTex (x = 0, 10, 20, 30, 40, 50) glassy alloys. The coordination
number increases with the addition of Te on replacing Se. The density and molar
volume increases monotonically with the increasing content of Te. Compactness has
been found to increase with the increase of Te content showing that structure is
becoming rigid. The number of lone pair of electrons decreases with the addition of Te
but still, in the present study, has a minimum value 3.1 which is much more than 1 as
suggested by Liang for good glass former indicating that the compositions under
investigation are good glass forming. The theoretical optical band gap has also been
found to decrease with the increase of Te content and is in concordance with the
experimental optical band gap. Average heat of atomization (ﬁs) which is a measure
of the average binding energy decreases with increase of Te content. The decrease of
optical band gap may be correlated with the decrease of average binding energy of the

system.
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Optical Properties of As-Se-Ge Thin Films

The optical properties of As-Se-Ge thin films and the influence of metal
additives, (bismuth (Bi), cadmium (Cd), tin (Sn) and lead (Pb), on these is discussed
in this chapter. The first section of this chapter deals with the study of optical
properties of (AszSes)o0Geyo thin film deduced from transmission spectrum. Some of
the results of (As;Ses)ooGerp thin film are compared with similar material
compositions As3pSeqGeio and GejpAs;sSess. The second section deals with the effect

of metal additives on the optical properties of (As;Ses)ooGejp thin films.

6.1 Optical properties of As-Se-Ge thin films
6.1.1 Introduction

The optical parameters of amorphous semiconductors have been extensively
studied on As-Se system. As,Ses is a widely studied material for its electrical and
optical properties. The coordination number of As,Se; is 2.4 i.e. the system is in
floppy mode [1-3], but when As,Se; is alloyed with 10 at. % of Ge the coordination
number increases to 2.56 leading the system to rigid mode [1]. Alloying As;Ses
chalcogenide glassy semiconductor with Ge is an effective way to control the
electrical and optical properties of glasses in the desired direction [4]. The optical
properties of amorphous solids are determined by the structural bonding between the
neighboring atoms. The bonding in the case of chalcogen (Se) gives rise to one
dimensional structural stability of the amorphous materials. The degree of disorder
and defects present in amorphous structure changes during the transition from
amorphous to crystalline state. The increase of disorder and defects concentration is

known to reduce the width of the optical gap shown by the model of Mott and Davis
[5].

6.1.2 Experimental details

Bulk glassy alloy of (As;Ses)q0Geo was prepared by melt quenching technique
(chapter 3). Materials (99.999% purity) were weighed according to their atomic
percentages and sealed in an evacuated (at ~ 10 Pa) quartz ampoule. The sealed
ampoule was kept inside a furnace where the temperature was increased up to 950°C
at a heating rate of 3-4 °C/min. The ampoule was frequently rocked for 24 h at the

highest temperature to make the melt homogeneous. The quenching was done in ice-
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cold water. Thin film of (As,Se;)90Geo glassy alloy was deposited on cleaned glass
substrates by thermal evaporation at ~10* Pa base pressure. Bulk sample as well as its
thin film were characterized by X-ray diffraction technique and found to be
amorphous in nature as no prominent peak was observed in their spectra. The
transmission spectra of the thin film in the spectral range 400-1500 nm were taken
using a double beam ultraviolet-visible-near infrared spectrophotometer (Hitachi-
330). The spectrophotometer was set with a slit width of 1 nm. Therefore it was
unnecessary to make slit width corrections because of small slit width value in
comparison with different line widths [6]. All the measurements reported were taken

at room temperature.

6.1.3 Results and discussion

6.1.3.1 Refractive index and extinction coefficient

Using the experimental data of optical transmittance of (As;Ses)90Gejo thin

film the refractive index and extinction coefficient have been calculated. The

homogeneous film has thickness (d) and complex refractive index n = n— ik, where
n is the refractive index and k is the extinction coefficient. The thickness of the
substrate is several times larger than the thickness of the film. If the thickness of the
film is constant, interference effect will give rise to oscillating curves as shown in
figure 6.1.1. Optical parameters are deduced from the fringes pattern in the
transmittance spectrum using Swanepoel method [7] described in chapter 2. The
calculated value of thickness (d) for the thin film under investigation has been found
to be 1674 nm. The spectral distribution of refractive index and extinction coefficient
is shown in figure 6.1.2.

Both refractive index and extinction coefficient have been found to decrease
with the increase of wavelength for the thin film under investigation which may be
correlated with the increase of transmittance and decrease of absorption coefficient.
The decrease in the value of refractive index with wavelength shows the normal

dispersion behaviour of the material. The decrease of extinction coefficient with
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increase of wavelength shows that the fraction of light lost due to scattering and
absorbance decreases. These results are very much similar to the results of Marquez
et.al. [8] and have similar trend as shown by El-Sayed et.al. [4]. On comparing the
variation of refractive index with wavelength for As-Se-Ge [4,8] thin films, we may

presume that the material obeys normal dispersion behaviour.

6.1.3.2 Dispersion energy, oscillator strength and static refractive

index from Wemple-DiDomenico model

The high frequency properties of (As;Ses)qGep thin film could be treated as

single oscillator. According to the single-effective oscillator model proposed by

Wemple and DiDomenico [9,10] the optical data could be described to an excellent

approximation by the following relation
E,E,

— 6.1
El —(hv) 1)

n’—1=

where /v is the photon energy, n is refractive index, E, is the single oscillator
energy also called average energy gap and E, is the dispersion energy which is a
measure of the average strength of the interband optical transitions. Plotting

(n2 — l)_1 against (h V)2 allows us to determine the oscillator parameters by fitting a
straight line to the points. Figure 6.1.3 shows the plot of (n2 - 1)_1 versus (A V)2 . The

values of E; and E, can directly be determined from the slope (E)E d)_l and the
intercept on the vertical axis (E,/E,). The calculated values of E, and E, are given
in the inset of figure 6.1.3 and also compared with [4,8] in table 6.1. The straight line
equation corresponding to least square fit is (n> —1)"' =0.1872—-0.0183 (Av)>. The
value of static refractive index (n,) is calculated by extrapolating the Wemple-
DiDomenico dispersion equation to #v — 0. The value of n, is found to be 2.518
and the comparative values of n, from [4,8] are given in table 6.1. The high
frequency dielectric constant [11] &_ =(n,)’ is 6.34. Moreover an important

achievement of Wemple-DiDomenico model is that it relates the dispersion energy

E, to other physical parameters of the material through a simple empirical relation
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E,=pN.Z,N, (6.2)
where N, 1is effective number of valence electrons per anion, N, is effective
coordination number of the cation nearest neighbour to the anion, Z, is the chemical
valency of the anion and £ is a two valued constant with either an ionic or covalent
value (for ionic materials f=0.26+0.03 eV and for covalent materials
£ =0.3710.04 eV [9]). The values of N, and N, for composition under study are

calculated and found to be 9.48 and 2.44 respectively.

opt

Furthermore an approximate value of optical band gap (E;

) can also be
derived from the Wemple-DiDomenico dispersion parameter E, according to the
relation [12-14] E =E,/2 giving an alternative value which is 1.60+0.01eV .

This value is in good agreement with that determined from Tauc’s extrapolation i.e.

1.58 £0.01 eV calculated later.

6.1.3.3 Absorption coefficient and optical band gap

The absorption coefficient of (As;Ses)Gejo films can be calculated using
equation (2.23). Figure 6.1.4 shows the plot of absorption coefficient versus photon
energy. For many amorphous materials an exponential dependence of the absorption
coefficient is found to hold over a wide range of the photon energy and « takes the
form [15,16]
a=a,exp(hv/E,) (6.3)
where v is the frequency of the radiation, ¢, is a constant, /# is Planck’s constant
and E, is an energy which is often interpreted as the width of the tail of localized

states in the gap region. This relation was first proposed by Urbach [16] to describe
the absorption edge in alkali halide crystals at high absorption levels. The relation has
been found to hold for many amorphous or glassy materials. Tauc [17] believed its
origin from electronic transitions between localized states in the band edge tails, the
density of which is assumed to fall off exponentially with energy. Davis and Mott [5]
were uncertain about the precise explanation of the exponential dependence and

suggested that the slopes of the observed exponential edges obtained from
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Table 6.1 Values of thickness (d), static refractive index (n, ), single oscillator
energy (E,), dispersion energy (E,) and optical band gap (E;") for

(AS2SG3)90G610, G610A815SC75 [9] and AS3ose60Gelo [4] thin films.

Composition | d (nm) n, E, (V) | E, (eV) E (eV)

(Asz2Ses)90Gero 1674 2.518 3.20 17.085 1.58 £ 0.01

GejpAsi5Sers 1476 + 2.566 + 3.72 £ 20.77 £ 1.88 £ 0.01
30 0.001 0.01 0.5

AS3()SC60G610 300 - 4.825 - 1.81
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equation 6.3 are very much same in many semiconductors and the value of E, for a

range of amorphous semiconductors [18] lies between 0.045 and 0.67 eV.
In the high absorption region from which the optical band gap is determined,

the absorption is characterized by Tauc’s relation [17]

_ opt |\
ahv = Blhv—E?") (6.4)
where hv, E;”’ and B denotes the photon energy, the optical gap and band tailing
parameter respectively. In the above equation n = 1/2 for a direct allowed transition, »

= 3/2 for a direct forbidden transition, » = 2 for an indirect allowed transition and n =

3 for an indirect forbidden transition. The value of E" and B can be readily

calculated from the plot of (ahv)"® as a function of hv (figure 6.1.4). B
calculated from the slope was found to be 188.43 cm™?eV"% The value of EY" can

be estimated by the intercept of the extrapolations to zero absorption with the photon

1
energy axis (ah V)A — 0. The obtained value of E;”’ for indirect allowed transition

in amorphous (As;Se3)90Geqp thin film is 1.58 £0.01eV . The comparison of optical
band gap with compositions As3pSesoGeio [4] and GepAsisSess [8] is given in table
6.1.

6.1.3.4 Dielectric constants and optical conductivity

Figure 6.1.5 shows the plot of real and imaginary dielectric constants versus
photon energy for (As;Ses)90Gejo thin film. The knowledge of real and imaginary part
of dielectric constant provides information about the loss factor which is the ratio of
imaginary part of dielectric constant to real part of dielectric constant i.e. larger the
imaginary part of dielectric constant or smaller the real part of dielectric constant,
larger is the loss factor. The real and imaginary parts of the dielectric constant were

determined using the relations derived from complex refractive index [19],

e, = n -k’ (6.5)
and
£ = 2nk (6.6)
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Both the real and imaginary parts of dielectric constant are found to increase with
increase of energy, the real part of dielectric constant increases sharply with increase
of energy whereas the imaginary part increases slowly in the lower energy part but in
higher energy part it increases abruptly.

The optical response of a material is most conveniently studied in terms of the
optical conductivity. It has dimensions of frequency which is valid only in Gaussian
system of units. The optical conductivity (¢) has been determined from relation [20]

c = anc/ir (6.7)
where c is the velocity of light, & is absorption coefficient and # is the refractive
index. Figure 6.1.6 shows the plot of optical conductivity versus photon energy. The
optical conductivity directly depends on the absorption coefficient and refractive
index of the material and is found to follow the same trend as that of absorption

coefficient and refractive index with increasing wavelength

6.1.4 Conclusion

Transmission spectrum of (As;Ses)qGeo thin film has been analyzed in the
spectral range of 400-1500 nm for the calculation of optical parameters. Refractive
index and extinction coefficient decrease with the increase of wavelength indicating
the normal dispersion behaviour of thin film.. The optical band gap obtained by
Tauc’s extrapolation is 1.58£0.01eV . This is in good agreement with the optical
band gap i.e. 1.60£0.01eV found by Wemple-DiDomenico single oscillator model.
The value of static refractive index is found to be 2.518. The real and imaginary parts
of dielectric constant increase with the increase of photon energy. The optical

conductivity increases sharply for higher energy values and its maximum value is

found to be 1.93x10"” s at 1.85 eV.

6.2 [Effect of metal impurities on the optical properties of As-Se-Ge
thin films

The optical parameters of amorphous semiconductors have been extensively
studied on As-Se-Ge system [21-23] because of the fact that Ge, As and Se are the

elements of same period in groups IV-VI and brings about the covalent character of
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the interaction between their atoms. This results in a broad glass formation region in
As-Se-Ge system [24] among all investigated three component chalcogenide systems.
In this section we have reported the influence of addition of metal impurities (Bi, Cd,

Sn and Pb) on the optical properties of (As;Ses)ooGejp system.

6.2.1 Introduction

Previously, it was believed that chalcogenide glasses are insensitive to added
impurities but in recent research scenario, it has been observed that chalcogenide
glasses are sensitive to composition, impurities and deposition parameters like
thickness, substrate type and substrate temperature [11,25-28]. Recent experiments
[28,29] reveal that the addition of impurities likes Bi and Pb have produced a
remarkable change in the optical and electrical properties of chalcogenide glasses. In
As-Se-Ge system the addition of Bi, Cd, Sn and Pb impurities, which have a large
electronegativity difference with As, Se and Ge atoms, are supposed to modify the
structure of As-Se-Ge system and thus it’s electrical and optical properties. The
electrical properties of these impurities added As-Se-Ge system have been reported
[30] but not the optical properties. This is conjectured that the addition of metal
impurities in (As>Ses3)90Geio thin films may change its optical properties remarkably.
Thus, a thorough study of optical properties is considered crucial to have better

understanding of the system.

6.2.2 Experimental details

Glasses of [(AszSes)o0GeiolosMs, where M = Bi, Cd, Sn and Pb, were prepared by the
melt quenching technique. Thin films of the prepared bulk glasses were deposited on
the glass substrate using thermal evaporation method. The rate of evaporation of
deposited thin films under investigation is given in table 6.2. Thickness of the films
has been measured by thickness monitor (Model DTM-101). The amorphous nature of
bulk compositions as well as their thin films was examined by the X-ray powder
diffraction method using Philips PW 1710 X-ray diffractometer (The radiation used
was CuKa). The lack of any sharp peaks indicates the glassy nature of the materials

prepared. The transmission spectra of the films in the spectral
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Figure 6.2.1 Transmission spectra for a-[(AszSes)90Geo]osMs (M = Bi,
Cd, Sn & Pb) thin films.
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range 400 — 1500 nm were obtained using a double beam ultraviolet - visible - near

infrared spectrophotometer (Hitachi-330).

6.2.3 Results

Optical transmission (7") is a very complex function and is strongly dependent
on the absorption coefficient (o). Figure 6.2.1 shows the transmission spectra of
amorphous [(As2Se3)o0GeiolosMs, (M = Bi, Cd, Sn & Pb) thin films. Refractive index
(n) and extinction coefficient (k) have been calculated using Swanepoel technique
given in chapter 2. The spectral distribution of refractive index and extinction
coefficient is shown in figure 6.2.2. The values of # at 800 nm are given in table 6.2.
The thickness of the thin films under investigation has been calculated using equation
(2.22) and is given in table 6.2. The difference in thickness measured from thickness
monitor and calculated from equation (2.22) lies with in =25 nm for all the films
prepared.

According to single oscillator model proposed by Wemple-DiDomenico
(WDD model) [9,10], the optical data could be described to an excellent
approximation by the following expression
EyE,

n2(hv) =140
Ey —(hv)

(6.8)

where AV is photon energy, E, is single oscillator energy and E, is dispersion
energy which is a measure of the average strength of interband optical transitions.
Plotting refractive index factor (n° —1)"' against (4 V)2 allows us to determine the
oscillator parameters by fitting a straight line to the points, as shown in figure 6.2.3. It
is worth emphasizing the goodness of the fits to the large wavelength experimental
data. The values of WDD dispersion parameters, £, and E,, for all thin films were
directly determined from the slope (E,E,)”" and the intercept on the vertical axis
(E,/E,) of their corresponding least square straight lines. The values of these

dispersion parameters are given in table 6.2. Nevertheless, it must be noted that the
WDD model is only valid in transparent region, where the absorption coefficient of

chalcogenide thin films takes values & = 0. The detailed analysis of the dispersion of
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refractive index, in terms of WDD model, throws very valuable light on the structure

of material through the values of the dispersion energy parameter E,. The parameter
E, is related to other physical parameters by the simple empirical relation proposed
by WDD, i.e. E, = BN,Z N,,where [ is a two valued constant [9,10] with either an
ionic or covalent value (for ionic materials £ =0.26+0.03¢l)/ and for covalent
materials f=0.371£0.04¢eV), N, is effective coordination number of cation nearest
neighbour to anion, N, is the effective number of valence electrons per anion.

The values for the static refractive index n,have been calculated from WDD

dispersion parameters E, and E, by using the formula
E 1/2
n, = (1 + —d] (6.9)
0

The values of n, are calculated by extrapolating the WDD dispersion equation to
hv — 0 {equation (6.8)} and are given in table 6.2. The high frequency dielectric
constant (£.,) has been calculated from the relation £_ = (n,)* [11] and the obtained
values are reported in table 6.2.

The absorption coefficient (a) for the thin films can be calculated using well-
known relation (2.23). The variation of absorption coefficient with photon energy for
[(As2Ses3)90GerglosMs, (M = Bi, Cd, Sn and Pb), films is shown in figure 6.2.4. The

optical band gap has been estimated from absorption coefficient data as a function of

wavelength by using the Tauc relation [17]

ahv =B(hv—-E")" (6.10)
where B is the slope of Tauc edge called band tailing parameter that depends on the
width of localized states in the band gap which are attributed to homopolar bonds in

chalcogenide glasses. In the above equation n = /2 for a direct allowed transition, »

= 3/2 for a direct forbidden transition, » = 2 for an indirect allowed transition and n =

3 for an indirect forbidden transition. E”" is the optical band gap. This relationship

allows us to estimate the value of optical band gap. Figure 6.2.5 shows the plot of

(0hv)® against hv . The values of E;p’ can readily be calculated from the plot of
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(ahv)* as a function of kv . The value of EY ' can be estimated by the intercept of

the extrapolations to zero absorption with the photon energy axis (ahv)* — 0. The
obtained values of Eg”’” for indirect allowed transitions for the thin films under

investigation are given in table 6.3.

Figure 6.2.6 shows the plot of dielectric constants (real and imaginary). The
dielectric constant of [(AszSes)ooGeiolosMs, where M = Bi, Cd, Sn and Pb, thin films
can be calculated with the help of refractive index (n) and extinction coefficient (k)
[19]. The real dielectric constant £, can be calculated from the relation £, = n° —k’
and the imaginary dielectric constant &, can be calculated from the following relation

&, = 2nk . The variation of both real and imaginary parts of dielectric constant with

wavelength follows the same trend as that of refractive index and extinction

coefficient. The optical parameters i.e. n, k, £ and & decrease with increasing

wavelength.

Figure 6.2.7 shows the variation of optical conductivity in terms of photon
energy. The optical conductivity directly depends on the absorption coefficient and
refractive index and has been determined from the relation [20]

o = anc/in (6.11)
where ¢ is the velocity of light, & is absorption coefficient and » is the refractive

index.

6.2.4 Discussion

Spectral distribution of refractive index in figure 6.2.2 inferred that refractive
index decreases with the increase of wavelength for the thin films under investigation.
The decrease of refractive index with the increase of wavelength may be correlated
with decrease of absorption coefficient. The decrease in the value of refractive index
with wavelength shows the normal dispersion behaviour of the material. On the part
of metal impurities addition to (As;Ses)ooGejo thin films the refractive index has been
found to have higher values.

This increase in the refractive index may be ascribed to increase of disorder in

the structure, change in stoichiometry and internal strain caused by the addition of
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Table 6.2 Values of rate of deposition (7), thickness (d), refractive index (n)
at 800 nm, oscillator strength (E£,), dispersion energy (E,), static refractive
(n,)
[(Asz2Ses)90Gero]osMs, where M = Bi, Cd, Sn & Pb, thin films.

index and high frequency dielectric constant (&.) for a-

Composition r d n E, E, n, £,
(Ars) | M) €V) | (V)
(AszSes)90Gero 13.2 | 900 | 2.64 | 15.07 | 3.01 | 2.45 | 6.01
[(As2Ses)90GeiolosBis | 13.7 | 700 | 3.48 | 24.05 | 2.56 | 3.22 | 104
[(As2Ses3)90GerolosCds | 13.0 | 846 | 3.06 | 19.74 | 2.76 | 2.86 | 8.18
[(AszSes)90GeiolosSns | 12.8 | 711 | 2.96 | 22.05 | 2.82 | 2.97 | 8.82
[(AszSes)o0GeiolosPbs | 13.4 | 929 | 3.49 | 2272 | 2.84 | 3.00 | 9.00

Table 6.3 Values of optical band gap (E;’”), real part of dielectric constant

(¢,), imaginary part of dielectric constant (£,) and optical conductivity (o)

for a-[(AszSes)90GerolosMs, where M = Bi, Cd, Sn & Pb, thin films at 800

nm.

Composition Egl” (eV) £, g, o (s

x 10"
(As2Ses3)90Gero 1.46£0.01 6.97 0.062 1.2
[(As2Ses)o0GerolosBis | 1.12£0.01 12.11 | 0.283 5.3
[(As2Ses)90GerolosCds | 1.36+0.01 | 9.328 | 0.145 2.7
[(As2Ses)90GerolosSns | 1.34£0.01 8.75 0.092 1.7
[(As2Ses)o0GerolosPbs | 1.41£0.01 12.23 | 0.139 2.6
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metal impurities. The individual increase in different metal added thin films may be
explained on the basis of polarizability. Larger the atomic radius of the atom larger
will be its polarizability and consequently according to Lorentz-Lorenz relation
between refractive index and polarizability larger will be the refractive index.

Lorentz-Lorenz relation [31] is

n-1_ 1 5
r2 3e, (6.12)
0 i

where &, is the vacuum permittivity, N,

1

is the number of polarizable units of type i
per unit volume with polarizability & ,. The atomic radii of different metals are Bi

(1.52 A), Cd (1.41 A), Sn (1.40 A) and Pb (1.54 A) [32]. This is clear from table 6.2
that refractive index follows the same trend as that of the atomic radii for different
impurity metals.

The dispersion of refractive index (spectral dependence) has been analyzed in
terms of WDD model which is based on single effective oscillator approach. The high
frequency properties of thin films under investigation could be treated as single

oscillator. The calculated WDD parameters £, and E, are in good agreement with
the earlier reported results [9,10]. This has been observed that the single oscillator

parameter , E,, is in concord to the relation 1.e. E, = 2><E;’” obtained by Tanaka

[12] when studying vitreous films having a composition As,Sjg.x, and which
subsequently hold for other vitreous chalcogenide thin films [13,14].

Analysis of the optical absorption spectra is one of the most productive tools
for understanding and developing the energy band diagram of both crystalline and
amorphous materials. It is well known that the optical gap of amorphous
semiconducting alloys strongly depends on their composition. Optical absorption in
solids or liquids can occur by several different mechanisms, all of which involve
coupling of the electric field vector of the incident radiation to dipole moments in the
material and hence a consequent transfer of energy.

The excitation of electrons from filled to empty states by photon absorption is
of primary importance in semiconductors. In crystals, the transition can be “direct” or
“indirect”, the later being phonon-assisted. The form of the absorption edge depends

on the symmetry of the wave functions and the effective masses of electrons and holes
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at the edges of the valence and conduction bands. In present study, as there is no sharp
increase in the absorption coefficient near the fundamental absorption edge it
indicates an indirect band transition in forbidden gap [33]. The optical band gap has
been estimated by Tauc’s extrapolation and found to decrease with the addition of
metal impurities. In the fundamental absorption region, the absorption is due to the
transition from the top of valence band to the bottom of the conduction band.
Addition of metal impurities in (As;Se3)90Gejo thin films may cause an increase in the
density of states in the valence band. The addition of metal impurities may also create
localized states in the band gap [34]. This will lead to a shift in the absorption edge
towards lower photon energy and consequently decrease in the optical energy gap can
be explained by the increased tailing [35] of the conduction band edge into the gap
due to the addition of metal impurities.

Optical response of the material is most conveniently studied in terms of
optical conductivity (o). It has the dimensions of frequency which are valid only in
Gaussian system of units. With the addition of metal impurities the optical
conductivity shifts towards the lower photon energy side. This may be due to the fact
that optical conductivity directly depends on the absorption coefficient of the thin
film. The optical conductivity found has higher values for impurity added thin films;
the Bi added thin film having the largest value.

6.2.5 Conclusion

The optical properties of amorphous [(As;Ses)90Ge1o]osMs thin films (M = Bi,
Cd, Sn and Pb), prepared by thermal evaporation, have been determined from their
corresponding transmission spectra taken at normal incidence in the spectral range
400-1500 nm. Swanepoel’s envelop method has been employed to measure the
thickness and refractive index of the thin films. This has been found that refractive
index increases with the addition of metal impurities to (As>Ses)99Gejo thin films. The
increase of refractive index has been explained on the basis of increase in the
polarizability by larger metal atoms. The dispersion of refractive index has been
analyzed using Wemple-DiDomenico single oscillator model. Dispersion

parameter £, is in concordance with Tanaka’s relation. The transition in band gap has

been found to be of indirect type and optical band gap has been determined from the
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Tauc’s extrapolation method. The optical band gap has been found to decrease with
the addition of metal impurities. The decrease in the optical band gap has been
explained on the basis of increase in the density of states in the valence band. The
dielectric constant and optical conductivity have been determined and for metal added

thin films these are having higher values.
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Summary

Chalcogenide glasses form an important class of materials which are used in
various solid state devices and in infrared optics. Here we have presented two
chalcogenide glassy systems viz. GejoSeqxTex (x = 0, 10, 20, 30, 40, 50) and
[(As2Ses)o0GerolosMs (M = Bi, Cd, Pb, Sn). These two glassy systems were studied
for their optical properties using UV-Vis-NIR spectroscopy. Moreover bonding
arrangements in Ge-Se-Te system was studied using far-infrared transmission spectra.
Ge-Se-Te system has also been studied for its physical properties and this is found
that physical properties support the optical results.

Ge-Se-Te system has been studied for its structural properties using far-
infrared transmission spectra. The addition of Te to Ge;oSeqy shows that the far-IR
transmission spectra shift a little towards the lower wavenumber side. The addition of
Te in GejpSegy has shown the appearance of GeTe, and GeTes molecular units and
vibrations of Se-Te bond in Ses.xTex mixed rings. The results were explained in terms
of the vibrations of the isolated molecular units. This has been observed that some of
the Ge-Se and Se-Se bonds disappear leading to the formation of Se-Te and Ge-Te
bonds. The existence of Ge-Ge bonds has not been observed as the compositions
under study were chalcogen rich. The absorption peaks at 150 cm™ (for x > 20 at. %)
confirms the formation of Te-Te bonds. However these appear for higher Te content
compositions. The least formation of Te-Te bonds may be attributed to their lower
relative probability of formation and also to excess of Te-Te bonds according to CBA.

Different parameters related to optical properties were calculated for vacuum
evaporated thin films of GejpSegoxTex glassy alloy. UV-Vis-NIR spectroscopy
(transmission spectrum) has been used for the analysis of optical properties of Ge-Se-
Te system. Transmission spectra show that with the addition of Te content there is red
shift in the transmission. Envelop method has been employed for the calculation of
refractive index. Refractive index has been found to decrease with the increase of
wavelength showing that material exhibits normal dispersion. The refractive index
increases sharply for higher content of Te addition. Absorption coefficient lies in the

range 10° — 10" cm™

Optical band gap has been calculated from Tauc’s
extrapolation method and found to decrease with the increase of Te content. The
optical band gap changes from 1.87 eV to 1.03 eV for x = 0 to x = 50 respectively in

GejoSegpxTex thin films. The decrease of optical band gap has been explained on the
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basis of decrease of bond energy of the system and electronegativity concept.
Dielectric constants (real and imaginary) and optical conductivity has been calculated
using values of n, k and a. Dielectric constants were found to decrease with the
increase of wavelength and similar for optical conductivity.

The effect of deposition parameters viz. thickness, substrate type and substrate
temperature have been studied for the optical properties of GejoSeqoxTex thin films.
With the increase of thickness (500 nm - 1100 nm) the optical band gap has been
found to increase while no significant change has been observed for refractive index
with in experimental errors. For different substrate used in deposition of thin films the
refractive index follows the order as

>n > Nyyariz - The optical

mica = Mmicroscopic glass
band gap for mica substrate is the smallest whereas no significant change has been
observed for microscopic glass and quartz substrate. With the increase of substrate
temperature (i.e. from 303 K — 423 K) refractive index remains unchanged while
optical band gap decreases.

The average coordination number, density, molar volume, compactness; lone
pair of electrons, theoretical optical band gap and average heat of atomization, have
been calculated for Ge pSeqoxTex glassy alloys. The coordination number increases
with the addition of Te on replacing Se. The density and molar volume increases
monotonically with the increasing content of Te. Compactness has been found to
increase with the increase of Te content showing that structure is becoming rigid. The
number of lone pair of electrons decreases with the addition of Te but still, in the
present study, has a minimum value 3.1 which is much more than 1 as suggested by
Liang for good glass former indicating that the compositions under investigation are

good glass forming. The theoretical optical band gap has also been found to decrease

with the increase of Te content and is in concordance with the experimental optical

band gap. Average heat of atomization (H.) which is a measure of the average
binding energy decreases with increase of Te content. The decrease of optical band
gap may be correlated with the decrease of average binding energy of the system.

The optical properties of vacuum evaporated [(AszSes)oGeiolosMs (M = Bi,
Cd, Sn and Pb) thin films have been determined from their corresponding

transmission spectra using UV-Vis-NIR spectroscopy. Swanepoel’s envelop method
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has been employed to measure the thickness and refractive index of the thin films.
This has been found that refractive index increases with the addition of metal
impurities to (As;Ses)ooGejo thin films. The increase of refractive index has been
explained on the basis of increase in the polarizability by larger metal atoms. The
dispersion of refractive index has been analyzed using Wemple-DiDomenico single

oscillator model and this has been found that dispersion parameter £, is in

concordance with Tanaka’s empirical relation. The transition in band gap has been
found to be of indirect type and optical band gap has been determined from the Tauc’s
extrapolation method. The optical band gap has been found to decrease with the
addition of metal impurities. The decrease in the optical band gap has been explained
on the basis of increase in the density of states in the valence band. The dielectric
constant and optical conductivity have been determined and these are having higher

values for metal added thin films.
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