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Proface

Presently, great interest has been devoted to the fabrication of new
materials suitable for photonics applications. Among these, the amorphous
chalcogenide structures atre significance due to their effectiveness as excellent
materials for optical ultrafast nonlinear devices like demultiplexers, wavelength
converters, and optical Kerr shutters. Chalcogenide glasses assure importance in
various fields due to their high refractive index, high transparency in the IR region,
low phonon energies, large optical nonlinearities, ability to be directly patterned by
exposure to near-band gap light and the ability to incorporate relatively high
concentrations of rare-earth dopants with minimal clustering. Photosensitivity
mechanisms in these materials find potential application in optoelectronics

(photoresists, optical memories, optoelectronic circuits etc).

In this context, in search of new materials based on chalcogenide glasses,
we have developed a novel technique for fabrication of chalcogenide nano
composites which are presented in this thesis. The technique includes the
dissolution of bulk chalcogenide glasses in amine solvent. This solution casting
method allows to retain the attractive optical properties of chalcogenide glasses
enabling new fabrication routes for the realization of large area thick/thin films
with less cost. Chalcogenide glass fiber geometry opens new possibilities for a large
number of applications in optics, like remote temperature measurements, CO» laser
power delivery, and optical sensing and single-mode propagation of IR light. We
have fabricated new optical polymer fibers doped with chalcogenide glasses which
can be used for many optical applications. The present thesis also describes the
structural, thermal and optical characterization of certain chalcogenide based
materials prepated by different methods and its applications. The thesis is

organized into eight chapters.

Chapter 1 gives an overview on the structure, properties and potential
applications of chalcogenide glasses (ChG). Recent trends like the fabrication of

new hybrid materials based on chalcogenide glass and polymer and their possibility



in the different fields are mentioned. Brief description of structural, electronic,
thermal and optical properties of the chalcogenide glasses is given. Different
permanent and temporary photoinduced mechanisms like photodarkening and
photoluminescence in these materials are described along with well defined models.
Photodarkening and photoluminescence are found to be very interesting in ChG
due to their band gap structure with the presence of localized states and different

defects. Finally, the scope of the work presented in this thesis is also given.

Chapter 2 focuses on the fabrication of materials and the experimental
tools and techniques used in the present work. The method used for the
preparation of bulk, thin film, nano colloid, nano composite film, stacked films
and nano colloid ChG doped polymer fibers are discussed in detail. The
characterization tools and experimental techniques along with theory used for the
study of absorption spectroscopy, photoinduced darkening, photoluminescence
mechanism, thermal diffusivity measurement and z-scan technique used for

investigating ChG based samples are also discussed.

Chapter 3 deals with the studies on GasSbioGezsSeqn chalcogenide glass.
Melt quenched GasSbioGezsSeso bulk glass is found to be amorphous and have a
glass transition temperature of 316°C. The kinetics of photoinduced effects on
thermally evaporated GasSb1oGeasSeq thin film exposed to continuous wave laser
radiations are studied as a function of exposure time, laser intensity and laser
wavelength(near band gap and above band gap). The transmission and reflection
spectra of thin films before and after exposure are investigated. Generalized
Miller’s rule and linear refractive index are used to find the nonlinear susceptibility
and non linear refractive index of thin films. The studies show a red shift in
bandgap with increase in exposure time and laser power which is attributed to the
photoinduced darkening in the films. Studies show that a low power radiation is
sufficient enough to provide a shift in the absorption edge and a change in the
refractive index. This mechanism in GasSbioGeasSes glasses can be used to realize

continuous wave laser written waveguide and for fabricating photosensitive optical



components for various applications. Nano colloidal solutions of GasSbioGezsSeso
synthesised by chemical method from bulk glass are optically characterized. The
optical band gap of the material is found to be tunable depending on the cluster
size. The cluster formation and the dependence of the cluster size with
concentration are confirmed by the SEM analysis. Photoluminescence studies show
that there is an excitation wavelength and cluster size dependent red shift in
emission peak. Thermal studies on the nano colloids using thermal lens method
show band gap dependent change in thermal diffusivity. Nonlinear optical
characteristics of these solutions are studied by the z-scan technique using
Nd:YAG laser (532 nm, 7 ns, 10 Hz). The nonlinear studies show that the material
is highly nonlinear. Nano composite thin films of GasSbi1oGezsSeso /PVA prepared
from nano colloid solutions are characterized using AFM, transmission and
reflection spectroscopy. Non linear optical studies on the composite films show
these materials can be used as optical limiters and are potential nanocomposite
material for the development of nonlinear optical devices with a relatively small

limiting threshold.

Chapter 4 condenses the studies done on GexsSb12Seq glass. Structural
and optical characterizations are done on bulk GezsSb12Seso glass. The optical
parameters are calculated from the analysis of the transmission and reflection
spectra for the GexsSbi2Seg thin films and composite films using Swanepoel’s
method. Photo induced studies on the GezsSbi2Seso thin films shows that there is a
power, wavelength and duration of laser radiation dependent shift in the band gap
and refractive index resulting to photodarkening. The linear and non linear optical
studies are carried out for the GexsSb12Seso nano colloid and GergSb12Seqn /PVA
composite films. Two-photon induced photoluminescence is observed in nano
colloid GezsSesoSbi2 chalcogenide glass solutions on excitation with nano second
Nd:YAG laser (532 nm). These strong two photon induced photoluminescence
signals can be used to image molecularly targeted colloids for cancer cells in vitro

and to image biological samples. Influence of cluster size of nano colloids in the



nonradiative recombination is studied using thermal lens technique. The nonlinear
absorption coefficient, limiting property and imaginary part of third order non
linear susceptibility are studied using open aperture z-scan technique for nano

colloids and composite films.

Chapter 5 presents the study on GeasSesoGas bulk glass prepared by melt
quenching method. Optical characterization of the GegSesGas thin film fabricated
by thermal evaporation technique is discussed. Synthesis and Optical properties of
GeasSesoGas nano colloids are also presented in this section. Absorption
spectroscopy of the nano colloids are analyzed using a UV visible
spectrophotometer. The band gap estimated from the absorption spectra of the
nano colloids show cluster size dependent change in band gap. Luminescence
mechanism in the colloid solutions are studied wusing Varian Cary 50
Spectrophotometer. The photoluminescence studies on the nano colloids show the
dependence of the bandgap and the defect states in the emission spectra. The non
linear optical properties of the nano colloids are studied using an open aperture z-
scan technique. GezsSesoGas /PVA composite films are fabricated from the nano
colloid solutions and are optically characterized. The nonlinear optical properties of
the thin films studied using open aperture z- scan technique show reverse saturable

absorption in the investigated samples.

Chapter 6 reports the studies on of erbium doped GezsSb12Seq bulk and
thin films. The thermal analyses of the doped and undoped samples ate studied
using differential scanning calorimeter. The refractive index (n), the optical band
gap (Eg) and dielectric properties are analyzed from the transmission and reflection
spectra on the basis of Wemple — Di Domenico (WDD) single effective oscillator
model. Optical band gap obtained from WDD model is found to increase with
increase in erbium concentration and it is in good agreement with the values
obtained by Tauc’s extrapolation method. The observed results have been
interpreted as due to rare earth impurities strongly affecting the network and

structurally modifying these glasses. Generalized Miller’s rule and linear refractive



index are used to find the nonlinear susceptibility and non linear refractive index of

the films.

Chapter 7 is devoted to fabrication and characterization of the passive and
active devices using chalcogenide glass and polymers. Films stacked with thermally
evaporated GasSbioGezsSeqn and spin coated GasSbioGezsSesn /PVA are optical
characterized using transmission and reflection spectra. The optical parameters and
the band gap studies show that the method of stacking results in the tuning of the
optical parameters. Photosensitivity of the stacked film studied using a nano second
laser irradiation is also presented in this chapter. Studies show that the flexible thin
composite IR transmitting filters can be achieved by suitably stacking the films.
GasSbi10GezsSeqo nano colloid doped polymer fibers are developed using preform
method and are optically characterized. The optical studies showed that the size-
tunable optical properties can be achieved in the polymer fibers by addition of
nano colloids of GasSbioGeasSeqn chalcogenide glass. Propagation length
dependent luminescence studies show that there exist an optimum length at which
the luminescence intensity is maximum. The fabricated fiber also exhibits tunability

in luminescence peak in accordance with the cluster size of the dopant.

Chapter 8 deals with the summary of the present work along with a brief

report of the future prospects.
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CHALCOGENIDE GLASS: STRUCTURE, PROPERTIES AND APPLICATIONS

1.1. Chalcogens

1.2. Amorphous Selenium

1.3. Chalcogenide glasses (ChG)

1.4. Recent trends in Chalcogenide glasses
1.5. Properties of Chalcogenide glasses
1.6. Applications of ChG

1.7. Scope of the thesis

1.8. Conclusions

1.9. Reference

This chapter gives an overview on the structure, properties and
potential applications of chalcogenide glasses. Recent trends like the
fabrication of new hybrid materials based on chalcogenide glass and
polymer and their possibility in the different fields are mentioned. Brief
description of structural, electronic, thermal and optical properties of
the chalcogenide glasses is given. Different permanent and temporary
photoinduced mechanisms like photodarkening and photoluminescence
in these materials are described along with well defined models. Finally,

the scope of the work presented in this thesis is also given.
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1.1. Chalcogens

Chalcogens are elements in group 16 (or V1) in the Periodic
Table. The group consists of the elements: oxygen, sulfur, selenium,
tellurium, and polonium as shown in Figure 1.1. The name of the
group was proposed by Wilhelm Blitz and colleague Werner Fischer
of the Institute of Inorganic Chemistry at the University of Hannover,
Germany in 19321 The term "chalcogens" was derived from the Greek
word chalcos, meaning "ore formers," since they all are found as
copper ores!. Their compounds are referred to as "chalcogenides."
The members of this group show increasing metal character as the
atomic number increases. Both oxygen (O) and sulfur(S) are
nonmetals, while selenium (Se) and tellurium (Te) are metalloids

(both are semiconductors) and polonium (Po) is a metal.
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Figure 1.1: Periodic table.

1.2. Amorphous Selenium

The chalcogen used in the present work is selenium.

Amorphous selenium has wide commercial applications. The

International School of Photonics, CUSAT
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material is known to be composed of entangled chains and or ring
molecules as given in Figure 1.2. The structure of amorphous
selenium consist of random mixture of rings and helical chains
accompanied by coordination defects. In the stable condensed phase,
chalcogenide elements form covalent bonds with two nearest
neighbours in accordance with 8-N rule2. The atoms have six
electrons in the outermost shell with a configuration of s?p*. Electrons
in s state do not participate in bonding since these states have
energies well below those of p states. Two covalent bonds are formed
between chalcogen atoms by p electrons, but the other electron pair

called lone pair (LP) remains unbonded.

Se
s P
‘ Groupe VI E
&\ o
Localised (4e7)5p (
o Se melting : 217°C
Lone pairs ;
o
( Vi Liquid
iscous liqui

Q

Se chains :
easy rotation '

and bending

Easy glass forming

Crystal Glass

Figure 1.2: Structure of crystalline and amorphous Selenium along with
the electronic configuration.

Such structures are typical of organic polymers such as
polyethylene and because of this resemblance, amorphous selenium
can be referred to as an “inorganic polymer''s. Its applications in
devices like rectifiers, photocells, xerography, switching, memory etc.

made it very attractive in the field of instrumentation*¢. Because of
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the large atomic radius compared with oxygen in oxide glasses and
sulfur in sulfide glasses, selenium plays an important role in the non-
linear optical properties in selenide glasses. But working with Se
causes some problems like the ageing effect and low sensitivity”.
Hence in order to produce changes in the properties of selenium
glass, it is worth adding more than one component into the selenium
matrix to get rid of these problems. To overcome these problems,
certain additives (Ge, Bi, As, etc) are added to make binary alloys
with selenium, which in turn give high sensitivity, a high
crystallization temperature and smaller ageing effects. The addition
of the network formers (Group IV and V) such as silicon (Si),
germanium (Ge), tin (Sn), phosphorus (P), arsenic (As), and antimony
(Sb) establishes cross-linking between the tetrahedral and pyramidal
units which facilitates stable glass formation. The addition of Ge with
4-fold bond coordination compared with As (3-fold) and S, Se (2-fold)
produces a more 3-D glass network which increases glass transition
temperature (Tg). It is also well established that substituting Se for S
moves the band-gap from the visible to IR allowing the nonlinearity

to be resonantly enhanced in the 1550 nm telecommunications bands.
1.3. Chalcogenide glasses

Chalcogenide glasses (ChG) belong to an important class of
amorphous solids which contain at least one chalcogen element
(sulphur, selenium and tellurium) as a major constituent!. An
amorphous solid is defined as any solid that shows a short range

order molecular structure or medium range order but does not show
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any long range order!’. Glass, an amorphous solid is defined in
American Society for Testing and Materials as ‘an inorganic product
of fusion which has been cooled to a rigid condition without
crystallization™. Glass formation is possible in a system of any
composition provided that it contains sufficient ‘network modifier”.
Network modifiers produce three dimensional random network of
strong bonds in a system. Glass is an isotropic material, where as
crystalline materials are generally anisotropic. Like all glasses ChG'’s
exhibit a glass transition temperature, a fact which becomes very
important for the processing of bulk glasses into thin film and fiber

form as required for most applications.

Chalcogenide glasses have certain unique properties that make
them of interest compared to other materials for optoelectronic
applications!®13. Their good infrared transparency (as shown in Figure
1.3), high refractive index, photosensitivity, amenability to doping and
alloying, low phonon energy and compatibility with low temperature
processing make them smart materials for optical integration. Moreover,
due to their amorphous nature, chalcogenide glasses do not need to be
grown on single crystalline substrates and can potentially be
incorporated within the interconnect levels of a CMOS chip®. This back-
end compatibility minimizes the need for dedicated processing facilities,
which reduces fabrication costs and leverages the existing and well-
developed semiconductor technologies. Many of the unique properties
of ChG are a direct result of low phonon energy associated with this

material resulting from the heaviness of the chalcogen nuclei 2ChG

International School of Photonics, CUSAT
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with heavier nuclei and weaker bonding have lower vibrational

frequency and thus lower phonon energies.
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Figure 1.3: Optical transmission of the three families of chalcogenide
glass, compared to silica and fluoride glasses.

Semiconducting and glassy nature of ChG in comparison to

other materials is schematically represented in Figure 1.4.

organic semiconductor

glass semiconductor

organic polymer oxide glass

1
I
|
0 * (lass
i
i

amorphous seniconductor

crystalline semiconductor

i
semiconductor

Figure 1.4: Characterization of chalcogenide glasses as glasses
and Semiconductors in comparison with other
materials.

The historical development of ChG as optical materials in

infrared systems began with the rediscovery of arsenic trisulfide glass

[ 6 ] International School of Photonics, CUSAT



Chalcogenide glass: Structure, properties and applications (%ftm 1

by R. Frerichs'* in 1950. Development of the glass as a practical
optical material was continued by W. A. Fraser and J. Jerger!5 in 1953
at Servo Corporation. Jerger, Billian, and Sherwood!> extended their
investigation of arsenic glasses containing selenium and tellurium,
and later adding germanium as a third constituent. Research in this
fascinating area of chalcogenides glasses gained its momentum in
with the discovery that ChG’s behave like intrinsic semiconductors
by Kolomiets?>. Later on Eaton, Ovshinsky and Pearson!¢ observed
their semiconductor properties and switching phenomenon. The
discovery of switching and memory effects in ChG was a turning
point which attracted many researches to the world of amorphous

chalcogenide semiconductors.
1.4. Recent trends in Chalcogenide glasses

Device applications using ChG usually require the glass to be
processed into either fiber or thin film form. Conventionally,
chalcogenide films are deposited using physical vapour deposition
(PVD) techniques such as thermal evaporation, pulsed laser
deposition or sputtering from the bulk melt quenched ChG17-2.. These
methods suffer from several shortcomings which intermittently
confine their use. They are in general limited to largely two-
dimensional surfaces and require high-vacuum processing and
sometimes difficult target preparation in the case of laser deposition
and sputtering. Another impediment, particularly for thermal
evaporation, is the observation that the resulting film often has a

different composition (stoichiometry) from that of the parent glass

International School of Photonics, CUSAT



@ij:)(m 1 Chalcogenide glass: Structure, properties and applications

target, or is inhomogeneous in thickness, owing to differential
volatility in multi-component materials. A common solution to this
problem is solution-based coating methods?2. Solution-based coating
methods offer a prospective pathway to overcome these limitations
by controlling the chemical composition of the solution phase and
hence the chemistry of the film with high accuracy. Solution casting
method offers higher production rate, simpler processing and
opportunity to incorporate other materials like metals,

semiconductors, nano particles, polymers etc.
1.4.1. Chalcogenide glass as nano material

Nano colloids of chalcogenide glass have gained a lot of
interest in the research field recently?>-27. Understanding the chemical
stability of the glasses, and finding the suitable solvent for making
solutions is very important in nano colloid preparations. Laser
ablation method was employed for the preparation of aqueous As;S;
colloidal solution by R A Ganeev et al.28. Their investigation of
nonlinear-optical parameters on the prepared nano colloids showed
the non linear refractive index to be -7.5 *10-1® m?W-! and nonlinear
absorption coefficient to be 1 cmGW-. Eventhough the samples
showed good optical non linearity the ageing occurs in the solution
due to spontaneous nanoparticles clusterization. So in order to avoid

this ageing, stabilizer have to be added.

Another method for the preparation of chalcogenide nano
colloid was by reorganisation of dissolution of As)S; in liquid

ammonia by Berzelius and Bineau?. Then onwards a lot of structural
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and optical studies were carried out on chalcogenide nano colloid
prepared by dissolution in different solvents like ethylenediamine, n-
butylamine, n-propylamine, diethylamine, triethylamine and other
organic solvents’42. Even though attempts to understand the
mechanism of dissolution of chalcogenides in amines and the
existence of chalcogenide clusters with dimensions of several
nanometres were reported earlier, factors such as the use of suitable
solvent for bulk glass dissolution solubility and solution viscosity
have only been studied recently by Song et al.%. G.C. Chern and 1.
Lauks®*-3% had made important contribution in the area of nano
colloid chalcogenide glass like As;S,, AsySes, AsyTes and Ge-Se. The
proposed dissolution product of As;S; and GexsSb;Sz in amine

solvent is as given® in Figure 1.5.
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Figure 1.5: Structure of dissolution product of a) As>Ss b) Gex3Sb7570 in
amine solvent.

Thin films prepared from nano colloid GexsSb;S;0 ChG are
reported to be of promising optical properties. Shanshan Song et al.40
have shown that photo-responsive nano colloid ChG can be used for
tuning quantum cascade (QC) lasers. The photosensitivity of the

cladded chalcogenide layer is utilized for tuning of over 30 nm, by
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deep-etched distributed Bragg gratings in cladding layer. ChG based
QC lasers offers high power and room temperature operation making
them a promising choice for trace-gas detection in the mid-infrared
where the spectroscopic fingerprints of majority atmospheric trace
gas are found. Recently in 2010 Chalcogenide opal and inverse opal
photonic crystals were successfully fabricated from nano colloid
As30570 chalcogenide glass by Tomas Kohoutek et al.#l. The fabricated
photonic structures from nano colloid AszS7 and silica as shown in
Figure 1.6, are proposed for designing novel flexible colloidal crystal

laser devices, photonic waveguides and chemical sensors.

A

As-S inverse opal

Silica/As-S opal

Figure 1.6: Photonic structures from nano colloid As30S70 and silica®!.

The solution based synthesis of photonic structures
based on ChG deserves immense application in different fields
of optoelectronics. Solution based approach to the
GasSb1oGeasSeso, Gezs Sb1:Seqo and GexsGasSegy for the fabrication of
different photonic structures and their application in different fields

of photonics are presented in this thesis.
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1.4.2. Chalcogenide /Polymer nano composite films

Presently, great interest has been devoted to the fabrication of
new materials suitable for photonics applications. Among these, the
amorphous chalcogenide structures are of considerable interest due
to their effectiveness in nonlinear optical characteristics. The
Quantum wave stacks (QWS) devices based on high refractive index
chalcogenides and low refractive index polymers seem to be
promising for applications challenging favourable performance
ratio®2. There exist certain challenges associated with the use of
chalcogenide glasses in integrated optics like toxicity, durability,
large coefficient of thermal expansion (CTE) etc. This can be
overcome by making composite films using chalcogenide glass and
polymer. As it was shown by many authors#-3! it is reasonable to
combine the properties of these two groups of materials by getting
nano-composites from polymers and ChG for optimization of the
sensitive parameters, simplification of the technology of fabrication,
improving the stability of the registration media, solving problems

related to ecological outputs etc.

Tomas Kohoutek?> recently fabricated Ge-Se/Polystyren (PS)
dielectric and Au/Ge-Se/PS /dielectric reflectors from amorphous
chalcogenide and polymer films with the optical reflectivity (R)
higher than R > 99 % near A ~1550 nm using low-temperature and
inexpensive deposition techniques. Thin polymer films anchored to
ChG are widely used for modulation of the surface properties and for

fabrication of versatile adaptive surfaces capable of responding to

International School of Photonics, CUSAT
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changes in the environment. Diffractive structures by holographic
and e-beam recording technologies were recently reported by
Andriesh et al.5! using rare-earth-doped chalcogenide glasses and

polymer nanocomposite.
1.4.3. Chalcogenide glasses fibers

Optical fibers need low-phonon-energy materials which
exhibit excellent resistance to moisture corrosion and good glass-
forming ability. The only vitreous materials that accomplish these
requirements are glasses based on sulphur, selenium, or tellurium32.
Chalcogenides fibers and ChG fibers doped with rare earths have
been studied for active applications in the near- and mid-IR5-5°. The
low phonon energy of chalcogenide glasses activates many mid-IR
transitions for rare-earth ions that are usually absent in materials
with higher phonon energies. Arsenic trisulfide glasses suffer from
poor rare-earth solubility and shows signs of crystallization
coinciding with the temperature for fiber-drawing. Ge-As-Ga-Sb-5
glass doped with neodymium chalcogenide fibers exhibited an
optical amplification at 1.083 um with a maximum internal gain of 6.8
dB achieved for a pump power of 180 mWS5s. ChG fibers find
application in all optical switches and fiber lasers®. Holey fibers
based on Ga-La-S glasses chalcogenide glasses are recently
demonstrated®. In these structures, the holes generate a low effective
index in the cladding and permit light guiding in the solid core by
internal reflection at the core-clad interface. Review on chalcogenide

holey fibers by J. Troles et al.¢! says holey fibers possess the potential
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for new applications in the fields of high nonlinear optics and large-
mode-area propagation together with single-mode operation at all

wavelengths.
1.4.4. Nano composite chalcogenide glass fiber

Yu et al.®2 have reported on optical properties of quantum dots
incorporated into PMMA fibres fabricated by physical methods.
Nanoscale reinforcements found far-reaching interests in the polymer
field, because reinforced materials (composites) display better structural
mechanical properties compared to the pure polymers. Semiconducting
nanoparticles (quantum dots) have been materials of curiosity when it
comes to polymer reinforcement due to their exciting properties,
particularly their remarkable size-dependent optical properties®®. The
tunable optical properties of quantum dots introduced into polymers
may enhance light emission from the polymer. Quantum dots (QD) have
an advantage over other dopants because of their small size distribution
and high surface area which allows better distribution within the fibres.
Studies on quantum dots and other dopants in polymer optical fibers
(POF) are already been undertaken by many researchers®®. But the
reinforcement of chalcogenide nano colloid in polymer fibers is not yet
reported. The development and studies on novel chalcogenide nano

colloid doped PMMA fiber is presented in this thesis in Chapter 7.
1.5. Properties of Chalcogenide glasses

Some of the important properties of chalcogenide glass like

structural, electrical, thermal and optical properties are as follows.
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1.5.1. Structural Property

The atomic structure and related properties in chalcogenide
glasses depend upon preparation methods and history after
preparation”. This prehistory dependence is common in all non-
equilibrium glass systems. Various experimental techniques like X-
ray, neutron, electron diffractions, the anomalous x-ray scattering, the
molecular vibrational (IR and Raman) spectra, the Electron Spin
Resonance (ESR), the Nuclear Magnetic Resonance (NMR) and the
Extended X-ray Absorption Fine Structure (EXAFS) are used to probe

the microscopic structures of ChG.

Amorphous chalcogenide materials are reported to have a
disordered structure even though the disorder in the structure of an
amorphous material is not complete on the atomic scale!. ChG lacks a
long range periodic ordering of the constituent atoms. Chemical
ordering has a significant effect on the control of the atomic
correlation in these glassy solids. This is particularly important if one
approaches from the nonstoichiometric to the stoichiometric
compositions. The chemical bonding between atoms, which result in
the short-range order, is responsible for most of the properties of
amorphous materials. The semiconducting property of chalcogenide
glasses is, however, a direct consequence of the covalent bonding
existing in these materials. In chalcogenide glasses the covalent
bonded atoms are arranged in an open network with order extending
up to the third or fourth nearest neighbours. So chalcogenide glasses

are also referred to as network glasses2. Various structural models
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have been developed for amorphous materials depending upon their
chemical nature. The Continuous Random Network (CRN) or
Zachariasen model” was developed for directional bonding, present
in covalent solids. Another model Random Close Packing (RCP) or
Bernal model”2 was developed for non-directional bonding present in
metallic solids. The Random Coil (RC) [Flory model]”? deals with one

dimensional bonding present in polymers.

The CRN model! suggested for amorphous semiconductors is
based on certain features of these materials like directional nature of
bondings, well-defined SRO (the bond length and bond angle) and
the topological constraints. The main drawback of the CRN model is
that it assumes that all constituent atoms satisfy their valence
requirements (8-N), where N is the valency. Hence, the structural

defects such as dangling bonds, voids etc. are not taken into account.

The Random Close Packed (RCP) model’5 is applicable for
non-directional bonding present in metallic solids providing a
satisfactory model for the structure of amorphous metals. Like the
CRN model and RCP model, Random Coil model, is essentially a
homogeneous single-phase model. This model is widely applied to

one-dimensional bonding present in polymers.

To understand the chemical ordering and structural model
consider the simple case of binary alloy Ax Bioox. The atoms A and B,
say belongs to the 'a' and 'b' groups of the periodic table, respectively.
There are two models to count the fraction of A-A, A-B and B-B
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bonds by assuming that all atoms satisfy the (8-N) rule. These are the
Random Covalent Network (RCN) model and the Chemically
Ordered Network (CON) model. The RCN considers these bond
distributions as purely statistical and neglects the relative bond
energies i.e. in random. The fraction of these bonds depends upon
their coordination numbers (8-a), (8-b) and the concentration x.
Therefore it gives A-A, A-B and B-B bonds at all the concentrations
except at x = 0 and 1. Where as the CON model considers the
preferential ordering ie. the heteropolar A-B bonds are more
preferred entities. Thus, this model predicts a chemically ordered
phase at critical composition Xc = Ya/(Ya + Yb) (the coordination of
the A and B atoms are Ya = 8 - a and Yb = 8 - b respectively). The

structural controversy is less for selenium.
1.5.2. Electrical properties and Electronic band structure

Structural defects play an important role in electrical
properties than the role of impurities in ChG. The band of the states
existing near the centre of the gap arise from specific defect
characteristics of the material like dangling bonds, interstitals etc?>.
Thus the band structure of the ChG specifically defines its property.
Density of states (DOS) diagram is used to explain or predict the
properties of a material in the band theory. It denotes the number of
electron states per unit energy per electron a material will have at an
energy level and it is used successfully to describe many of the
characteristic found in a crystalline solids. Band theory for

amorphous materials was first explained by Mott” by extending the
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band theory of crystalline materials. Mott suggested that the spatial
fluctuations in the potential caused by the configurational disorder in
amorphous materials could lead to the formation of localized states
based on Anderson's localization principle’4. The diagram of the DOS
for crystalline and the modification of it for amorphous materials by

Mott is given in Figure 1.775.

(a) (b)
E 4 E
Conduction Band Conduction Band
Ec C Ec (77> -
= Er __.%‘gsﬂﬁ ____________
Band gap = Mobility gap

Valence Band\ Valence Band

Q(E-;) 9(E)
Figure 1.7: (a) DOS of a crystalline semiconductor, (b) DOS models
proposed by Mott for amorphous semiconductors.

These localized states do not occupy all the energy states in

the band but it form a tail above and below the band. An electron in a
localized state will not diffuse at zero temperature to other allowed
states with corresponding potential fluctuations. Several models have
been proposed for the band structure of amorphous semiconductors
using the concept of localised states in band tails. The first
diagrammatic representation of the band structure of amorphous
semiconductor was given by Cohen”¢ and is referred to as the Cohen-

Fritzsche-Ovshinsky (CFO) model. This model suggests that the tail
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states extend across the gap in a structure-less distribution. The band
picture of CFO model is shown in Figure 1.8. The relevant features of
this model are 1) continuous tailing of the localized states, which is so
high that they overlap in the middle of the gap. Thus some of the
normally filled valence band tails would be at a higher energy than
the normally empty conduction tails. Obviously, a redistribution of
charge carriers must take place. Thus electrons transfer takes place
from the high lying valence band tails to the low-lying conduction
band tails. Hence, there is a deep electron trap above and below the
Er which is shown in Figure 1.8 a. (2) This model predicts the
existence of the average mobility gap between the valence and
conduction bands. (3) There is a finite density of these states g (Er) at
Er. If g (Er) > g (Ec), it would make materials to be metallic otherwise
they would remain as semiconductors. The existence of high density
of g (Er) turns materials into undopable ones.The band picture of

model proposed by Marshall and Owen?” is given in Figure 1.8.b.

E E A
Conduction Band Conduction Band
Ec e -
L
Ey 5__ = e
‘Valence Band Valence Band

- Lot

9(E) 9(E)
Figure 1.8: DOS models proposed by Cohen, Fritzsche and Ovshinski
(CFO) and DOS models proposed by Marshall and Owen.

The hatched regions denote localized states.
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The main difference between the CFO and the David Mott
(DM) model” is the origin of deep traps in the middle of the gap.
There is also another model proposed by Emin called Small polaron
model”s. Emin7® suggested that the extra free carriers in some
amorphous semiconductor may enter as a self trapped (small
polaron) state as a result of the surrounding atomic lattice. All of the
chalcogenide glasses appear to share a common electronic band
structure. The chalcogen atoms all have six valence electrons in an
s?p* configuration. The two half-filled p shells participate in the
formation of covalent bonds, so the chalcogen atoms are normally
two fold coordinated. The valence band of chalcogenide glasses
consists of states from the p bonding (o) and loan pair ( LP) orbitals.
The LP electrons have higher energy than the bonding electrons, so
the full LP band forms the top of the valence band. The conduction
band is formed by the antibonding (0*) band. The LP band falls
between the o and o* bands, so the bandgap is about half of the
bonding-antibonding splitting energy. Because the electrical
properties are determined by the LP band, these chalcogenide glasses

are called lone-pair semiconductors?s.
1.5.3. Thermal properties

Glass transition, crystallisation and melting temperatures,
along with the coefficient of thermal expansion, thermal diffusivity
etc are the thermal properties associated with chalcogenide glass.
The glass transition temperature of ChG is related to the magnitude

of cohesive forces within the network and these forces must be
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overcomed to allow atom movement. Thermal conductivity is critical
to many electronic devices?8. Thermal conductivity, of a material
results from transport of energy via electrons or via lattice vibrations
(phonons). The total thermal conductivity is the sum of both. Thermal
conductivity is related to phonon mean free path. Phonon mean free
path in ChG is considerably shorter and correspondingly thermal
conductivity is less. Thermal diffusivity (Tp) has a major role in
switching exhibited by a chalcogenide glassl. Tp decides the rate at
which heat can be dissipated away from the conducting channel. It
has been recently pointed out that there is a strong correlation
between the thermal diffusivity and the switching behaviour of
chalcogenide glasses®?. ChG with low thermal diffusivity are likely to
exhibit memory behaviour and those with higher values of thermal
diffusivity may show threshold-type switching. Consequently, the
measurement of thermal diffusivity of switching glasses is important
for identifying suitable materials for phase change memory
applications. Like optical absorption coefficient, thermal diffusivity is
unique for each material and is often ideal over conductivity
measurements due to its insensitivity to radiative heat losses as the

latter involves heat fluxes that are difficult to control.
1.5.4. Optical Properties

Chalcogenide glasses are promising candidates for photonic
applications due to their attractive optical properties, such as high
refractive index, high photosensitivity and large optical nonlinearity.

The investigation of the optical properties of chalcogenide glasses is
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of considerable interest and affords critical information about the
electronic band structure, optical transitions and relaxation
mechanisms. The optical and electrical properties of chalcogenide
glasses are generally much less sensitive to non stoichiometry and the
presence of impurities is less sensitive than crystalline

semiconductors.

1.5.4.1. Absorption Spectroscopy

The typical absorption spectra of chalcogenide glass is shown
in Figure 1.9. In amorphous semiconductors, the optical absorption
edge spectra generally contain three distinct region215: A)High
absorption region (a=10* cm) ,which involves the optical transition
between valence band and conduction band and determines the
optical bandgap, B) Spectral region with a=102-10* cm? is called
Urbach’s exponential tail (In this region most of the optical transitions
take place between localized tail states and extended band states) and
C) The region a > 102 cm? involves low energy absorption and

originates from defects and impurities.
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Figure 19: Regions A,B,C of a typical absorption curve of

chalcogenide glass.

1.5.4.2. Photoinduced properties

The photoinduced phenomena exhibited in ChG can be
grouped into three categories'>: the photon mode, in which the
photoelectronic excitation directly induces atomic structural changes;
the photothermal mode, in which photoelectronic excitation induces
some structural changes with the aid of thermal activation; and the
heat mode, in which the temperature rise induced by optical

absorption is essential. Interestingly, these three kinds of phenomena

are likely to appear in sulfides, selenides, and tellurides,

respectively21582. The photon effects are of particular interest from the

viewpoint of fundamental science and modern applications.
One of the interesting properties of the chalcogenide materials is their
sensitivity to the action of light and other electromagnetic radiations.

Therefore, many effects discovered in chalcogenide disordered materials are
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based on the action of light. Some of the important photoinduced effects!552
are photo-darkening, photo-bleaching, photo-plastic effect, photo-induced
fluidity, photo-induced ductility, optomechanical effect, polarization-
dependent photoplastic, light-stimulated interdiffusion effect, photo-
expansion, photocontraction, athermal photo-induced transformation effect,
photo-induced amorphisation effect, laser-induced suppression of
photocrystallization, photoinduced softening and hardening effect, photo-
amplified oxidation effect, photo-dissolution, photo-doping effects, photo-
polymerization effect, photo-anisotropy effect, photo-induced dichroism,
photoinduced scattering of light, photo-elastic birefringence effect, switching

(Ovshinsky) effect, photoluminescence etc.

Many types of photosensitive processes observed in the chalcogenide
glasses are accompanied by changes in the optical constants, i.e., changes in
the electronic band gap, refractive index and optical absorption coefficient.
These light-induced changes are favoured in chalcogenide glasses due to
their structural flexibility (low coordination of chalcogens) and also due to
their high-lying lone-pair p states in their valence bands. Annealing
chalcogenide glasses can affect the photoinduced changes, in particular
irreversible effects occur in as-deposited films, while reversible effects occur
in well-annealed films as well as bulk glasses. Changes in local atomic
structure are observed on illumination with light having photon energy near

the optical band gap of the chalcogenide.
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> Photodarkening

In chalcogenide glasses the photodarkening (PD) process
refers to a shift of the optical absorption edge to lower energies upon
the application of light whose energy is near that of the band gap. All
chalcogenide glasses appear to exhibit the PD process to varying
degreest+%. The role of specific defects in the photodarkening process
has yet to be established because a microscopic description of this
effect does not exist yet. Several specific defect models have been
proposed to account for photoinduced effects. The first defect model
was proposed by Mott, Davis and Street (MDS model)'>. This model
identifies the defects with negative correlation energy. According to
Street and Mott model, chalcogenide glasses contain 1018-10% c¢cm?3
dangling bonds. These bonds are point defects where normal
coordination is not satisfied due to the constraint of local topography.

The defect creation proposed by them is shown in Figure 1.10.
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Figure 1.10: A schematic representation of the formation of charged
defects D* and D from two neutral defects DO, in
accordance with Street and Mott model.

The formation of a D+, D- pair from a broken Se-Se bond (i.e.,

from two Se dangling bonds) is governed by the reaction,
2D0— D*+ D
where the reaction is exothermic because of strong lattice distortions.

These strong lattice distortions mean that the effective electron-
electron correlation energy is negative (negative U). Kastner, Adler
and Fritzsche!> (KAF model) have emphasized that the coordinations
of the positively and negatively-charged diamagnetic defects are
three and one, respectively. These authors also have presented
arguments which suggest that these D* and D- defects may require

only modest electron interaction energy for stability. In the KAF
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version of the model D- is termed C3- and D+ is termed C3+ in order to

show explicitly the coordination of 4 e defect.

Various possible configurations of chalcogen atoms are shown in
Figure1.11. Each possible configuration is denoted C , v where C stands

for chalcogen atom and v and z are its charge and valence states.
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Figure 1.11: The Kastner, Adler and Fritzsche (KAF) model of
defects in chalcogenide glasses. E, is the bond
energy, UL, is the correlation energy. The arrows
indicate the spin state of the electrons.

Considering all the defects model for ChG and band models
Tanaka and Ohtsuka® have proposed a phenomenological model of
PD in which the increase in absorption at a fixed wavelength is
proportional to the intensity and a factor ensuring saturation at some

maximum absorption. The kinetic model for PD was further
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generalized by Liu and Taylor#*. They assumed that the increase of
the absorption is proportional to a general, but unspecifiesd function
of the absorption and to a power of intensity. Two types of defect
creation are considered, a direct process and an indirect process. The

creation of metastable defects can be represented by a configurational

diagram as shown in Figure 1.12.

\

Unphotodarkened

Y

|
r CONFIGURATION COORDINATE

Figure 1.12: Configurational diagram showing the creation of
metastable defects.

The ground and excited state energies of an electron vary with a
continuous distortion of the atomic configuration. The direct process
begins with an electronic excitation by a photon absorbed at non
photodarkened site (step 1 in Figure 1.12). These sites may be preexisting
defects or the sites may be an ordinary atom or bond in an ideal glass.
Excitation is followed by atomic relaxation in to a new local atomic
configuration (step 2), by electronic relaxation (step 3), and further by
relaxation in to a metastable configurational defect (step 4). There is a

finite probability for relaxation to the unphotodarkened minimum
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energy configuration at any point in the defect —creation process. The
relaxation to the ground state can be by any of these processes before a
metastable state is formed by single quantum efficiency for defect
creation per photon absorbed. Defects can be erased by the light by
electronic excitation (stepl’) followed by relaxation (step 2’) and

recombination (step 3") or by thermal process (step 17).

> Photoluminescence (PL)

The defect states in the band-gap of ChG are expected to play
an important role in the occurrence of most of the photo-induced
phenomena, since the defects are considered to alter their charge
conditions or their mutual interactions by trapping photo-excited
carriers. To investigate these gap-states, photoluminescence (PL)
measurement is an effective tool since their spectra provide detailed
information on the relaxation process of photo-excited electron-hole
pairs?l. Kolmeits and co-workers??5 first observed PL spectra in bulk
ChG. Recently the Munetoshi Seki et al%2 has proposed the
conduction band model for the orgin of PL in Ge-S glass by the
recombination of electron localized at the bottom of conduction band
and holes trapped by the charged defects. The observation of double
peak lifetime distributions in g-As;S; and a-Se chalcogenides was
explained through self-trapped exciton model by T Aoki et al.%.
According to this model the double peak life time distribution in the
short-lived component is attributed to radiative recombination of
singlet excitons, and the long-lived component is assigned to triplet

excitons. States in the gap of ChG and the electron-phonon
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interaction are the important factors affecting the luminescence of
chalcogenides glasses. The dominant feature seen in luminescence
spectra of chalcogenide glasses is a broad band centered at about half
the band-gap energy. The broad luminescence peak is due to the
strong electron phonon coupling. Luminescence in semiconductors
occurs due to the electron-hole recombination and its origin can be
traced to six different transitions”® as shown in Figure 1.13. The
transitions are (1) a free electron and a free hole (2) an electron
trapped in a shallow level and a free hole, (3) an electron trapped in a
deep level and a free hole (4) electron-hole pairs trapped in defect
pairs deep in the gap, (5) a free electron and a hole trapped in deep
level and (6) a free electron and a hole trapped in shallow level.
Factors that may influence the shape of the spectrum are the
absorption depth, the presence of surface recombination and an
excitation-energy-dependent quantum efficiency. A suitable way to
represent luminescence processes in ChG is the configurational
coordinate diagram representation shown in Figure 1.14 where
E(energy) is plotted versus R (distance)with parabolic shape. The
difference of chemical bond length in the excited state and the ground
state causes a difference in the equilibrium distances in the ground

and excited state parabolas.
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Figure 1.13: Schematic representation of the transition involved in
chalcogenide glasses. The abbreviations used are free
electron (FE) and a free hole (FH), electron/hole trapped
in a shallow level (ETSL/HTSL), electron/hole trapped in
a deep level (EDTL/HDTL), electron-hole pairs trapped
in defect pairs deep in the gap (ETDL and HTDL).

The most possible optical absorption occurs at R = 0 of ground
state and brings the centre to a high vibrational level of the excited
state. The centre then relaxes to the lowest vibrational level of the
excited state from where it can suddenly return to the ground state
under emission of radiation. Due to the relaxation processes emission
occurs at a lower energy than the absorption energy®. The energy
difference between the maximum of the lowest excitation band and
that of the emission band is the Stokes shift. Along these lines,
multiple transitions identified above can be better represented with a

configurational coordinate diagram as illustrated in Figure 1.14
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Figure 1.14 : (a)Configurational coordinate diagram representation
of absorption and emission transitions, (b) the
configurational coordinate diagram representation of
multiple transitions in a chalcogenide glass
semiconductor. VAPs are Valence Alteration pairs
and IVAPs are Inverse Valence alteration Pairs that
contribute to luminescence in chalcogenide glasses.

1.5.5. Optical Non linearity

Different techniques, such as two-photon absorption
spectroscopy, degenerate four wave mixing (DFWM), Z-scan, third-
harmonic generation (THG) and optical Kerr shutter (OKS) have been
used to measure the non-linear refractive index as well as the
nonlinear absorption coefficient of chalcogenide materials®%. The
origin of optical non linearity in chalcogenide glasses are discussed
else were in8. Spectral dependence of different nonlinear parameters
like two-photon absorption (B) and intensity-dependent refractive
index (n2) on linear absorption and refractive index for an ideal

amorphous semiconductor is shown in Figure 1.15.

International School of Photonics, CUSAT



@ij:)(m 1 Chalcogenide glass: Structure, properties and applications

ha

Figure 1.15: Spectral dependence of linear absorption a, linear

refractive index no, two-photon absorption {3, and
intensity-dependent refractive index ny in an ideal
amorphous semiconductor with energy gap Eg.

J.S. Sanghera et al.% have compared the nonlinear optical
properties of these chalcogenide glasses in both bulk and fiber form.
The first investigations of the non-linear absorption of nanosecond
laser pulses with hv <Eg in ChG were reported by Lisitsa et al.8. The
dynamics of such induced absorption with subpicosecond and
picosecond time resolution have been investigated by Fork, Shank et
al.8 and by Ackley, Tauc et al 8. These authors showed that as a result
of strong excitation of ChG with excitation energy less than bandgap,
an additional induced absorption appears, which exhibits maximum
amplitude during the excitation pulse and relaxes with several time
constants. This kind of photo-induced absorption (when hv is far
from the absorption edge Eg) appears only at strong laser excitation of
ChG. The mechanisms of two-photon (or two-step) absorption and of

the carrier localization and redistribution on states in the gap were

32 International School of Photonics, CUSAT



Chalcogenide glass: Structure, properties and applications @wa[m 1

proposed to explain the photo-induced absorption in ChG. In
telecommunications based applications, chalcogenide glasses stand
out because they exhibit third-order optical nonlinearities (Kerr,
Raman and Brillouin) between two to three orders of magnitude
greater than silica.

Microscopically, the nonlinear terms arise through several
mechanisms such as electronic, atomic (including molecular
motions), electrostatic, and thermal processes. Among these, the
electronic process can provide the fastest response with nano second
and lower time scales, which will be needed for optical information
technologies. The nonlinear absorptions usually exhibited in
amorphous semiconductors are shown in Figure 1.16: Nonlinear
absorption refers to the change in transmittance of a material as a

function of intensity or fluence.
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Figure 1.16: Schematic illustrations of (a) one-photon absorption,

(b) twophoton absorption, (c) two-step absorption via
a midgap state, and (d) Raman-scattering process in a
semiconductor with a valence (VB) and a conduction
band (CB).
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At sufficiently high intensities, the probability of a material
absorbing more than one photon before relaxing to the ground state
can be greatly enhanced. In addition, population redistribution
induced by intense laser fields leads to interesting counterplays of
stimulated emission and absorption, complicated energy transitions
in complex molecular systems and the generation of free carriers in
solids. These phenomena are manifested optically in a reduced
(saturable) or increased (reverse saturable) absorption. In addition to
the non linear absorptions presented in Figure 1.16 there exist other
non linear absorptions like multiphoton absorption, excited state

absorption, free carrier absorption etc8%.

Many reports indicate that a two-photon absorption process is
responsible for the optical non-linearities observed in chalcogenide
glasses?-%. Studying on the spectral dependence of absorption using
a tunable source, showed that two-photon and two-step absorption
occurs in As;Ss, and the two-photon absorption spectrum appeared to
vary exponentially with energys. This exponential form implies that
the two photon process is resonantly enhanced by the gap states

which cause the weak absorption tail found in this glass.

1.6. Applications of ChG

Much more must be learned about the structure-property
relationships in chalcogenide glasses before we know the true
potential for these glasses. Chalcogenide glasses have been studied as
promising integrated optics materials since early 1970's%15. The IR

transparency of chalcogenide glasses (ChGs) leads to a wide variety
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of optical applications as shown in Figure 1.17. Chalcogenide glasses
have the potential to be the basis for future optical computers, much
as silicon is the basis for today’s microprocessors and computer
memories®. Any optical microcircuit will require passive devices
such as waveguides and gratings to control the flow of optical
information between the active elements. These elements can be
fabricated in a chalcogenide glass by several methods including
photodarkening and photodoping®. Grating can be recorded on
chalcogenide bulk and thin films. The photosensitive response of the
chalcogenide glasses can be used to produce high-resolution images
and photolithographic resistsle. High-speed optical switching has
been demonstrated with chalcogenide glasses?”. Demultiplexing
signals of 50 Gbit/s was achieved and the system has the potential to
exceed 100 Gbit/s operations. Infrared fibers based on ChG are of
great technological importance for communication, imaging, remote
sensing and laser power delivery%. ChG fibers find application in the
various fields due to their high bandgap, longwavelength
multiphonon edge and low optical attenuation®. They are also
chemically stable in air and can be drawn into long core-clad fibers.
They also have the potential to permit new applications that are
unachievable with current infrared materials®-102. The ChG find

application in different fields as shown in Figure 1.17.
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Figure 1.17: Applications of chalcogenide glass in different fields.
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1.7. Scope of the thesis

Chalcogenide glasses (ChGs), well known for their large
optical nonlinearities and high infrared transparency will enhance or
revolutionize many of the products that operate with or on infrared
light. Even though ChG’s meet all of these criteria like high IR
transparency, low phonon energy, high refractive index, good
photosensitivity etc and are well suited to various applications,
researches are going on for the development of advanced new
chalcogenide glass and polymer composite films and fibers for
photonic applications. Most of the applications depend on our ability
to engineer glass compositions to meet the specific requirements of
the system. It is the intent of this research work in this thesis to
develop a simple, low cost and tunable solution-based method for the
fabrication of ChG films and fibers. This method offers the
opportunity to tightly control film chemistry through control of the
solution chemistry, preparation of novel material systems such as
hybrids and composites and nano composite fibers that opens the
door to new types of structures and optical components for photonic
applications. It was shown that it is possible to tune the optical and
mechanical properties of these coatings by tailoring the glass
chemistry(concentration of ChG dissolved in the solvent) or
ChG/polymer content over a broad range making them important for
applications in IR optical coatings and as interfacial materials where
thermal and mechanical property matching is critical. These results

may lead directly to applications, or more likely, they may provide a
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foundation for other research into the optical behaviour of more new

nano composites based on different ChG’s for different applications..

1.8. Conclusions

The importance of chalcogenide glasses and its structural, electronic,
thermal and optical properties have been reviewed. Recent trends on the
fabrication method of chalcogenide glass based materials and polymer nano
composites of ChG's are also discussed. Photoinduced optical properties like
photodarkening and photoluminescence are found to be very interesting in
ChG due to their band gap structure with the presence of localized states and
different defects.
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This chapter is divided in to two sections namely the preparation
techniques and the experimental tools and techniques used for the

characterization of ChG in the present work.
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2.1. Section 1. Preparation techniques

The techniques used for the preparation of bulk ChG, thin
tilms, nano colloid solutions, ChG/Polyvinyl Alcohol nano composite
film, stacked hybrid films of ChG and polymer and nano colloid ChG

doped polymer fiber are discussed in this section.
2.1.1. Chalcogenide bulk glass preparation

Bulk glasses were prepared using melt quenching method.
Melt quenching technique was the only method used for the
preparation of bulk glasses before the development of chemical
vapour deposition and sol gel techniquel2. One of the important
features of the melt quenching technique is the high flexibility of
geometry and composition and the advantage of obtaining materials
of large size in comparison to other methods. The doping or codoping
of active ions or transition metals are quiet easy using this method.
This method can be used for the preparation of silicate, borate,
phosphate, oxide or non oxide systems!. One of the main
disadvantages of this method is the lack of ultra high purity as
compared to other chemical methods. In order to avoid

contamination, the crucibles made of noble metals can be used.

Melt quenching method applied for chalcogenide glass
preparation is as follows. This method is based on the fusion of raw
materials in to a viscous solid, followed by forming in to a shape and
quenching to a glass. The electronic grade (5N purity) constituent

elements are weighed in proportion to their atomic weight
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percentages. The raw materials used in the present study are Ge, Se,
Sb, Ga and Er which are all purchased from Alfa Aeser having a
grade of 5N purity. For each composition approximately around 4gm
of material is transferred to clean quartz ampoules of 8 mm diameter

and 8cm length.

The ampoule is then evacuated at a pressure of 10-* m bar for
half an hour and then flame sealed at this vacuum using oxygen -
indane flame torch. Precleaning and evacuating helps to avoid the
presence of impurities. The ampoule is then placed in a rocking and

rotating furnace as shown in Figure 2.1.

Figure2.1: Rocking and rotating furnace used for the preparation
of ChG glasses.

The furnace can attain a maximum temperature of 1100°C. The
temperature controller in this unit is C961 Blind Temperature Controller
with single thermocouple or RTD input and one relay output with user
specific control action and relay logic. Before keeping the ampoule, the
furnace can be programmed to the desired temperature. The samples
presented in this thesis are prepared at a temperature of 1050°C. In order

to homogenize the melt continuous rotation and rocking in an interval of
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lhour is given. The melt is then rapidly quenched to ice cold water. The
samples are then taken out from the sealed ampoules by dipping it in
Hydrofluoric acid (HF) solution. HF solution etches the quartz ampoule
leaving the bulk glass.

2.1.2. Thin film preparation

Thin film preparation can be based on physical deposition or
chemical deposition method?4. Depositions that happen because of a
chemical reaction are Chemical Vapour Deposition (CVD), Electro
deposition, Epitaxy, Thermal oxidation etc and depositions that
happen because of a physical reaction are Physical Vapour
Deposition, Evaporation, Sputtering and Casting. The vapour
deposition methods such as thermal evaporation, sputtering and
chemical vapour deposition methods can yield amorphous thin films

deposited on a substrate.

2.1.2. a) Thermal evaporation technique

It is perhaps the simplest vapour deposition technique which
involves resistive or electron beam heating in vacuum of a reservoir
containing the material to be evaporated. The melt so produced then
evaporates and the vapour is condensed on to a substrate, forming a
thin film. In chalcogenide glass the deposition of the film at the
oblique incidence may result to structural inhomogeneity which may

lead to formation of columnar growth morphology for the films>.

The making of an amorphous chalcogenide thin film by

thermal evaporation in vacuum coating unit is done in the following
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way. The unit used for coating is India High Vacuum pumps (12A4-
D). Firstly, bulk sample is loaded in tungsten boat in the system as
shown in Figure 2.2. After than the bell jar is closed and the system
pumped down to around 2*10- torr through a diffusion pump. At
this level of air pressure, the entire environment inside the deposition
chamber is free of impurities and the sample is ready for deposition.
The chamber is evacuated by INDVAC Diffpak pump Model 114D
abd backed by 250 liters per minute, doublestage, direct driven,
Rotary vacuum pump, Model:IVP.

component

deposit

‘C’ vacuum

heated coating
material

Figure 2.2: Schematic representation of the Bell jar in thermal
evaporation unit.

With the shutter in the closed position, the temperature of the
substrate is set to the desired level heated till the sample loaded starts
to evaporate. The heating element in the system is conal sheated
nichrome having a power rating of 500 watts, 120 V to 140V. Once the
evaporation rate is stabilized and the substrate reaches its desired
temperature, the vapour is allowed to come into contact with the
substrate. The rate of evaporation is maintained to be 10A%/s. The
evaporation rate as well as the film thickness can be controlled using

a quartz crystal in Digital thickness Monitor Model-CTM-200
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attached to the bell jar. When the desired thickness is reached, the
shutter is closed. The amorphous film is maintained at the substrate
temperature until the boat and the chamber cooled down to a level
suitable for the film to be removed from the system.

2.1.2 b)Spin coating and drop casting

> Spin coating

SPIN 150-v3 was used for spin coating the films. Spin Coating
involves the acceleration of a liquid puddle on a rotating substrate®.
In this technique the coating material is deposited in the center of the
substrate either manually or by a robotic arm. The physics behind
spin coating involve a balance between centrifugal forces controlled
by spin speed and viscous forces which are determined by solvent
viscosity®. Some variable process parameters involved in spin coating
are Solution viscosity, Solid content, Angular speed and Spin Time.

The method of spin coating is given in Figure 2.3.

Syringe._ 4
s

P

« Material to be deposited Uniform layer of material

.=d$;:___‘—l._. .‘-El-—...\::mmﬁfmm:!:ﬁ
‘—|—'l Wafer J

Vatuum chuck

BEFORE SPINNING ~ AFTER SPINNING
Figure 2.3: Schematic diagram of spin coating.
> Drop casting
The drop casting technique is a simple method to deliver
drops of liquid in the micromolar to millimolar range?. The drops are

deposited mostly by means of micropipettes onto solid surfaces. The
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stirred solution is taken in a micro glass syringe and placed in a
cleaned glass slide. The films were then allowed to dry and kept in

dark in desiccators.

2.1.3. Chalcogenide Nano colloid preparation

Chalcogenide nano colloids were prepared by dissolving the
bulk glasses in n-butylamine solution (Alfa Aesar). n-Butylamine is
an organic compound® (specifically, an amine) with the formula
CH;CH.CH>CHoNHy.  This colourless liquid is one of the four
isomeric amines of butane, the others being sec-butylamine, tert-
butylamine and isobutylamine. At standard temperature and
pressure, n-butylamine is a liquid having the fishy, ammonia-like

odor common to amines!6.

The bulk glasses were grounded to fine powders and weighed.
After that solutions of different concentrations were made by
dissolving the ChG in n-butylamine in a sealed bottle. The solutions
were given continuous stirring at an ambient temperature (35°C) for
expediting the dissolution mechanism. The solutions were then kept

in refergirator.

Chern and Luck®!! has described the dissolution of the bulk
glass in amine solvents as follows, the dissolution of the continuous
network of the bulk glass chalcogenide glass in butylamine leads the
bulk glass to get fragmented possibly along the weakly bonded
interlayer planes in the form of clusters. The surface of these clusters
react with the solvent to form amine salts. It is interesting to point out
that the chalcogenide glasses are found to be both stable in neutral

and acidic (non-oxidizing) solutions, but begin to dissolve quite
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rapidly in basic solutions. The dissolution mechanism of the
chalcogenide glass in solvents primarily centers on general acid-base

chemistry. Amines are usually considered to be bases.

According to the Bronstead-Lowry (B-L)12 concept an acid is
defined as a substance which is able to donate a proton while a base
as a proton acceptor; whereas the Lewis concept!? defines acids as
capable of accepting a lone pair in order to form a coordinate
covalent bond and bases are the lone pair donors. This concept is
equivalent in aqueous solutions but in nonaqueous solutions and
particularly when the acid does not possess hydrogen atoms, the B-L

concept becomes awkward?3.

In our case the glass is considered as the acid. Another
important thing is nucleophilicity, which is distinct from basicity.
Nucleophilicity is the focus of the Pearson hard-soft acid base (HSAB)
concept!315.This concept defines the chemical hardness (1) as equal to
one half of the derivative of the chemical potential of a system with
respect to the total number of electrons. In other words it relates to
the difference between the ionization potential and electron affinity4.
Hardness is therefore a measure of the energy needed to alter the
electron cloud through addition or removal of an electron. Here
species with extreme electronegativites or high charge densities
would be considered hard while those with intermediate
electronegativities and high polarizabilities would be considered soft.
Thus hard-hard interactions will tend to be ionic in nature while soft-
soft interactions are covalent, making soft bases generally better

nucleophiles?>.
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2.1.4. Composite film preparation

Chalcogenide/Polymer composite films were prepared by
drop casting method. The prepared nano colloid solutions of different
glasses and the polymer are mixed together. The polymer used for
making films is polyvinyl alcohol¢. Polyvinyl alcohol (PVOH, PVA,
or PVAI) is a water-soluble synthetic polymer. Unlike many vinyl
polymers, PVA is not prepared by polymerization of the
corresponding monomer. The monomer, vinyl alcohol, almost
exclusively exists as the tautomeric form, acetaldehyde. PVA instead
is prepared by partial or complete hydrolysis of polyvinyl acetate to

remove acetate groups. The chemical formula for PVA is,

CHy Cl_‘,H—CHz—(llH
OH OH

The nano colloid solutions of chalcogenide glass and poly

Vinyl Alcohol were mixed in different proportions using a magnetic
stirrer. The mixture was then carefully drop casted on to a cleaned
glass slide. The films were then allowed to dry by keeping in

desiccators.
2.1.5. Multilayers of chalcogenide glass

Multilayers of chalcogenide glass were prepared by coating
the bulk chalcogenide glass by thermal evaporation on to composite
films of chalcogenide glass and polymer prepared by drop casting
method. The composite films are also coated on to the thermally

evaporated films.
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2.1.6. Fiber fabrication

Drawing of fiber directly from melts of material in crucibles

or fiber drawing by Vapor phase oxidation are the basic techniques

used in the fabrication of Polymer Optical fibers (POF)!7-19.

2.1.6.1. Continuous extrusion method

Plastic optical fibers are produced in a simple extrusion process,
which is similar to the double crucible method used for fabricating glass
fibers. The disadvantage of this method is the possibility of introducing
contaminants during the melting process. The most economical method
for making polymer optical fiber that is also amenable to high-volume
processing is the extrusion process. In this method, a purified monomer
(methyl methacrylate), an initiator and a chain transfer agent are fed into
a reaction chamber where the monomer is polymerized. The material is
partially polymerized into a thick fluid, which is typically 80% polymer
and 20% monomer. The temperature of the reactor chamber is typically
180°C. This concentrated solution is directed to the screw extruder,
which pushes the material through a nozzle that creates the fiber.
Remaining monomer is evaporated in the core extruder and recovered
for further use. Subsequently, the core of the fiber runs into a second
chamber and then through a nozzle where the cladding is coated onto
the fiber-also using an extrusion process. This leads to the formation of a
continuous fiber. Effectively, then, material is fed into one end and the
fiber comes out the other end. The most important advantage of

continuous extrusion is high production rate?”.
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2.1.6.2. Vapor phase oxidation

With direct drawing, it is difficult to get pure and
homogeneous fibers; therefore this method is not commonly used920.
The vapor phase oxidation processes have proven to be more

successful. These processes are usually done in two steps:
+ The first being the preparation of the Preform.
+ The second being the drawing of the fiber.

This method is used for the preparation of nano colloid ChG
doped polymer fiber.

> Preform method

The preform drawing process can be used for making single
mode step index fiber, multimode fiber and graded index fiber?. So
this method is very advantageous compared to other fiber fabricating
methods. Fabrication of POFs by preform method involves two
stages. In the first stage, a cylindrical preform of required diameter
and length is made. In the second stage, the preform is drawn into
fiber by the heat-drawing process.

Preform making is the most important part of making a POF
because it decides the optical quality of the fiber. The fiber drawing
process relies on the smooth flow of softened polymer. Since
thermoplastics are polymers that flow at an elevated temperature,
they are well suited as fiber materials. An important property of the
polymer is its molecular weight, which is a measure of the average

chain length. If the molecular weight is too high, the chains are too
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long to permit them to slip and flow?2!. The result is that the polymer
remains rubbery even at temperatures that are high enough to cause
the material to decompose. The ideal molecular weight allows the
material to flow without dripping. In making the polymer, a chain

transfer agent is used to control the molecular weight.

A cylindrical tube, which serves as the cladding layer, is made
by polymerizing a cladding material inside a rotating cylindrical
reactor. Materials that can be polymerized by the radical
polymerization reaction are used and the reaction is induced
thermally or by UV radiation using photoinitiator?2. Due to the fast
rotational speed of the reactor about its axis, a tube of uniform
thickness is formed once the reaction is complete. This tube is then
removed from the reactor and filled with a core material mixed with
an initiator and a chain transfer agent. The core material is then
polymerized to make a preform that is drawn to a fiber by heat-

drawing process.

There are two other commonly used methods for preform
fabrication. First is the rod-in-tube method, in which a pre-fabricated
polymer core rod is inserted into a pre-fabricated polymer cladding
tube with a tight-fitting?. The disadvantage of this method is that the
rod diameter is usually too large for the drawn fiber to achieve a
single-mode operation. Also bubbles may be trapped at the core-
cladding interface. The second method is the hole-in-rod technique
2324 where a hole is drilled into a cladding polymer rod followed by

pouring in core monomer. A polymerization process is then initated
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to obtain a composite core-cladding polymer preform. The core-
cladding interface of this preform may not be smooth because of

drilling. This could lead to excessive loss.

The most successful technique that can be used for the
fabrication of the preform is “Teflon technique”2 . In this technique a
thin teflon string is properly fixed in the center of a glass tube. The
thermal polymerization of the filled tube is carried out in a
temperature controlled oil bath. After the monomers are fully
polymerized and heat treated, the teflon string is removed and we
obtain a polymer tube (polymer rod with a small hole in its center).
The bottom side of the core is sealed and the hole is then filled with
the initiated monomers for the core. Again it is kept in an oil bath for

turther polymerization.
> Heat drawing process

The heat drawing process is shown schematically in Figure
2.4. The solid preform is then drawn or pulled into an optical fiber by

a process called fiber drawing.

The fiber drawing process begins by feeding the preform into
the drawing furnace. The drawing furnace softens the end of the
preform to the melting point. The preform is positioned vertically in
the middle of the furnace (or oven) where its lower portion is heated
locally to the drawing temperature 2025 Both convective and radiative
heat transfer mechanisms are important in heating the preform in the
furnace. When the lower part of the preform reaches a temperature

beyond its softening point, it necks downward by its own weight due
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to gravity. Once this initiation of the drawing process is achieved,
tension is applied to the fiber by drawing rollers and the fiber is

drawn continuously while the preform is fed at a predetermined rate.

The fiber diameter is continuously measured and the desired
value is maintained by controlling the preform feed speed and the
drawing roller speed. Another design of the fiber drawing system is the
horizontal drawing rig. The only difference in this case from the
conventional drawing system is that the whole drawing procedure is
horizontal. GD Peng et al.% have widely used this type of configuration
and have observed no fiber sagging during drawing and the fiber
diameter was kept at an acceptable tolerance. The horizontal machine
offers an additional advantage of convenience of saving the need of

climbing up and down the ladder during the draw initiation phase.

Preform feeding

mechanism

= Preform

—® Furnace/Oven

Diameter

—— nitoring device
Dizmeter contral
Drawing raller C loop

Figure 24: Schematic diagram of heat drawing process of
polymer optical fiber.
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2.2. Section 2. Experimental tool and techniques used for

characterization of ChG

In this section the structural, thermal and optical
characterization and the tools used for characterizing chalcogenide

based materials are included.
2.2.1. Structural Characterization

The structural characterization of the investigated samples of
chalcogenide glass was done using X -Ray diffraction technique,
Scanning electron microscopy, Atomic force Microscopy, NMR

Spectroscopy and Confocal microscopy.

2.2.1. a) X -Ray diffraction (XRD)

Macroscopically, the distinction between crystalline solids and
non crystalline solids can be made just by observation. The crystals
have definite shapes which reflect the regular atomic arrangement in
the atomic scales for example the cubic faces of common salt and
glasses on the other hand have curved surfaces?. Microscopically, the
distinction can be made using X-ray diffraction (XRD). It is a rapid
analytical technique primarily used for phase identification of a
crystalline material and can provide information on wunit cell
dimensions. The analyzed material is finely ground, homogenized,
and average bulk composition is determined. Hence it is also called
the powder diffraction method. Max von Laue, in 1912, discovered
that crystalline substances act as three-dimensional diffraction

gratings for X-ray wavelengths similar to the spacing of planes in a
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crystal lattice. X-ray diffraction is now a common technique for the
study of crystal structures and atomic spacing. X-ray diffraction is
based on constructive interference of monochromatic X-rays and a
crystalline sample. The interaction of the incident rays with the
sample produces constructive interference (and a diffracted ray)
when conditions satisfy Bragg's Law2¢ (nA\=2d sin 0). This law relates
the wavelength of electromagnetic radiation to the diffraction angle
and the lattice spacing in a crystalline sample. These diffracted X-rays
are then detected, processed and counted. By scanning the sample
through a range of 20 angles, all possible diffraction directions of the
lattice should be attained due to the random orientation of the
powdered material. Conversion of the diffraction peaks to d-spacings
allows identification of the mineral because each mineral has a set of
unique d-spacings. If a material does not show this diffraction peaks
it proves that the material is not a crystal and must be non crystalline.
We have used the Bruker AXS D8 Advance diffractometer whose
source of X rays is Cu, Wavelength 1.5406 A°.

2.2.1 b) Scanning electron microscopy (SEM)

Surface imaging of the chalcogenide nano clusters in the spin
coated thin films are studied using Scanning electron microscope
(JEOL Model JSM - 6390LV) equipped with EDS (JEOL Model JED -

2300) for the qualitative elemental analysis?”.

2.2.1. ¢) Atomic force microscopy (AFM)
The atomic force microscopy (AFM) include in the family of

scanning probe microscopes which has grown steadily since the
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invention of the scanning tunneling microscope.Veeco, Nanoscope
III, made by Digital Instruments Inc., USA base-style atomic force
microscopes (AFMs) which uses the basic software element
NanoScope is used in the present work to study the distribution of
nano clusters in the composite films. The AFM can work either in
contact mode or in Tapping Mode. In contact AFM, the tip—that part
which directly interacts with the sample —is usually mounted on the
end of a support (the cantilever) to create a unified probe. The
cantilever provides a support for the tip and is deflected by pressure
upon the tip2. By monitoring how the cantilever is deflected, the tip’s
travel over surface features is interpreted, and then rendered into an
electronic image. In tapping mode the tip does not interact directly
with the sample. The composite films prepared are studied in tapping

mode.
2.2.1 d)Bruker Avance I11 400MHz NMR spectrometer

Bruker Avance III 400MHz NMR spectrometer includes a
inverse broadband probe fitted with a Z-axis gradient and with
automatic tuning and matching. The inner coil is optimized for 1H
and the outer coil can be tuned from 3P to Mo (and others in
between). So X-frequencies are ranging from 162 to 27 MHz. The
whole system is controlled by Bruker’s Topspin software. A B-ACS 60

sample changer is present to be flexible in non-working hours?.
2.2.1. e) Confocal microscope

Leica TCS SP5 1I laser scanning confocal microscope is used for

the imaging of emission from nano clusters in the nano colloids of
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ChG. The system is a Leica TCS SP5, a point scanning spectral
confocal with five channels®. The system runs on a Windows XP
platform with Leica LAS AF system software. The microscope is
enclosed in a Ludin environmental chamber with temperature,
humidity, and COz control. It has the following lasers: Blue diode
50mW 405nm, Multiline argon: 5 mW ,458 nm, 5 mW 476 nm,20 mW
488 nm, 5 mW 496 nm, 20 mW 514 nm, He-Ne 1 mW 543 nm, He-Ne 2
mW 594 nm, He-Ne 10 mW 633 nm.

2.2.2. Thermal Characterization

Thermal characterization of the prepared bulk ChG’s was
done using Differential scanning Calorimetry (DSC). A Mettler-
Toledo DSC model 822e 31 is used to follow the thermal behavior of
the samples. The apparatus is equipped with a ceramic sensor FRS5
(heat-flux sensor with 56 thermocouples Au-Au/Pd). The differential
scanning calorimeter was previously calibrated using indium and
zinc standards for temperature and power calibration. The
autosampler available on the Mettler-Toledo DSC 822e is used to

automate the experimental procedure.

10 mg of the samples were sealed in a pierced aluminum
crucible and heated under nitrogen flow (200 mL/min outside the
oven, 100 mL/min inside the oven). Sample was then given
temperature at heating rates of 10°C /min. This heating rate improves
the calorimetric response (without a decrease of accuracy) and
reduces the time of the analysis and, consequently, the risk of sample

degradation.
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2.2.3. Thickness measurement

Thickness is one of the most important thin film parameter to
be characterized since it plays an important role in the film properties
unlike a bulk material. Thickness measurement of the thin films
prepared by thermal evaporation were carried out at the time of
coating itself using a DTM thickness monitor attached in the vacuum
system. After fabrication the thickness of the films were found using
stylus profiler (Dektak 6M). The stylus profiler®? takes measurements
electromechanically by moving the sample beneath a diamond tipped
stylus. The high precision stage moves the sample according to a user
defined scan length, speed and stylus force. The stylus is
mechanically coupled to the core of a linear variable differential
transformer (LVDT). The stylus moves over the sample surface.
Surface variations cause the stylus to be translated vertically.
Composite films of micrometer range were measured using a
Mitutoyo digital outside micrometer, series 193 with a resolution

+0.001 mm.
2.2.4. Optical characterization

2.2.4 a) Absorption , reflection and transmission measurements

JASCO V-570 UV/VIS/NIR Spectrophotometer was used for
the absorption, transmission and reflectance measurements of the
samples. The spectrometer consist of Optical system®: single
monochromatic, UV/ VIS region 1200 lines/ mm plane grating, NIR
region: 300 lines/ nm plane grating, Czenry -Turner mount double

beam type Resolution: 0.1 nm (UV/ VIS region) 0.5 nm (NIR region).
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Light source: 30 mW deuterium discharge tube in 190 nm to
350 nm region, 20 W tungsten iodine lamp in 330 to 2500 nm region,
Wavelength range: 190 nm to 2500 nm. The beam from the light
source is converged and enters the monochromator. It is dispersed by
the grating in the monochromator and the light passes out through
the exit slit. This light is split into two light paths by a sector mirror,
one incident on the sample to be measured and the other on the
reference sample such as solvent. The light that has passed through
the sample or reference sample is incident on the photomultiplier
tube and PbS photoconductive cell which are the detectors. In the

reflectance measurement the set up has to be changed.

The Model SLM-468 single reflection attachment is designed to
measure the relative reflectance of sample using the forward reflected
light from the aluminum-deposited plane mirror as reference3. It
permits the measurement of the reflectance of metal deposited film,
metal plating etc. The wavelength range is 220 nm to 2200 nm with a

beam port diameter of 7 mm and angle of incidence approximately 5°.

2.2.4 b) Optical absorption spectroscopy of amorphous semiconductors

Absorption spectroscopy of the materials investigated in this
thesis was studied using Jasco V570 spectrophotometer. The typical
absorption spectrum of chalcogenide glass is shown in Figure 2.5. In
amorphous semiconductors, the optical absorption edge spectra

generally contain three distinct region3>:

A) High absorption region (a=10* cm?), which involves the

optical transition between valence band and conduction band
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which determines the optical bandgap. The absorption

coefficient in this region is given by
o ho=B(hv-Eg)r 2.1
where Eg is the optical bandgap and B is a constant related to
band tailing parameter. In the above equation, p=1/2 for a direct
allowed transition=3/2 for a direct forbidden transition, p=2 for an

indirect allowed transition and p=3 for an indirect forbidden

transition.
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Figure 25: Regions AB,C of a typical absorption curve of
chalcogenide glass.
B) Spectral region with 0=102-10¢ cm? is called Urbach’s
in which absorption depends

exponential tail region

exponentially on photon energy 3%and is given by
2.2

o ho= a,exp(hv/Ee)

where o, is a constant and E. is interpreted as band tailing

width of localized states, which generally represents the degree of
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disorder in amorphous semiconductors. In this region most of the
optical transitions take place between localized tail states and

extended band states.

C) The region with a = 102 cm?® involves low energy

absorption and originates from defects and impurities.

2.24. ¢ Analysis of Transmission Spectra of thin films using

Swanepoels method

Basically, the amount of light that gets transmitted through a
thin film material depends on the amount of reflection and
absorption that takes place along the light path. The transmission
spectrum which depends on the material will have two distinctive
features, it will either have interference fringes or it will not. The
schematic representation of behaviour of light passing through the

material is shown in Figure 2.6.
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Figure 2.6: Schematic sketch of the typical behaviour of light passing
through a thin film on a substrate. On the left, oblique
incidence is shown to demonstrate the multiple internal
reflections. In most measurements, the incident beam is
nearly normal to the film as shown on the right.
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The optical constants can be measured by examining the

transmission through a thin film deposited on a transparent glass or

other (e.g. sapphire) substrate. Figure 2.7 shows a spectrum taken

from a thin film on glass substrate. Swanepoel®” has critically

reviewed how a single transmission spectrum as shown in figure can

be used to extract the optical constants of a thin film.
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Figure 2.7: Transmission spectra showing the interference fringes.

The refractive index of the thin film with uniform thickness

can be calculated from the two envelopes, TM (1) and Tm(}), by

considering the extremes of the interference fringes:

Maxima: 7, =

Minima: 7m =

A 23
B —Cx + Dx*> '

oA 24
B+ Cx + Dx?
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Subtracting the reciprocal of above first equation 2.3 from

second equation 2.4 yields an expression that is independent of the
absorbance, x,

L1 2 25

T, Ty A
Where A=16n>s, 2.6
C=2(n2 —1)n? —sz). 2.7

Rearranging it for n,

. :\/(N+\/(mj, 28

2
Where Nz{ 2s }—S 1 2.9
TyT, 2

m

In this equation, s is the refractive index of glass substrate and

its values are obtained from transmission spectra of substrate T,

using the relation.
. : 1/2
s=—+|—-1 2.10
TS TS

In the region of weak and medium absorption, where a#0,

transmittance decreases mainly due to the effect of absorption
coefficient, a and Eq.(2.9) modifies to

_ 2
N=os| =T |, 57 +] 211
TMTm 2
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where Tu and Twn are the transmission maximum and

corresponding minimum at a certain wavelength .

If n; and ny are refractive indices of two adjacent maxima or
two adjacent minima at wavelengths A1 and A, respectively, then the

thickness d; of the film is given by36

g -— At 212
2y = Apmy)
The accuracy of the above equation can also be increased by

taking into consideration the basic interference equation,

2nd> = m\, where n is the order number, m is an integer for

maxima and half integer for minima.

2.2.4. d) Refractive index of films without interference fringes

When light gets transmitted through a material at normal
incident with multiple reflections at both surfaces of the material, the
absorptivity, the reflectance and the transmittance can be expressed

by the following relationships®

2 2ad
R=r+AZr Ve 2.13
14+ 72e 2
1—e_ad
A = (l—l’)m 2.14
With:
2 2
;e (=17 + k% 215
(n + 1)2 +k2
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and o=— 2.16

where r is the reflectivity in a single reflection, a is the
absorption coefficient, k is the extinction coefficient or also called the
absorption constant, d is the thickness and n is the refractive index.
By definition the absorptivity A =1a / I, the reflectance R = Iz / L
and the transmittance T = Ir / I,, where 14, Iz and It are the intensities
of the respective absorption, reflection and transmission activities,

and I, is the original intensity of the light.

2.2.4 e) Dispersive analysis of the refractive index using Wemple-Di

Domenico model

The spectral dependence of the refractive index has been
analyzed in terms of Wemple-DiDomenico (WDD) model#, which is
based on the single effective oscillator approach having the
expression, where hv is the photon energy, Eo is the single oscillator
energy (also called average energy gap) and Eg4 is the dispersion
energy, which is a measure of average strength of the inter band
optical transitions. The oscillator parameters are determined by
plotting refractive index factor (n2-1)-! versus(hv)? and by fitting a
straight line to the points. Slope gives (EoEq)-! and the intercept on

vertical axis gives (Eo/Ea).

The effective oscillator energy Eo, which can be directly
correlated with optical energy gap by an empirical formulas

proposed by Tanaka as#!

EOzZEg 2.17
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The values for the static refractive index (19) have been calculated

from WDD dispersion parameters Ejand E;by using the formula

ng=(1+E;/Ey)"? 2.18

The values of 1y can be calculated by extrapolating the WDD
dispersion equation with 1 v — 0. The high frequency dielectric constant

(e-) (static dielectric constant) has been calculated from the relation®

€n = (”O.)2 219
2.2.4. f) Calculation of Nonlinear susceptibly and refractive index using

Generalized Millers rule and WDD model

Simple empirical relation based on generalized Miller’s rule#
can be used for the estimation of the non linear refractive index (n)
and susceptibility (x®). The non linear refractive index (n2) and
susceptibility (x®) can be calculated by combining Miller’s
generalized rule# and low-frequency linear refractive index
estimated from Wemple-DiDomenico® single effective oscillator
model. The linear optical susceptibility in the case of chalcogenide
glasses is given by relation: y( = (n»-1)/4n - Using generalized Miller’s

rule we obtain
7P =AM 2.20
Estimated A value# is 1.7*10-10 (for y @ in (esu).

The ny can be calculated from the relation,

(3)
n, = 127y A) 221
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2.24. g) Absorption coefficient , extinction coefficient, dielectric constants

and optical conductivity

The absorption coefficient (a) of these materials strongly
depends on optical transmission (7) and reflection (R) and is

evaluated using the relation 38

2
o= 2.303 log 1-R) 2929
d T

The optical energy gap (E;) of the thin films has been determined
from absorption coefficient data as a function of photon energy. Once
the absorption coefficient is calculated the band gap and the width of
localized states can be found using Eqs (2.1) and (2.2).

The extinction coefficient (k) and refractive index (n) are
important parameters characterizing photonic materials. Values of n
and k are calculated using the experimental data obtained for the

samples under study has been calculated using the relation?

k=al [4x 293
The knowledge of real part and imaginary part of the
dielectric constant provide information about the loss factor?”. The
real part of the dielectric constant is associated with the term that
shows how much it will slow down the speed of light in the material
and the imaginary part shows how a dielectric absorbs energy from

an electric field due to dipole motion.

The dielectric constant (¢) and dielectric loss (&) have been

determined from3°
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g, =n>—k* 2.24

£ = 27k 2.25

The optical response of a material is most conveniently
studied in terms of the optical conductivity. It has dimensions of
frequency which are valid only in a Gaussian system of units. The

optical conductivity (o) has been determined from the relation®

where a is the absorption coefficient, n is the refractive index

and c is the velocity of light.

2.2.4. h) Photodarkening experiment

Photoinduced darkening experiments were done on the thin

tilms using the experimental set up “2as shown in Figure 2.8.

Polarizer Sample

Laser

Slit Photodetector
and power
meter

Figure 2.8: Experimental set up wused for photodarkening
experiment.

Photoinduced studies were carried out using above band gap
and near band gap laser sources. We have used 4 mW, 10 mW and
20mW He-Ne laser (1.96 eV) and Sacher Semiconductor laser (1.53
eV) to study the photosensitivity of the unannealed films. The laser

power was made stable during exposure to avoid significant
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uncertainty in the total supplied energy. The laser beam was
expanded from an initial beam waist of 1.0 mm (FWHM) using a
plano-concave lens and collimated with a second plano-convex lens.
At the sample stage an aperture (1 cm?) was used to admit only the
central maximum of the laser beam, so as to assure irradiating the

sample with a fairly uniform intensity.

The transmittance and reflectance spectra of the films at
normal incident condition in the spectral range 250-2500 nm were
recorded by a double beam UV-VIS-NIR spectrophotometer (Jasco V
570) after and before exposure. All the measurements were executed
at room temperature and the samples were kept in the dark between

experiments.

2.2.4. i) Photoluminescence spectroscopy

Photoluminescence studies on nano colloid chalcogenide
glasses were carried out using Varian Spectro fluoremeter. The
fluorescence excitation and emission spectrum of the samples were
taken using Cary Eclipse Fluorescence spectrophotometer of
VARIAN®. It has a single cell holder for liquid sample analysis and a
solid sample holder accessory to perform fluorescence measurements
on solid samples. The solid sample holder accessory provides both
rotational and translational adjustment of the sample. The angle of
incidence of the excitation may be varied from 20°- 35°. This is the
angle between the exciting light and a line perpendicular to the
surface of the sample mounting slide. The source of excitation is

xenon lamp.

International School of Photonics, CUSAT



Materials and Methods (%ftm 2

» Laser induced photoluminescence

Laser induced photoluminescence is spontaneous emission from
atoms or molecules that have been excited by laser radiation. Two
radiative transitions are involved in the Laser induced photoluminescence
process. First, absorption takes place, followed by a photon-emission step.
Laser induced photoluminescence has a large range of applications in
spectroscopy#.Laser induced photoluminescence is a dominant laser
spectroscopic technique in the probing of unimolecular and bimolecular
chemical reactions. This technique serves as a sensitive monitor for the
absorption of laser photons in fluorescence excitation spectroscopy. It is
well suited to gain information on molecular states if the fluorescence
spectrum excited by a laser on a selected absorption transition is dispersed

by a monochromator.

The pump beam is taken from a Quanta Ray Q-switched Nd:YAG
laser which emits pulses of 7 ns duration at 532 nm and at a repetition rate
of 10Hz 7. A cylindrical lens is used to focus the pump beam in the shape
of a stripe on the sample. In the present case it is adjusted to a pump beam
width of 7 mm. The output is collected from the edge of the front surface
of the cuvette using an optical fiber in a direction normal to the pump
beam. The emission spectra are recorded with Acton monochromator
attached with a CCD camera (Figure 29). Princeton Instruments
NTE/CCD air cooled detectors have three distinct sections®. The front
vacuum enclosure contains the CCD array seated on a cold finger. This
finger is in turn seated on a four-stage Peltier thermoelectric cooler. The

back enclosure contains the heat exchanger. An internal fan cools the heat
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exchanger and the heat exits the unit through openings in the housing,
The CCD array used is Roper Scientific NTE/CCD-1340/100-EM. The
electronics enclosure contains the preamplifier and array driver board.
This keeps all signal leads to the preamplifier as short as possible, and also
provides RF shielding SPEC-10 controller of Princeton Instruments
controls the CCD.

SpectraPro-500i is a 500 mm focal length monochromator/
spectrograph. It features an astigmatism-corrected optical system, triple
indexable gratings and triple grating turret. The SpectraPro-500i includes
a direct digital grating scan mechanism with full wavelength scanning
capabilities, plus built-in RS232 and IEEF488 computer interfaces. The
1200 grooves/ mm grating has an aperture ratio f/6.5. The scan range is 0
to 1400 nm (mechanical range) and an operating range of 185 nm to the far
IR and a resolution of 0.05 nm at 435.8 nm. WinSpec, the spectroscopic
software, of Princeton Instruments® is used for collecting, storing and

processing data from the Roper Scientific system.

sample

N S MOPO

PC le Spectrooraph
with CCD

Figure 2.9: Laser induced luminescence experimental set up.
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Luminescence studies on the fibers are also carried out using
the above setup. Instead of the sample in the cuvette the fiber is

inserted axially in a fiber holder and studied.

Luminescence studies on fiber are also carried out transversely
in the prepared fiber using the set up as shown in Figure 2.10. More
information regarding the experiment is given in chapter 7. Studies

are made on excitation with LED as excitation source also.

PMT-assambly

| ':3‘ i ]_c-:k-m-a;:lll
. \ Ill

[ O I
i

cylindrical lens  Computer
T

— el

~ . [Vcnochromater
NDF \

DPSS laser
532nm 50mW

Beam Expander

Figure2.10: Experimental set up for luminescence studies on fiber.
2.2.5. Thermal lens technique for diffusivity measurement

Thermal lens technique is based on the optical measurement of
the thermal energy released by a sample subsequently to light
absorption and nonradiative relaxation of the excited species®. In this
method, sample is illuminated using a gaussian beam. A part of the
incident radiation is absorbed by the sample and subsequent
nonradiative decay of excited state population results in local heating
of the medium®. The temperature distribution in the medium mimics
the beam profile of the excitation beam and hence a refractive index

gradient is created in the medium. Due to this modification in
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refractive index, the medium act as a lens, called thermal lens (TL).
The thermal lens generally has a negative focal length since most
materials expand upon heating and hence have negative temperature
coefficient of refractive index. The formation of the thermal lens
causes the probe beam to expand and is detected as a time dependent
decrease in power at the centre of the beam at far field. Most of the
currently employed techniques for thermal parameter evaluation are
mainly depending upon the heat exchange mechanism or on
temperature gradients. However, the thermal lens technique depends
upon change in refractive index due to nonradiative deexciation of
sample following the optical excitation which can offer accurate
results. The experimental set up used for the studies is given in
Figure 2.11. This method offers certain advantage such as its response
to even small absorption coefficient as well as accurate measurement

of thermal parameters.

C L1 /
DM S F | OF
Pump Laser z
L2
Probe laser

Figure 2.11: Schematic diagram of the experimental set up. BSI,
BS2- Beam Splitters, C - Chopper, L1, L2 - Lenses,
DM - Dichroic Mirror, S - Sample, F- Filter, OF-
Optical fiber, DSO- Digital Storage Oscilloscope.
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Laser radiation at 532 nm wavelength from a Diode Pumped
Solid state laser (50mW) is used as the pump beam to generate the
thermal lens in the medium. Micro DPSS laser model BWT-50 (B&W)
at 532 nm was also used®. BWT series are miniature diode-pumped
Nd: YVO4 lasers with integrated internal thermoelectric cooler. They

can be operated over a temperature range of -10 to 50°C.

It has TEMo mode with a spectral line width <0.1 nm and a
beam size of 1 mm JDS Uniphase He-Ne gas laser emitting at 633 nm
with 4 mW power was used as the probe beam in studies. The pump
beam is intensity modulated using a mechanical chopper. The probe
beam is made to pass collinearly through the sample using a dichroic
mirror. An optical fiber mounted on XYZ translator serves as the
finite aperture. The other end of the fiber is coupled to a fast
photodetector. The signal output from detector is processed using a
digital storage oscilloscope. Mechanically chopped optical radiation
from pump laser is focused using a lens L1 to the sample in a cuvette
of 1cm length. The sample holder is placed in a micrometer
translational stage and the position of the sample holder is adjusted
along the optic axis to obtain the maximum intensity change of the
probe beam (one confocal length away from the beam focus). When
the chopper allows impinging of pump beam on the sample, it creates
a thermal lens within the sample. The chopper used in the study for
light beam modulation is HMS/ITHACO model 230 light beam
chopper>! with a set of three interchangeable blades of slots 2, 10 or 30

providing three frequency ranges. The frequency ranges from 4 to
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200 Hz, 20 to 1 kHz and 60 to 3 kHz for 2, 10 and 30 slotted blades
respectively. The probe beam from the He-Ne laser which travel
collinearly with pump beam experience a diverging lens and the
beam shape expands in the presence of thermal lens. The change in
intensity of the probe beam is measured using a fast photodetector
using fiber which is fixed on the optic axis of the experimental set up.
The TL signal is recorded from which the relative change in intensity
and initial slope is measured. The value of 6 and tc are determined.
From these values, the thermal diffusivity of the sample under

investigation is evaluated.
Theory

The magnitude of the effective thermal lens produced by
propagation of a cw Gaussian laser beam of spot size ® is governed
by the steady state balance between laser heating and solvent or
matrix heat dissipation. If the beam is suddenly turned on at time t=0,

the lens approach to steady state governed by52

0= 121+, 2.27

and the steady state focal length foo of such a lens is derived as

Ahw?
Jo = E(dn—dt) 2.28
where k is the thermal conductivity (W cm K1), P is the laser
power (W), A is the sample absorbance, dn/dt is the refractive index
change with temperature and tc is the time response to attain the

steady state focal length given by
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a)2

-9 2.29
AT,

te

from which thermal diffusivity (Tp) can be calculated. The
thermal diffusivity in the sample is detected by its effect on the
propagation of the probe laser beam aligned with the centre of the
lens. The expression relating the intensity as a function of time is

given as

The modified equation for continuous wave laser source is,
-1

0 6?
Iy =1()|1- + 2.31

where ty is the time at t=0, 0 is directly proportional to Py by

the relation

_ Pun (r) 233

Ak

2

where Py, is the laser power degraded to heat and A is the laser
wavelength. For a given solvent or matrix the experimental
parameter of interest is 6, which may be obtained from the initial
intensity Io and the intensity after the steady state has been

established, I, so that
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0=1-(1+21)""? 2.34
I-= Iol‘—lw 2.35
o0

2.36

The initial slope of the decay curve, m =

from which the value of t. and hence Tp is calculated.

2.2.6. Z-scan technique for the analysis of mnonlinear optical

properties of the samples investigated

Z-scan technique introduced by Sheik Bahae3 is a single beam
method for measuring the sign and magnitude of nonlinear refractive
index that has a sensitivity compared to interferometric methods. It
provides direct measurement of nonlinear absorption coefficient.
Previous measurements of nonlinear refraction have used a variety of
techniques®* including nonlinear interferometry, degenerate four
wave mixing, nearly degenerate three wave mixing, ellipse rotation
and beam distortion measurements. The first three methods namely
nonlinear interferometry and wave mixing are potentially sensitive
techniques, but all require complex experimental apparatus. The
propagation of laser beam inside such a material and the ensuing self
refraction can be studied using the z-scan technique. Thus it enables
one to determine the third order nonlinear properties of solids,
ordinary liquids, and liquid crystals. The experimental set up for
single beam z-scan technique is given in Figure 2.12. In the ordinary
single beam configuration, the transmittance of the sample is

measured, as the sample is moved along the direction of the focussed
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guassian beam. A laser beam propagating through a nonlinear
medium will experience both amplitude and phase variation. If
transmitted light is measured through an aperture placed in the far
field with respect to focal region, the technique is called closed
aperture z-scan. In this case, the transmitted light is sensitive to both
nonlinear absorption and nonlinear refraction. In a closed aperture z-
scan experiment, phase distortion suffered by the beam while
propagating through the nonlinear medium is converted into
corresponding amplitude variations. On the other hand, if
transmitted light is measured without an aperture, the mode of
measurement is referred to as open aperture z-scan. In this case, the
output is sensitive only to nonlinear absorption. Closed and open
aperture z-scan graphs are always normalized to linear transmittance

i.e., transmittance at large values of |z]|.

Closed and open aperture z-scan methods yield the real part
and imaginary part of nonlinear susceptibility y(3) respectively.
Usually closed aperture z-scan data is divided by open aperture data
to cancel the effect of nonlinear absorption contained in the closed
aperture measurements. The new graph, called divided z-scan,

contains information on nonlinear refraction alone.
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sample aperture
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Figure 2.12: Z Scan set up.

An important requirement in the z-scan measurement is that,
it is assumed that the sample thickness is much less than Rayleigh’s
range zo (diffraction length of the beam [zo=k w¢?/2, where k is the
wave vector and o is the beam waist radius. The beam waist radius
o is given by wo=fA/D, where f is the focal length of the lens used, A
is the wavelength of the source and D is the beam radius at the lens.
This is essential to ensure that the beam profile does not vary
appreciably inside the sample because z-scan technique is highly
sensitive to the profile of the beam and also to the thickness of the
sample. Any deviation from gaussian profile of the beam and also

from thin sample approximation will give rise to erroneous results.

2.2.6.1. Open aperture z- Scan.

Non linear absorption of a sample is manifested in the open
aperture z- Scan measurement. If the sample is having nonlinear
absorption such as two photon absorption (TPA)>, it is manifested in
the measurement as a transmission minimum at the focal point.

Otherwise if the sample is a saturable absorber, the transmission
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increases with increase in incident intensity and results in

transmission maximum at the focal region.

Theory of open aperture z-scan technique

In the case of an open aperture z-scan, the aperture as shown in
Figure 2.12 is absent. In the absence of an aperture the transmitted light
measured by the detector is sensitive only to intensity variations. Hence,
phase variations of the beam are not taken into consideration. The
intensity dependent nonlinear absorption coefficient a (I)can be written
in terms of linear absorption coefficient o and TPA coefficient p as®

a(l)=a+pl 2.37
The irradiance distribution at the exit surface of the sample

can be written as

I ()= LErse™ 2.38
" 1+q(z,r,t)

Where q(z,1,t)=PI(z,1,t)Less. Letr is the effective length given in

terms of sample length 1 and a by the relation

f1-e) 2.39

Loy = o

The total transmitted power p (z,t) is obtained by integrating

Eq 2.38 over z and r and is given by

Pe,t)= P () %jg’ﬂ 2.40

Pi(t) and gg(z,t)are given by the following equations

respectively.

241
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_ Bl o(f)LeﬁfZg

2.42
VAR /1

q0(z.1)

For a pulse of guassian temporal profile, Eq 2.40 can be

integrated to give the transmission as

77 Lo+ a0e)
T(z)= In| 1+ gge™ |dt 243
() qo\/;io 0

Non linear absorption coefficient is obtained from fitting the

experimental results to the Eq (2.43).

If |qo| <1, the Eq 2.42 can be simplified as

2 [~ qo(z,0)]"
T(z,S=1)= L = 2.44
(Z ) mZ::O (m + 1)1/2

where m is an integer. Once an open aperture z-scan is
performed, the parameter qo can be obtained by fitting the
experimental results to equation (2.42). Then the nonlinear absorption
coefficient B can be unambiguously deduced using equation (2.43).
The imaginary part of third order susceptibility (x ) determines the
strength of the nonlinear absorption. The TPA coefficient is related to

Im(x ®) by the relation

22 2 2
Im(l(3)): M(mzv 2)= # (esu) 2.45
w 2407 @

where \ is the excitation wavelength, np is the linear refractive
index, ¢ is the permittivity of free space and c the velocity of light in

vacuum.
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2.2.7. Two Photon absorption

Two-photon absorption (TPA) is the phenomenon in which
two photons of identical or different frequencies are absorbed
simultaneously such that a molecule from one state (usually the
ground state) will be excited to a higher energy electronic state.
Schematic representation of TPA is shown in Figure 2.13. Two-
photon absorption can be broadly classified into two types, one is
called the resonant TPA and the other one belongs to non resonant
TPA. The non resonant TPA is the process in which two photons
combine to bridge an energy gap larger than the energies of
individual photons. When there exists an intermediate state in the
gap, the transition happen through two separate one photon
transitions and the process is now described as resonant TPA

(sequential TPA).

i Excited State

hiw

Virtual State

hw

Ground State

Figure 2.13: Schematic representation of TPA.

In non resonant TPA there need not be an intermediate state
for the atom to reach before arriving at the final excited state (as if it

were moving up two stair steps by stepping one at a time). Instead,
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the atom is excited to a “virtual state” which need not correspond to
any electronic or vibrational energy eigen state. The nonlinear
absorption in this case is proportional to the square of the

instantaneous intensity and is given by’

dl 5
R 2.46
dz p

where a is the linear absorption coefficient and B is the two

photon absorption coefficient.
2.2.8. Optical limiting studies

The optical limiting behaviour of the samples and the
threshold value of optical limiting are understood by keeping the
sample in a fixed position and measuring the transmittance as a
function of input fluence. The optical limiting properties of a
material can also be estimated from its z-scan plots for various input
fluence. For this, the nonlinear transmission has to be plotted as a
function of input fluence and such plots can be generated from the z-
scan measurements. From the value of fluence at the focus, fluence
level at other sample positions can be calculated using the standard

equation for Gaussian beam waist given by>8,

' (2) =@f[l+?j
zZ

0

Generally it is found that the threshold value of optical
limiting is not sharp for material5. One will be able to find an exact
value for threshold from the Z-scan plot for the transmission in terms

of input fluence.
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2.3. Conclusions

The preparation method used in the research work for bulk, thin film,

nano colloid, composite film , stacked film and nano colloid doped polymer fiber

from ChG are discussed in detail. The characterization tools and experimental

set up along with theory used for the study of absorption spectroscopy,

photoinduced darkening, photoluminescence mechanism, thermal diffusivity

measurement and z-scan technique used for investigating ChG based samples

are also discussed.
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3.1. Section 1. Studies on bulk and thin film GasSb10Ge»sSes
ChG

This section deals with the preparation and characterization of

bulk and thermally evaporated thin films of GasSbi1oGe2sSeso.

3.1.1. Introduction

Germanium-containing glasses show interesting thermal,
mechanical and optical properties due to their strong chemical bond!.
These glasses have significantly high glass transition temperature,
lower thermal expansion coefficient and higher mechanical strength.
Ga-Ge-Sb-Se has been studied in detail for potential applications in
the 8-12 pm regions by H.L. Ma et al.2. The glass-forming region in
Ga-Ge-Sb-Se system with two different atomic percentages of Ga
(5% and 10%) is represented as in Figure 3.1. The system forms
macroscopically homogeneous glasses over a wide range of
compositions. Studies on different compositions of Ga-Ge-Sb-Se
systems show that GasSbiiGexsSeeo glass has a high enough glass
transition temperature (283°C), a relatively high refractive index (2.63

at 10 um) and is found to be very stable towards crystallization?2.
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Figure 3.1: Glass-forming region of the Ga-Ge-Sb-Se system. Open
dots: glassy sample; filled dots: crystalline samples. (a)
Diagonal lines: glassy material region; vertical lines:
glasses with no crystallisation phenomena (b) Diagonal
lines: glassy material.

Thermal and mechanical properties are generally the weak
point of vitreous materials and this is particularly true for the
infrared transmitting chalcogenide glasses. Therefore the physical
properties have to be considered before using the chalcogenide glass
for any optical applications. The transmission spectra of
GasSb1oGeasSeeo glass is shown in Figure 3.2. GasSbioGeasSeq is found

to have transmission in the range 0.8+15 um?3.
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Figure 3.2: Transmission spectra of GasSb10Ge2sSeso glass.

Chemical durability studies under different conditions indicates
that this glass is strongly resistant to dilute acid solutions and less
resistant towards corrosion when immersed in basic solutions. Another
important parameter to be considered is the stability towards different
environmental conditions. GasSb1iGexSesy glass is found to be very
stable in normal environmental conditions and even in hot water during
several hours2. Some of the important mechanical properties of

GasSbioGexsSeso glass are tabulated in Table 3.1.

Table 3.1: Mechanical properties of GasSb10GexsSeso glass.

Elastic constant Young's Poisson’s Themal expansion Density
(GPa) moduls (GPa) constant coefficient (K1) (g/Cm?)
9.5+0.1 23.940.3 0.262+0.005 155+5x10-7 4.6940.02

To achieve an acceptable usability of chalcogenide glass fibers,
some tradeoffs are necessary between the optical properties and the
thermo-mechanical properties. Since GasSbioGexsSes glass has a

significantly higher glass transition temperature and better thermal
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and mechanical properties it will lead to stronger fibers. Studies on
GasSb1oGeasSeeo glass fiber show that these fibers are much stronger,
more flexible and can withstand almost the same excited laser power
without much attenuation®. GasSb1oGexsSeso glass fiber is also a
potential candidate for applications such as remote spectroscopy,
temperature sensing, laser power delivery and thermal image
transfer due to the wide transmission region of these fibers from
about 3 up to 13 pm, covering the fundamental absorptions of many

chemical and biological species.
3.1.2. Preparation and characterization of GasSb10GezsSes bulk glass

Appropriate amounts of high purity (99.999%) constituent

elements Ge, Sb, Se, Ga were sealed in a quartz ampoule at about

10 m barr and loaded in a rotary furnace. The ampoule was kept at
1050°C for 24 h with continuous rotation and rocking for
homogenizing the mixture. It was then quenched in to ice water. The
amorphous nature of the sample was confirmed by X - ray diffraction

studies.

A typical normalized signal versus 20 plot of x-ray diffraction
studies is shown in Figure 3.3. The diffractogram shows no sharp
peaks (signifying crystallinity). However, the broad humps, which
are characteristic of the short-range order in these glasses, are

observed.
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Figure 3.3: Normalized signal versus 260 plot of the GasSb10Ge2sSeco
glass.

Figure 3.4 show the Differential Scanning Calorimetry (DSC)
analysis of this glass, indicating a glass transition temperature Tg as
316°C, which will make this glass usable at temperatures as high as
200°C. The Tg values reported in this thesis correspond to the on-set
of the glass transition. This value is estimated as the temperature
corresponding to the intercept of the tangent drawn to the baseline
and the endothermic baseline shift as shown in Figure 3.4. It can also
be seen that there is no exothermic peak associated with
crystallization phenomena, indicating that this glass is thermo-
dynamically very stable towards de-vitrification. GasSbi¢GeasSeso glass
has high T, indicating they would be good candidates for higher

temperature fibre sensing applications (above 200°C).
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Figure 3.4: DSC curve of the GasSb10GexsSeeo glass, showing its
stability towards the crystallization.

The band gap of the bulk GasSbi/GexsSeq glass was estimated to
be 1.52eV from the absorption spectra as shown in Figure 3.5.
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Figure 3.5: Plot of absorption spectra of GasSb10Ge2sSego glass.
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3.1.3. Fabrication and Optical characterisation of GasSbiGesSes thin
film

GasSbi1oGeasSeso thin films have been directly deposited on to
glass substrate using thermal evaporation technique. The evaporation
was done at a pressure of 2*10-> m bar and at a rate of 10 Ac/s .The
thickness of the films was controlled to 325 nm by the shutter with
the help of a quartz crystal growth monitor. Figure 3.6 shows the
XRD patterns of the GasSbi10Ge2sSeso thin film. The absence of sharp
structural peaks in these XRD traces confirmed the amorphous nature

of thin film.
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Figure 3.6: XRD pattern for GasSb10Ge2sSeso thin film.

The transmission spectrum and reflection spectra of the
samples fabricated obtained from a spectrometer is as shown in
Figure 3.7. The plot shows fringes due to interference at various
wavelengths. A continuously oscillating maxima and minima at

different wavelengths confirm the optical homogeneity of deposited
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thin films. Optical transmission (T) and reflection (R) are very
complex functions and strongly depend on the absorption coefficient.
Various optical parameters are calculated for the prepared thin film
as given in Chapter 2 (section 2.2.4) using a straight forward method
proposed by Swanepoel5, which is based on the use of extrema’s of

the interference fringes of the transmittance spectrum.
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Figure 3.7: a) Reflectance and transmittance spectra of GasSb10GezsSeso
thin film. b) Plot of (ahv)!/2 versus hv for the film.

The optical energy gap has been determined from plot 3.7(b)
by the intercepts of extrapolations to zero with the photon energy
axis (¢hv)/2 — 0 (i.e. Tauc extrapolation). The optical energy gap has
been found to 1.72eV. The variation of refractive index (n) with
wavelength for the thin film is shown in Figure 3.8(a). The decrease in
refractive index with wavelength shows the normal dispersion
behavior of the material®. The real (&) and imaginary (&i) parts of the
dielectric constants for a thin film are calculated with the help of

refractive index and extinction coefficientt. Real part of dielectric
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constant is calculated using the relation &, = n2-k2 while the imaginary
part is calculated using, & = 2nk. The complex dielectric constant is
fundamental intrinsic material property. The real part is associated
with the term that how much it will slow down the speed of light in
the material and imaginary part shows how much a dielectric absorb

energy from electric field due to dipole motion.
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Figure 3.8: a) Plot of refractive index (n) versus wavelength (\) and
b) & and &; with A for GasSb10GezsSeso thin films.
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The variation of both & and & with A for thin film under
consideration is shown in Figure.3.8 (b). The variation of both &, and
ei with A follows the same trend as that of refractive index and
extinction coefficient. The optical conductivity is determined using
the relation ¢ 0 = o n c/4m where ‘c’ is the velocity of light. Optical
response is most conveniently studied in terms of optical
conductivity and it has the dimensions of frequency, which are valid
only in Gaussian system of units. The optical conductivity directly
depends on the absorption coefficient and refractive index and is
found to increase sharply for higher energy values due to large

absorption coefficient as well as refractive index.
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Figure 3.9: Plot of refractive index factor (n2 — 1) 1 versus (hv)?2
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The refractive index dispersion, n(hv) of film was analysed using
the single effective-oscillator model’. Plotting (n2 — 1)~! versus (hv)?2
as shown in Figure 3.9 yields a straight line. The fit of the linear
parts of the plot is used for calculating the values of E, and Eq
from the slope (E.Eq4) -1 and the intercept (E,/Eq), respectively.

Table 3.2: The bandgap (Eg),width of localized states (Ee)optical
conductivity (o at 1000nm),extinction coefficient ( k at
1000nm),dispersion energy(Eq), effective oscillator energy
(Eo), static refractive index (no), third order non linear
susceptibility () and non linear refractive index (np) of

GasSb1gGexsSeq thin films.
Eg Ee o k Ed Eo ng L (3) np
(eV) (eV) *1011 (eV) (eV) *10-  *10-
(S'l) 12(esu) 11(esu)
1.5 0.51 2.94 0.44 12.24 2.59 2.39 3.37 5.31

Dispersion energy (Ei) measure the average strength of
interband optical transitions and is associated with the changes in the
structural order of the material and the effective oscillator energy (Eo)
is directly correlated with optical energy gap by an empirical
formula. Generalized Miller’s rule and linear refractive index as
discussed in section 2.2.4 are used to find the nonlinear susceptibility

and non linear refractive index of thin films.

3.2. Section 2. Photoinduced darkening in thermally evaporated
GasSb10GezsSeg films

3.2.1. Introduction

Chalcogenide glasses when exposed to above- and near-
bandgap light, absorption coefficient over a broad range of

frequencies increases’. The amount of increase depends on the
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wavelength of the inducing light, the duration of exposure and the
intensity of the light. The photodarkening process involves a shift of
the optical absorption edge to lower energy and an increase in the
band tail absorption. The absorption change is permanent and can
only be removed by annealing the glass at a temperature near its
glass transition temperature. Because the optical changes can be
removed this is known as reversible photodarkening. Reversible
photodarkening has been observed in bulk glasses and well as in thin
films®. The photodarkening can be induced with above-bandgap or
below-bandgap light, so long as the light has sufficient energy to
excite electrons from the LP band. The index of refraction of the glass
also changes with photodarkening. The associated index change may
prove useful for the fabrication of optical structures in bulk glasses

and in thin films-

AS Tverjanovicha et al. have reported® that in Ga-Ge-S system,
exposure with an energy higher than band gap leads to photoinduced
bleaching. The replacement of S by Se brings about photoinduced
darkening (PD). In GexSe7»5Bi75 films, exposure of above band gap light
leads to a decrease in the values of the optical band gapl. This was
explained as arising due to an increase in disorder due to the formation of
an impurity band adjacent to a band and formation of tails of states
extending the band into the mobility gap. The structural bond change and
distribution of bonds is well established in Se based chalcogenide glasses
and the possibility of both PD and photoinduced bleaching (PB, blue shift

in band gap) in Ge-Se films prepared by thermal evaporation is also
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reported!0!l. It was recognized that the excitation of electrons from
spatially localized states in the band tail induces the formation of several
types of defects in the glass structure!2 Structural defects such as transient
bonds, ESR active sites, and valence alternation pairs also called self-
trapped excitons are thought to play a role in the photoinduced
modifications®2. Thanak and Ohtsuka® have proposed a phenomenological
model of photodarkening in which the increase in absorption at a fixed
wavelength is proportional to the intensity and a factor ensuring
saturation at some maximum absorption. The kinetic model was further
generalized by Liu and Taylor'* who assumed that the increase of the
absorption is proportional to a general, but unspecified, function of the

absorption itself and to a power of the intensity.

Possible structural models for photodarkening phenomena

can be as shown in Figure 3.10. a and b show defect model and ¢

At

represent distortion model.

illumination
| S
- o b
] anneclin -
g

| |
Figure 3.10: Structural models for photodarkening phenomena.

a) and b) show defect model and c) represent distortion
model.
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3.2.2. Experimental

The photodarkening experiment was arranged as shown in
Figure.3.11. He-Ne laser (633 nm) of 4 mW, 10 mW and 20 mW and
semiconductor laser (810 nm, 20 mW) were used to study the
photosensitivity of the films. The laser power was made stable during
exposure to avoid significant uncertainty in the total supplied energy. The
laser beam was expanded from an initial beam waist of 1.0 mm (FWHM)
using a plano-concave lens and collimated with a second plano-convex
lens. At the sample stage an aperture was used to admit only the central
maximum of the laser beam, so as to assure irradiating the sample with a
fairly uniform intensity. The transmittance and reflectance spectra of films
at normal incident condition in the spectral range 250-2500 nm were

recorded by a double beam UV-VIS-NIR spectrophotometer (Jasco V 570).

Polarizer Sample

Laser

Slit “"M%

and power
meter

Figure 3.11: Experimental set up for photodarkening.

The thickness of thin films before and after illumination were
analyzed using surface profiler [DEKTAK 6M Stylus Profiler]. The
thickness of the films was found to be around 325nm before and after
irradiation. All the measurements were executed at room temperature

and the samples were kept in the dark between experiments.
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3.2.3. Results and Discussion

In order to study the kinetics involved in the photoinduced
process, time and intensity dependence of bandgap and refractive
index of the sample on laser irradiation were made. The band gap
and the optical constants like absorption coefficient (o) and refractive
index (n) were found before and after illumination with 633 nm laser.
The transmission spectra of the thin film with different exposure time

with radiation intensity, 632 nm, 4 mW is given in Figure 3.12.
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Figure 3.12: Plot of transmittance versus wavelength of the
initial and the irradiated GasSb10Ge2sSeso thin
films at different times ranging from 7 min to
120 min using 4 mW He-Ne laser.

The transmission spectra of the films prior to and after laser
irradiations shows that laser illumination shifts the optical transmission
edge to higher wavelength. Since the transmission through the thin film
decreases by exposure it is clear that there is no possibility of formation

of cracks and pinholes in the films 1516, AFM analysis was also done to
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check the surface of illuminated films. The analysis confirms the absence
of any holes or cracks after illumination. AFM image of the illuminated
film (4mW, 30min) is shown in Figure 3.13. The image confirms the

absence of cracks or holes due to irradiation.

Figure 3.13: AFM image of 4mW (He Ne, 632nm) illuminated film
showing the absence of cracks or holes due to
irradiation.

The change in transmittance as shown in Figure 3.12,
indicates a change in the structure of the samples during
illumination. This change in structure leads to a change in the
electronic properties of the material. The optical band edge may shift
or a new absorption process may occur by the formation of new
defects. Thus, the change in physical structure leads to a change in
optical propertiest¢. To further characterize the photoinduced change
in structure, the optical properties must be calculated from the

transmittance and reflectance.
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The absorption coefficient (a) of these materials strongly
depends on optical transmission (T), reflection (R) and thickness of

film (d) which is evaluated using the relation®,
a=[In (1-R) 2/T]/d. 1)

The GasSbioGexsSeg films thickness (d) remained constant
before and after illumination showing the absence of photo induced
contraction or photo expansion in films. Another important
parameter for characterizing amorphous semiconductors is the width
of the band tail (Ec), which measures the degree of disorder. E. can be
found from the plot of In (a) versus hv. The plot of band gap (Eg) vs
Time (min) for GasSbioGeasSeso films for different exposure time at
4mW He Ne laser is given in Figure 3.14. It is found from the figure
that the band gap decreases as the illuminating time is increased ie,
there is a red shift of the absorption edge on illumination, which
indicates the narrowing of the optical gap of the chalcogenide film. It
is believed to be due to broadening of the valence band, the top of
which is formed mainly by states of lone-pair electrons of the
chalcogen atom. Optical gap is diminishing due to a broadening of
the conduction and valence band, respectively. The origin of such
broadening of both the conduction and valence band is due to an
increase in the disorder. Plot of refractive index (n) versus Time (min)
is given in Figure 3.15. The time evolution of E; and n reveal that the
absorption of photon of energy greater than band gap results in a
decrease in bandgap and an increase in refractive index with

exposure. The shift in the optical absorption edge to the lower energy
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Chapler 8

and an increase in band tail absorption can be due to the

photoinduced darkening in the films.
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Figure 3.14: Plot of band gap (Eg) against Time (min) for 4 mW
laser exposure shows that as the exposure time
increases there is a red shift in the band gap and after
a particular time it is showing a saturation effect.
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Figure 3.15: Spectral dependence of refractive index (n) with Time
showing the increase in refractive index with
exposure time.
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Figure.3.16: Plot of in the band gap (Eg) and width of localized
states (Ec) versus laser power. The increase in the
degree of disorder (Ee) can de due to the increase in
defect states with increases in the laser power.

Although darkenening in films has attracted attention for its
possible applications in optical memory elements, the mechanism
causing the change in optical gap remains unclear. One of the
possible mechanism can be due to the dissociation of the bonds or
bonding rearrangement leading to large absorption of light ie,
illumination above the band gap alters the bond statistics resulting in
the randomness of the bond distribution and the creation of defect

states which leads to an increase in disorder 17,18,

He- Ne laser power dependent change in transmission spectra
is also analyzed. The laser power dependent change in band gap (E;)
and width of localized states (E.) are given in Figure 3.16. It shows
the photodarkening mechanism as due to the increase in disorder.

Band gap and refractive index variation shows saturation effect with
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exposure. For longer exposure time the rate of dissociation of bond is
slower which may be due the saturation of defect states. The
saturation can be due to the finite number of photo darkening sites
which cannot be greater than the number of atoms in the glass. The
saturated behavior of photo-darkened state in amorphous films is
found to be sensitive to the photon flux of the excitation light by Stabl
M and Tichy L .

Neither the transmittance nor reflectance is directly related to
the structure; however, the dielectric response terms & and & are
because they are a linear sum of all of the contributions from the

optically active structural elements.

The dispersion parameters are significant factors in optical
communication and in designing devices. The spectral dependence of
the refractive index, in the visible and near infrared regions, has been
analyzed. The dispersion energy (Eq) effective oscillator energy (Eo),
static refractive index (no), susceptibility (x®) and non linear
refractive index (nz) are tabulated in Table 3.3. Both E4 and no
increases while Ey decreases with increasing exposure time. The
increase in the dispersion energy value is usually associated with
decrease in the band gap. The nonlinear refractive index (n 2) for
GessSbsSego system is reported to be 8.47*10-11 esu and it is observed
that by the replacement of Ge by Ga or S by Se in the Ge/Ga-Sb-S/Se
system the nonlinear refractive index increases?!. The studies on the
Ge20Sb10SesGas systems by ] Troles et al?2 reports naas 3.2* 1018 m2/W
(1.68*10-11 esu). Our studies deal with GasSbioGe2sSeso glass system
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which shows higher n, as 5.31*10-1! esu. The variation in n» with
respect to the composition is pointed out only to stress the fact that by
appropriate change in glass composition we will get a glass system
with tunable optical nonlinearity. The dependence of nz on the total
number of electronic lone pairs and to the position of the absorption
band gap in Ge/Ga-Sb-S/Se glass system is also reported by L. Petit
et al.2l. Thus depending on the bandgap, the nonlinear refractive
index of the investigated films also changes. The high refractive index
values of these glasses are advantageous for strong optical
confinement and for nonlinear interactions. This property can be
utilized for waveguide writing in chalcogenide glasses.
Table 3.3: The dispersion energy(Ea), effective oscillator energy
(Eo), static refractive index (no), susceptibility (y )

and non linear refractive index (n2) for films before
and after irradiation.

Exposure time

(min) Ed (eV) Eo (eV no ¥© (esu) nz (esu)
0 12.24 2.59 2.39 3.37*1012 5.31*1011

7 23.69 1.54 4.05 3.87*10-10 3.60*1011
15 21.59 1.78 3.62 1.46*1010 1.53*10°
30 24.15 1.59 4.04 3.73*1010 3.48*10°
60 25.34 1.86 3.82 2.31*10-10 2.28*10°
90 23.27 1.88 3.66 1.61*10-10 1.66*10°
120 26.48 1.98 3.76 2.19%10-10 2.17*10°

The magnitude of photo-darkening induced by 633nm and
810nm wavelength of the excitation light is found to be different for
same laser power (20mW) and exposure period. The change in

bandgap (dEg=Eg (before illumination) - Eg(after illumination)) for
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633nm illumination for 30 min is 0.33 eV (1.5-1.17) where as the
change in bandgap after 810 nm illumination is 0.16 eV. The
difference in the magnitude of photodarkening can be due to the
difference in effective penetration depth?®. The absorption coefficient
for A = 633 nm is close to a = 39416 cm! which corresponds to the
effective penetration depth (dp) of photons around 253 nm while «
for A =810 nm is close to 15818 cm™ which implies that in this case dp
~ 633 nm. The effective penetration depth of the photons decides the
magnitude of photodarkening. The change in bandgap, width of the
localised states and refractive index for the films on excitation with
different lasers is tabulated in Table 3.4. It is clear that the conditions
of illumination play a crucial role in the magnitude of

photodarkening in the GasSb1oGe2sSego thin films.

Table 3.4: Measured values of Bandgap (Eg), width of the localised
states (Ec) and refractive index (n) at 30 minute exposure
under different laser power and wavelength.

Conditions Eg E. n
(eV) (meV)

Without irradiation 1.50 480 1.92

He-Ne (4mW) 1.35 525 2.50

He-Ne (10mW) 1.24 578 2.70

He-Ne (20mW) 1.17 762 2.72

Semiconductor (20mW) 1.34 509 231
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3.3. Section 3. Studies on Nano colloid GasSb10Ge25Seso

chalcogenide glass
3.3.1. Introduction

Colloidal solutions have found applications due to their fast
response and large nonlinearities. Among a variety of preparation
methods for nano particle solutions, the most popular are the
chemical method? and the preparation by laser ablation method?.
The local field enhancement of nano particles in colloidal suspensions
leads us to expect interesting, new features of semiconductor nano
particles?. Interest in the synthesis, characterization and application
of colloidal semiconductor ‘quantum dot" materials has grown
markedly? due to the strong size-related dependences of their optical
and electronic properties. However, the dependence of the optical
nonlinearities on the size of the semiconductor nanoparticles has yet

to be determined.

As early as 1826, Berzelius and Bineau?” recognized that As;S;
was soluble in liquid ammonia. They observed that this system resulted
in a gelatinous solution. For this study, then, it was assumed that
organic base amines would also serve as chalcogenide solvents and
possibly lead to gelatinous systems. The solutions were synthesized by
dissolution of bulk a- As;S; in a variety of anhydrous amine solvents.
The solvents included ethylenediamine,n-butylamine, n-propylamine,
diethylamine, and triethylamine. They suggested that the dissolution
mechanism support the model of nitrogen behaving as a Lewis base,

donating its lone pair of electrons to the empty d-orbitals of arsenic. But
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dissolution of the As;S; in ethylenediamine did not result in any amine
salts, sulphur hydride, or sulfur nitride species due to the bidentate

nature of ethylenediamine as it chelates two arsenic centers.

Chern and Lauks first reported that amorphous chalcogenide
films can be deposited from their solutions and retain many of the
solute properties?-%0. For useful optical device manufacturing, it is
important to retain the bulk glass stoichiometry in deposited thin
films as glass properties critically depend on material compositions.
Hence before studying the thin film properties it is important to
characterize the nano colloidal solutions used for the fabrication of
thin films. Even though attempts to understand the mechanism of
dissolution of chalcogenides in amines and the existence of the
presence of chalcogenide clusters with dimensions of several
nanometres was reported 3! earlier, factors such as the use of suitable
solvent for bulk glass dissolution solubility, solution viscosity etc
have only been studied recently by Shanshan Song et al®2.
Considering both the ease of dissolving and composition consistency,
amine based solvents has been found to be the most appropriate for

chalcogenide glasses.
3.3.2. Synthesis of GasSb19GeasSesonano colloids

Chalcogenide glass solutions of five different concentrations
Co=0.72mg/ml, C:=0.67 mg/ml, C>=0.540mg/ml, C3=0.335 mg/ml and
C4=0.12 mg/ml of GasSbiiGexsSeq were obtained by the dissolution of
bulk glass in n- butylamine solvent (Sigma-Aldrich, 99.9%). The

dissolution was carried out inside a sealed glass container to prevent
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solvent evaporation. A magnetic stirrer was used to expedite the
dissolution process. The solutions were characterized by optical
absorption measurements recorded by using a spectrophotometer
(JascoV-570 UV /VIS/IR). Scanning Electron Microscope (SEM) (JEOL
Model JSM - 6390LV) photographs of the two solutions were taken to

understand the distribution of the nanoclusters.

3.3.3. Strctural Characterization and absorption spectroscopy
a) 1H NMR

The 'TH NMR (Bruker Avance III, 400MHz) spectra was taken
to check whether amine salts are present in the colloid solutions. 'H
NMR was taken for the colloid solution by dissolving the
nanocolloids in CdCls. The chemical shift (around 7.5) as shown in

Figure 3.17 shows the presents of salt formation in the solution.

Figure 3.17: TH NMR spectrum of C;
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b) Scanning electron microscopy
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Figure 3.18: SEM with EDAX image showing the nano ranged
cluster formation in the chalcogenide glass solution
(C1=0.67mg/ ml).

The cluster formation in the solution was confirmed to be of
nano range with the SEM analysis (JEOL Model JSM - 6390LV). The
SEM photograph of the prepared sample is shown in Figure 3.18. The
EDAX confirms the presence of all elements in the cluster. The
sample material for SEM analysis was prepared by spin coating the
solution on a glass slide. The cluster size from the SEM analysis on
spin coated thin films of the solution was found to be around 70 nm
and 40 nm for C; and G;, respectively. The actual cluster size of the
solute in solution will be much less than the grain size of the thin
films used for SEM analysis as reported by Kohoutek et al*l. The

increase in the grain size of the thin films compared to that in
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solution can be due to the agglomeration of chalcogenide clusters
during solvent evaporation from the film structure at the time of spin

coating of film.
c¢) Absorption spectroscopy

The colloids were characterized by optical absorption
measurements recorded using a spectrophotometer (JascoV-570
UV/VIS/IR). The absorption spectra of semiconductor solutions are
presented in Figure 3.19. The absorption edge of the chalcogenide
nano colloid solutions is located in the visible range, whereas for bulk
semiconductors it is located in the near IR range. It is found that as
the concentration of the chalcogenide decreases there is a blue shift in
band edge and a change in the slope of absorption spectra®?. The
slope of the absorption edge characterizes the width of the localized

states which in turn indicates the ordering of the structure.
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Figure 3.19: Absorption spectra of nano colloids GasSb10Ge2s55eg0
chalcogenide glass.
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Figure 3.20: The dependence of concentration on the band gap. As
the concentration increases the bandgap (Eg) shifts to

lower energy.

To evaluate the optical bandgap of the samples, linear
absorption measurements were performed. Since glasses are
amorphous solids, they lack a sharp absorption edge and the optical
bandgap is taken to be the point at which the absorption changes
from a quadratic dependence on energy to an exponential
dependence (Urbach tail region) 3. An exponential fit of data in the
Urbach tail region yields the bandgap. The energy gaps (E;) of the
solutions were also estimated using the derivatives of the
transmission curves. Eventually, the minimum of the first derivative
corresponds to the inflection point of the transmission curve which is
usually considered as an accurate estimation of Eg. It is found that
with increasing concentration of GasSb10GeasSeeo glass the cluster size

also increases. The dependence of concentration on the band gap is
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given in Figure 3.20. The optical band gap of bulk
GasSbioGezsSeso glass is 1.56 eVand that of colloidal solution
varies from 2.43 eV (Co) to 2.84 eV (C4). Thus the optical band
gap (Eg) of the material is tunable between 1.56 eV to 2.84eV.

3.3.4. Photoluminescence from nano colloid GasSb1oGezsSeso ChG

a) Excitation wavelength dependent Photoluminescence studies

The Photoluminescence (PL) measurements were
recorded by using a Cary  Eclipse fluorescence
spectrophotometer (VARIAN). Figure 3.21 presents the
photoluminescence spectra of nano colloidal solutions of
GasSb1oGezsSeso  at  an  excitation of  400nm.  The
photoluminescence spectra show a cluster size dependent
change in peak wavelength and intensity. It is found that for
excitation at 400 nm the photoluminescence intensity increases
with decrease in cluster size (due to decrease in concentration).
Lesser the concentration smaller will be the broadening of the
band tails. Due to these bandgap states in chalcogenide glasses
the optical transitions such as photoluminescence (PL) and the
optical absorption process are complicated3>. The excitation
wavelength dependent change in photoluminescence in C; is

given in Figure 3.22.
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Figure 3.21: PL spectra of nano colloid GasSb1oGexsSesp at an

excitation of 400nm.

P9 F

8
1 i

PL Intensitu (a.u.)

L T % ¥ T i T d T T L ¥ 1
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3.22: Excitation wavelength dependent PL shift for nano colloid
GasSb1GexsSeq having a concentration of 0.67mg/ml (Cy).

The spectra show a remarkable dependence on the cluster size
and the excitation energy of the nano colloid ChG solution investigated.
A strong electron phonon coupling distorts the lattice near the trapped
hole and this interaction is responsible for the broadness of the

luminescence band®. The excitation energy dependence of
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photoluminescence intensity in Ge -S glass was reported by M. Seki
et al.3. Studies by Street et al.3> shows that the broad luminescent spectra
is common in chalcogenide glasses and they proposed the model of
negative-U defects, which can explain many PL-related properties in
chalcogenide. These charged defects, which have energy levels in the
bandgap with a spectral bandwidth AE, are responsible for the PL in
chalcogenide glasses. It is to be noted that (Figure 3.22), as the excitation
wavelength (M) increases the PL peak intensity increases upon to an
optimum wavelength, there after the intensity again decreases. In other
words spectra 3.22 help us to gain information regarding the spectral
response of the photoluminescence centre. When the excitation is with
optimum Aex only then the electronic transition probability from the
charged centres to the conduction band is maximum which leads to
maximum PL intensity®. In fact the significance of this band is seen in

absorption spectra (Figure 3.19) in the region 400nm-540nm.
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Figure3.23: PL peak wavelength versus excitation wavelength
plots of nano colloids GasSb10GexsSeso chalcogenide
glass solution.
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PL peak wavelength versus excitation wavelength plots of
nano colloids GasSbioGexsSeo chalcogenide glass solutions with
different cluster size is given in Figure 3.23. Another important result
to be noted is that before the optimum excitation concentrated
GasSbi1oGexsSeso nano colloid solution ie, Co is having higher PL
intensity whereas after the optimum excitation the PL intensity
increases with the decrease in concentration. It is found that at 532nm
the higher concentration is having more photoluminescence intensity
compared to lower concentrations as shown in Figure 3.24. Here as
the concentration increases the non radiative relaxation of the excited
state to the defect centres is seen to overcome radiative relaxation
above an optimum concentration. The non radiative relaxation
originating by the collision process enhances with the concentration
therefore when we monitor the PL intensity as the function of
concentration PL quenching takes place. In bulk samples the decrease
in such quantum efficiency at higher excitation energy has been

explained due to strong non radiative surface recombination ¥’.
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Figure 3.24: PL spectra of nano colloid GasSbi0Ge2sSes at an
excitation of 532nm.
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The emission from the clusters were confirmed from the
confocal microscopy (Leica TCS SP5 LASER scanning confocal
microscope) as shown in Figure 3.25. The spectrum of confocal
microscopy shown in the figure for Co confirms the emission from the

clusters of nanocolloid chalcogenide glass solutions.

Figure 3.25: Confocal microscope image showing the emission
from the nano colloid chalcogenide glass clusters at
an excitation with 484 nm.

Thus through size tunability and excitation wavelength,

samples can emit narrow colour spectra that are spectrally distinct.

b) Laser induced PL in nano colloid Gas;Sb10GezsSeso ChG

Laser induced PL studies were carried out in the nano colloid
solutions using a frequency doubled Nd: YAG laser. The samples
were transversely pumped using 7 ns pulses from a frequency
doubled Nd:YAG laser (532 nm, 10 Hz). The emission from the

sample was collected by a fibre and directed to a 0.5 m spectrograph
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(SpectraPro-500i) coupled with a cooled CCD array. The experimental

set up is given in Figure.3.26.
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Figure 3.26: The experimental set up for Laser induced PL studies.
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Figure 3.27: Emission from GasSb10GezsSego nano colloids at pump
energy of 10uJ from an Nd:Y AG laser.
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Figure 3.28: Logarithmic plots of PL intensity versus excitation
laser power.

PL intensity with concentration and laser power were studied
using a Nd: YAG laser beam and the PL spectra obtained for three
concentrations is presented in Figure 3.27. It is found that at 532nm
the higher concentration (Co) is having more photoluminescence
intensity compared to lower concentration. To verify the origin of the
observed luminescence, the PL studies were carried out against the
excitation power as shown in Figure 3.28. A fit to the logarithm of the
data reveals a slope of 1.97 for peak at 590 nm and 1.94 for peak at
645nm, indicative of a dominant two photon process excitation

mechanism for the measured PL38%.
3.3.5. Thermal diffusivity of GasSb10GezsSeso nano colloids

In order to study the thermal transport properties of poor

conductors, thermal diffusivity studies are often preferred due to the
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insensitivity to radiative loss. Dual beam mode-matched thermal lens
method has been employed to measure the heat diffusivity in nano
colloids at 532 nm excitation. The experimental set up used for the
study is given in section 2.2.5. The time evolution of TL signal for
GasSbi1oGeasSego nano colloid at room temperature is shown in Figure
3.29. The solid curve represents the theoretical fit and the dark circles
represent the experimental data. Thermal diffusivity, which is
directly related to thermal conductivity, depends on the phonon
mean free path which in turn depends on the network structure. The
absorption coefficient, being related to the phonon mean free path, on
the other hand are more sensitive to the change in the network

topology 4041,
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Figure 3.29: Decay curve for GasSb10Ge2s5es0 nano colloid
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Table 3.5: Measured values of thermal diffusivity for GasSb1¢Ge2sSeso
nano colloids with different cluster size.

Samples Thermal diffusivity (cm2/s)
Co 1.41*104
C1 1.85*104
G 2.79%10+4
Gs 5.38*104
Cy 12.7%¥104

Thermal diffusivity of the sample is one of the key factors
which decide the type of switching exhibited by a chalcogenide glass.
Variation of thermal diffusivity for GasSb10Ge2sSeso nano colloid with
different cluster size is tabulated in Table 3.5. Thermal diffusivity
value decreases with the increase in concentration of GasSbi0Ge2sSeso.
It was found from the linear absorption measurement that with
decreasing concentration of GasSbioGexsSeqo glass (where by cluster
size decreases), the Eg value increases. This can be attributed to the
decrease in the no. of defect states in the forbidden gap, which can
offer minimum resistance to propagating thermal waves due to
reduced scattering®2. This cause an increase in thermal diffusivity.
Studies clearly shows that cluster size have great influence on the

thermal diffusivity which shows the nonradiative recombination.

3.3.6. Nonlinear optical studies on GasSbioGezsSeso nano colloids

The technique of open-aperture Z-scan scheme (as discussed
in section 2.2.6) was employed to study the nonlinear optical

properties of the system##. The open-aperture curve exhibits a
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normalized transmittance valley, indicating the presence of reverse
saturable absorption (RSA) in the mnano colloidal solutions.
Normalized transmittance as a function of the position for C; and Cs
in the open aperture scheme at the wavelength of 532 nm with
different laser power (182 MWcm2,273 MWcem-2,431 MWcem2 and 539
MWcm?2) is shown in Figure 3.30. The obtained values of nonlinear
absorption coefficient at different intensities for the nano colloids are

shown in Table 3.6.

Applying a semiconductor concept, it has been shown that
nonlinear properties become greater in the materials with smaller
optical gaps*. Our observations also support this result showing an
increase in nonlinear absorption with lowering of band gap.
Generally different processes, such as two photon absorption (TPA),
free carrier absorption, transient absorption, interband absorption,
photo ejection of electrons, and nonlinear scattering are reported to
be operative in nano clusters®4. Hence the induced absorption can
occur due to a variety of such processes. The experimental data
shows best fit for two photon absorption confirming that TPA may be
the basic mechanism involved in the nonlinear absorption process.
Possibility of higher order nonlinear processes such as free carrier
absorption contributing to induced absorption cannot be ruled out.
The measured value of B for the samples decreases with increasing
input intensity due to the removal of an appreciable fraction of photo

carriers from the ground state®47. Thus when the incident intensity

International School of Photonics, CUSAT 137



hapter 3

Studies on GasSbio Ge2s5Seso Chalcogenide glass

exceeds the saturation intensity, the nonlinear absorption coefficient

of the medium decreases.
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Figure 3.30: Normalized transmittance as a function of the position
for concentration C; and C; in the open aperture
scheme at 532 nm with different laser powers. (a)182
MW cm2, (b) 273 MW cm™2, (c) 431 MW cm=2, and (d)
539 MW cm~2. The solid line shows the theoretical fit.
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Table3.6: Measured values of nonlinear absorption coefficient for
Co, C1, G, C3 and C4 at wavelength of 532 nm for
different irradiation intensity.

Input laser power B (cm/GW)

density(MWcm-2) Co G @) G Cy
182 20.23 19.61 1746 15.05 12.89
273 15.05 13.61  14.65 1245 9.70
431 10.65 8.42 796  7.02 6.41
539 836  6.80 6.76  6.68 5.97

3.3.7. Optical limiting

The reverse saturable absorption, which is generally
associated with a large cross section of absorption from excited levels,
brings about optical limiting effects in colloidal solutions#,%. In
semiconductor materials the optical limiting is governed by two-
photon absorption as observed in the present studies. An important
parameter in the optical limiting phenomena is the limiting threshold.
It is obvious that lower the optical limiting threshold, better the
efficiency of optical limiting material. Figure 3.31 illustrates the
optical limiting response of C; and Cs at an input laser intensity of
273MWcm-2. The fluence value corresponding to the onset of optical
limiting (optical limiting threshold) is found to be higher in the case
of C; (210 MW/cm?) in comparison with that of C; (166 MW /cm?).
The limiting threshold at different laser intensities is tabulated in
Table 3.7. As given in the table the nonlinear response of the medium
depends on both pump power as well as in the concentration. As the

concentration is increased there will be enhancement in the cluster
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size resulting in to larger magnitude of optical nonlinear interaction

between radiations and the sample. This results in lowering of the

optical threshold.
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Figure 3.31: Optical limiting response of C; and Cs at 532 nm at an
Input power density of 273MWecm2. .The optical
limiting threshold (onset of optical limiting) is found
to be higher in the case of C3 (210 MW/cm?) in
comparison with that of C; (166 MW /cm?2).

Thus cluster size has a significant effect on limiting
performance. Increasing the concentration results in the enhancement
of the cluster size which results in the reduction of the limiting
threshold thereby enhancing the optical limiting performance.

Table 3.7: Measured values of optical limiting threshold for

different concentrations of GasSb1gGexsSesy nano

colloids.
Input laser power optical limiting threshold (MWcm-2)
density(MWcm-2) Co Ci C GCs Cqy
182 64 92 101 123 128
273 144 166 192 210 218
431 161 178 188 226 258
539 435 472 = 486 500 512
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3.4. Section 4.0ptical Characterization of nano composite

GasSb10GexsSes /PVA films
3.4.1. Introduction

Novel combinations of materials become available by taking
advantage of the solution phase of chalcogenide glasses. Most of the
optical nonlinear studies were done on thin films prepared by
thermal evaporation, sputtering or pulsed laser deposition 4>. Now-a-
days, inorganic/polymeric composites have assured importance as a
growing class of materials with promising physical and optical
characteristics®051.  The realisation of thin films using less
conventional techniques such as spin-coating of glassy films from
solution is advantageous for realizing large area, thick film, or
localized material deposition with less cost52%. The primary
advantage in combining these two materials into a composite or
hybrid system is the combination of high hardness from the glass
phase with ductility from the polymer phase for increased
mechanical durability. Another important use of conducting
polymers as an organic guest for preparing such organoinorganic
hybrid materials attractive for electrochemical applications mainly for

electronic conducting properties.
3.4.2. Fabrication of GasSbioGezsSeso /PVA composite films

The composite films were obtained from the solution of
GasSbioGexsSeso glasses and polyvinyl alcohol (PVA) [-CHCH(OH)-]n

in different proportions. The different concentrations of nano colloid
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solutions used for drop casting C;, C,, G films were 0.700 mg/ml, 0.500
mg/ml and 0.251 mg/ml respectively. The composite films were made
from these nanocolloid solutions and PVA in the ratio 1 : 1 and named
as C; +PVA, G +PVA and G +PVA respectively. The films were
prepared from the homogeneous solutions of different concentrations by
the drop casting method. Best films having thickness 100 pm were used
for the optical studies. The thickness of the films was measured using a
Mitutoyo Micrometer (series 193). The Atomic Force Microscope (AFM)
images of GasSbiGexsSeq/PVA composite films surfaces were recorded
using an Atomic Force Microscope (Veeco, Nanoscope III, made by
Digital Instruments Inc.,USA). To understand the composition of the
each cluster in the prepared new composite films SEM along with EDAX
was taken for GasSbigGexsSeq /PVA composite films.

3.4.3. Determination of the optical parameters

In order to characterize the prepared composite thin film, the
optical transmission spectra and reflection spectra have been recorded by
using a spectrophotometer (JascoV-570 UV /VIS/IR). Transmission and
reflection spectra have been used for the study of optical properties. The
transmission spectra of the GasSbiiGexSeso/ PVA composite films with
three different concentrations are given in Figure 3.32. It is clear from
tigure that as the concentration of the GasSbiiGexsSeso component in the
polymer decreases the transmission edge gets shifted towards the short
wavelength side. The importance of this feature is that it is possible to shift
the spectral range of photosensitivity of amorphous composites from

ultraviolet to infrared. The increase in bandgap with decrease in
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GasSbiiGexsSeq can be attributed to the dependence of the cluster size of
the corresponding solution used for making composite films.
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Figure 3.32: Transmission spectra of GasSb10GexsSeso/PVA composite
films with different concentrations .The transmission
edge and the slope shifts with respect to the
concentration of the GasSb10Ge2sSeg glass.

The optical band gap, a decisive parameter determining the
nonlinear optical properties in amorphous semiconductors, can be
estimated from the absorption coefficient data. The calculated
bandgap for the composite films are tabulated in Table 3.8. The
increase in bandgap with decrease in GasSbioGexsSeso can be
attributed to the dependence of the cluster size of the corresponding

solution used for making composite films.

AFM image of the GasSbioGesSeso/ PVA composite films for
C1 +PVA and C3+PVA is presented in Figure 3.33. The distribution of
the nano colloid in PVA matrix is less in C3+PVA compared to the
other. The EDAX plot of C3+PVA is given in Figure 3.34. It shows the

atomic percentage of elements involved in its formation. The EDAX
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analysis done on other films show that as the concentration of the

chalcogenide glass decreases the atomic percent contributing to a

particular cluster also decreases.

(@) (b)

Figure 3.33: AFM images showing the distribution of nanoclusters
in the composite films (a) C1+PVA (b) C3+PVA
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Figure 3.34: EDAX spectrum from a cluster of C3+PVA film.
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3.4.3. a) Refractive index and dispersion analysis of refractive index

Dispersion of refractive index was studied using the WDD
single oscillator model”. Band gap (Eg), the slope parameter of the Urbach
region (Ee), static refractive index (no), and the refractive index(n) (at 1.8 eV)
are tabulated in Table 3.8.The static refractive index has been found to
increase with decrease in GasSbi10Ge2sSeso concentration in PVA. The
oscillator energy (Eo) was found to follow the empirical relation with
the optical energy gap. The non linear susceptibility (x ), non-linear
refractive index (nz), the dispersion energy and the energy of effective
oscillator have been calculated for the composite films and tabulated

in Table 3.8.

Table 3.8: Values of Band gap (Es), the slope parameter of the Urbach
region (E.), static refractive index (rnp), and the refractive
index( n ) (at 1.8 eV) for the films, Values of dispersion
energy (Eq), the single-oscillator energy or Wemple-Di
Domenico gap (Eo), and the static dielectric constant (g.),
non linear susceptibility (x ) and non linear refractive
index (n2) for GasSb1oGexsSes/PVA films.

Samples E; E. n Eo Eq ny €a 1 n;
eV) (meV) (eV) (eV) *10-13 *10-12
(esu) (esu)

C; +PVA 2.46 478 1.82 4.47 7.45 1.78  3.17 1.52 3.22
C; +PVA 2.76 347 1.74 547 1141 175 3.08 1.28 2.76
C; +PVA 2.90 293 1.52 573 1246 1.63 @ 2.66 0.52 1.21

The refractive index has been found to decrease with the
decrease in concentration of the chalcogenide glass content. The static
refractive index has been found to increase with decrease in

GasSb1gGexsSeg concentration in PVA. It is seen from the studies that
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the addition of inorganic semiconductor into the polymer results in
fabrication of new composite films with low cost. The investigated
new composites are prospective for different photonic devices and for

nonlinear optical applications>4.
3.4.4. NLO studies on GasSb1oGesSese/PVA composite films

The nonlinear optical properties of the thin film samples were
studied using the technique of open-aperture z-scan scheme Z-scan
technique applying a frequency doubled Nd:YAG laser (Spectra
Physics LAB-1760) as the light source with a repetition rate of 10 Hz
having a pulse width of 7 ns and wavelength of 532nm. In order to
ensure that no permanent photoinduced change has occurred to the
sample during laser irradiation, we have repeated the experiment by

illuminating the sample on the same position.

The experimental conditions used in our study are such that
the laser beam intensity at 532 nm corresponds to the two-photon
absorption process because the photon energy of the 532nm laser
radiation is within the range>* E ¢ < 2ho < 2Eg, where h v =2.33 eV and
E; of thin films are 2.46 eV, 2.76eV, 290 eV for C1+PVA, C+PVA,
C3+PVA respectively. The open-aperture curve exhibits a normalized
transmittance valley, indicating the presence of reverse saturable
absorption (RSA). Normalized transmittance as a function of the
position for the composite films in the open aperture scheme at the
wavelength of 532 nm with laser power (539 MWcm2) are shown in
inset of Figure 3.35. From these theoretical fits as described in section
2.2.6, the P values were calculated for the composite films. In general,

induced absorption can occur due to a variety of processes. The
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theory of two photon absorption processes fitted well with the
experimental curve and two photons of 532 nm radiation lie below
the absorption band-edge of the films under investigation. This
confirms that TPA is the basic mechanism involved in the nonlinear

absorption process.

jy

o
=
o

.1
-

MM em®

T
-
3

Lo
=4
:

—
o

Normalised Transmittanco(a.u)
1
Normalised Transmiﬂanco(a.u}
- .,
w -
ST e
%,
'
%

=
-

=
P

LY T T T T 7 T T 1
oW BOW W o4 &0 s 5 m o 0 @ 0
Input Fluence (MWem') Input Fluence {MWem’)

0.9 o u - C

0.8 -| -
0.7 -
064 2 - ¥
#
L]
05 i L -
r 1]

0.4 4 . . [

Mormalised Transmittance{a.u)

D'azonrzéo.3&o'3éula$n'4;n-mr5én
Input Fluence (MWcm )

Figure 3.35: Optical limiting response of nano composites film a)
C1+PVA b) Co+PVA and ¢) C3+PVA at a wavelength
of 532nm for a laser power density 539 MW/cm?2
Inset shows the corresponding z-scan curve.
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The obtained values of nonlinear absorption coefficient at

different intensities for composite films with different grain size are

shown in Figure 3.36. Our results show that the two-photon absorption

coefficient increases when the energy gap of the films become closer to

the photon energy corresponding to the excitation wavelength, which is

consistent with the theoretical work of Sheik-Bahae et al.’. This decrease

in P with input intensity can be due to the removal of an appreciable

fraction of photo carriers from the ground state.

non linear absorption coeffiecient (B) m/GW
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Figure 3.36: Plot of dependence of nonlinear absorption coefficient

of films on input power density.

From the value of {3, the imaginary part of susceptibility can be

calculated and P is related to Im (y®) through the relation

2 2
m 5 G) = "0¢oc /3/14{

®)
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where n, is the linear refractive index of films, g is the
permittivity of free space, c is the velocity of light in vacuum,  is the
angular frequency of the radiation used, p the nonlinear absorption
coefficient. The linear refractive index found from the transmission
and reflection spectra is presented in Table 3.8. The obtained values
of the Im 3 for the composite films are given in Table 3.9. The
susceptibility values vary to a great extent depending on the
excitation wavelength, pulse duration, experimental technique, and
concentration of the molecular species in the sample etc5. So one has

to be very careful while comparing these values with the literature.

Z scan data used to study the optical limiting property of films
show that the GasSb1Ge»Seso/ PV A composite film can be considered as
almost non-investigated possible applicants for optical limiting
applications. The limiting response has been studied for three
concentrations with four different laser powers. The Figure 3.35
represents the limiting response of C1+PVA, C>+PVA and G+PVA at an
input power density of 536 MW /cm?2. The optical limiting threshold for
different concentrations of films at a laser power density of 357MW /cm?
is tabulated in Table 3.9. The fluence value corresponding to the onset of
optical limiting is less for C1+PVA compared to C;+PVA and G+PVA
which is clear from the limiting response graphs shown in Figure 3.35.
Studies show that nonlinear response of the medium depends on both
pump power as well as in the concentration of the chalcogenide glass.

As the concentration is increased there will be enhancement in the
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optical nonlinear efficiency of the samples which result in lowering of

the limiting threshold.

Table 3.9: Measured values of imaginary part of the third-order
susceptibility (Im y3) and optical limiting threshold (at
wavelength of 532nm for intensity of 357MW /cm2 ) for
the GasSbi10Ge2sSeso / PVA composite films.

Samples Tmy**10 Limiting Threshold
(m/GW) (MW/cm?)
Ci+PVA 224 275
C+PVA 1.73 300
Cs+PVA 042 341

3.5. Conclusions

v GasSbiGezsSeso bulk glass having transparency above 620nm was
prepared and was found to be stable. The glass was found to have a
glass transition temperature of 316°C. GasSbioGesSeso thin films
fabricated from thermal evaporation technique were optically
characterized using different models. Various parameters related to
optical properties have been calculated for the thin film. The optical

absorption in the given system seems to be of non-direct transition.

V' The photo induced studies on the GasSbi0GexSeco thin films shows that
there is a laser power, wavelength and duration of laser radiation
dependent shift in the band gap and refractive index. The red shift in
bandgap and the increase in refractive index can be due to the photo
darkening mechanism in the material. Studies show that a low power

radiation is sufficient enough to provide a shift in the absorption edge
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and a change in the refractive index. This mechanism in
GasSb10GezsSeso glasses can be used to realize continuous wave laser
written waveguide and for fabricating photosensitive optical

components for various applications

v" Nano colloidal solutions of GasSb1GeasSeso glass were synthesised and
investigated. The energy gap of the dispersed chalcogenide
nanoclusters were found to depend on cluster size which is inversely
proportional to concentration. The photoluminescence emission
characteristic from nano colloidal GasSbioGezsSeso chalcogenide glass
solutions were investigated and the results show a remarkable
dependence on the glass concentration and the excitation energy. PL
studies show that the localized states differ with the concentration and

those defect states play an important role in the luminescence spectra.

V' Thermal diffusivity of colloid solutions at an excitation of 532nm
(DPSS-50mW) for different concentrations were studied using Dual
beam mode-matched thermal lens method and the investigated samples

show cluster size dependent change in thermal diffusivity.

v" Nonlinear optical response of investigated samples shows that  they
are highly nonlinear exhibiting reverse saturable absorption. The
studies show that materials are promising candidates for light-emitting
devices, optoelectronic devices and optical limiters for the development
of nonlinear optical devices with a relatively small limiting threshold.

V' The band gap of the thin film samples prepared from colloidal solutions
of GasSb1oGezsSeso glasses at different concentration exhibit varying
bandgap from 2.46eV (C;=0.700mg/ml) to 2.90eV (C3=0. 251mg/ml).

This enables us to realize special requirements by engineering their
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concentration. Nonlinear optical characterisation of the films studied
by the z-scan technique shows reverses saturable absorption, which
makes it useful for optical limiting applications. Thus depending on
the concentration of the nano colloid solution used for the fabrication of
nano composite films, varying nonlinear response can be obtained,

enabling a pathway to new materials for optoelectronic devices.
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This chapter presents the results obtained from the investigation on
Ge2sSesoSbiz glass. Four sections are included in this chapter. Structural and
optical characterization done on bulk and thin film samples of GezsSbi2Seso
glass is presented in first section. Photoinduced studies carried out on the
thin films with near and above band gap illumination is included in section
2.The synthesis and structural, thermal linear and non linear optical studies
carried out for the nano colloid GezsSeeoSb12 glass are discussed in section 3.
Section 4 deals with fabrication and characterization of GezsSesoSbiz

glass/PV A composite films for non linear applications.
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4.1. Introduction

Germanium based chalcogenide glasses containing heavy
metal species such as Sb has shown their potential as glasses with
high non-linear optical properties!. The physical properties of
germanium chalcogenide glasses have attracted much interest for
physical and technical reasons. Ge-Sb-Se glasses are attractive
candidates for applications requiring low transmission losses, as they
are transparent to IR radiation from 2 to 16 mm?2#. Recently, IR optical
fibres have been successfully made from these glasses’. This group of
materials is perhaps the only family that fulfils the material
requirements for the fabrication of optical fibres, such as large
bandgap, low material dispersion, low light scattering, long
wavelength multi phonon edge along with good thermal, mechanical
and chemical properties®. It is reported that for a planar optical
waveguide in the Ge-Sb-Se glass system on a silica glass substrate,
an optical propagation loss* of 27 dB/cm was measured at 1.2 pm.
Various studies related to the physical properties such as electron
spin resonance, optical properties, thermodynamic properties,
chemical ordering, electrical conduction, photo-electrical properties,
and the effect of pressure on the electrical properties have already
been reported for Ge—Sb—Se glassest-10. All these properties have been

related to the existence of the quasi-binary GeSe>—Sb;Ses system.

The glass-forming area of Ge-Sb-Se system is enclosed by the
dashed line in Figure 4.1. Glass compositions near the dashed edge of
the glass-forming region in above figure were found to be crystalline
or partially crystalline. In the Ge-Sb-Se system, the glass-forming

region was found to extend from about 5 to 35 at.% germanium, 5 to
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40 at.% antimony, with the rest being selenium. It is reported that the
GeasSeso Sbio glasses which is in the center of the area enclosed is a
good glass former. The glass transition temperature, thermal
expansion, density and Vickers hardness as reputed by J. A. Savage!!
are 277°C, 13.79*10¢, 4.68 *10-3 and 206 kg mm?2 respectively. The
Young's modulus of the glass is reported to be 19.23 GPa.

Sb

20 40 €60 80
at. %%

Figure 4.1: Glass-forming region of Ge-Sb-Se system.

The structure of GexsSes Sbiz is as shown in figure 4.2. In
Sb.Ge,Se. system we can find that Ge represents any fourfold
coordinated atom, Sb any threefold coordinated atom and Se any
twofold coordinated atom. The composition GexsSeso Sbi2 can be also
considered as GexSe; (Ge-Se and GeSe> components) in which Ge is
gradually replaced by Sb. It is reported” that in GexsSeso Sbiz, the
disorder around Sb is the smallest and that around Se is the largest;
the disorder around Ge being at an intermediate level. The bonding
for Sb is heteropolar Sb-Se bonds, and also these are relatively stable

bonds. The larger disorder around Se is observed because Se is
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bonded to Ge and Sb (see Figure 4.2) with different bond distances.
The formation of both Se-Ge and Se-Sb bonds increases the disorder

around Se.

Figure 4.2: Structure of Ge—Sb—Se glass. Solid grey, white and
black circles represent Ge,Se and Sb atoms respectively.
Optical studies were carried out on GexsSeso Sbi» thin films
prepared by thermal evaporation, RF-sputtered films, chemical
vapour deposition,pulsed laser deposition and laser ablation?-12. One
of the main disadvantages of the films prepared by above mentioned

techniques is the failure to reproduce the stoichiometry of the films.
4.1. Section 1. Studies on bulk and thin films of Ge2sSeso Sb12
4.1.1. Preparation and characterization of GexsSeso Sbi2 bulk glass

GexsSeqoSbia glasses were synthesized by melting the mixture
of Ge, Sb, and Se elements (5N purity, Sigma Aldrich) in an
evacuated fused-quartz ampoule. The ampoule was placed in a
rotating and rocking furnace at 1050 °C for 24 h for thorough mixing

and homogenization of the melt and then rapidly quenched to ice
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cold water. Using X-ray diffraction (XRD) technique (Bruker AXS D8
Advance X-ray Diffractometer) the amorphous nature was confirmed

as shown in Figure 4.3.

|

Lin {Counts)

2-Theta - Scale

Figure 4.3: Normalized XRD signal versus 20 plot of the GesSeco Sb12
glass showing amorphous nature of sample.

Thermal studies carried out on melt quenched GexsSesy Sbiz
glass by Differential Scanning Calorimetric method (DSC) show glass
transition temperature (Tg), which is the temperature for transition
from glass solid phase to glass liquid phase, to be 2740C. This value is
estimated as the temperature corresponding to the intercept of the
tangent drawn to the baseline and the endothermic baseline shift as

shown in Figure 4.4.
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Figure 4.4: DSC curve of GexsSeeo Sb12 glass.

absorption measurements recorded using a

spectrophotometer (JascoV-570 UV/VIS/IR) is presented in Figure

4.5. GexsSego Sbiz glass is highly absorbing throughout much of the

visible spectrum and the band edge absorption spectrum is

characterized by an exponential Urbach tail'3. The absorption in the

sample above 1.60 eV corresponds to the band-to-band transition and

the band gap is evaluated to be about 1.60 eV.
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Figure 4.5: Plot of absorption spectra of GexsSeso Sb12 glass.
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4.1.2. Fabrication and Optical characterisation of GexsSeso Sbiz thin
films.

Thermal evaporation technique was used to prepare thin films
at a pressure of 2*10-5> mbar and rate of 10A%/S using a vacuum
system. The films having a thickness of 325nm were deposited on a
microscopic glass slide. X-ray diffraction data reveals the amorphous
nature of the as-prepared thin films as shown in Figure 4.6. The
figure does not show any diffraction peaks and the broad features

indicate that the thin films are amorphous in nature.

Lin {Counts)

2-Theta - Scale

Figure 4.6: XRD spectra for Ge,sSeg Sby, chalcogenide glass film.

The optical properties of the thin films were analysed through
the transmission spectrum and reflection spectra of the thin films
obtained from spectrophotometer (JascoV-570 UV/VIS/IR).The
transmission and reflection spectrum is presented in Figure 4.7.The
interference fringes at the transparency wavelengths have been used
to extract index of refraction and other optical parameters of the films
using the Swanepoel’s method!*. The dispersion of the refractive

index is discussed in terms of the single-oscillator Wemple-Di
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Domenico model’>. The optical-absorption edge is described using
the non-direct transition model proposed by Tauc and the optical
band gap is calculated from the absorption coefficient values by
Tauc's extrapolation procedurelt. Different Optical parameters
measured for the thin film are tabulated in Table 4.1. The parameters

are calculated as discussed in Section 2.2.4.

1.0

o o o
IS =) o
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o
)
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Figure 4.7: Plot of reflectance and transmittance spectra of
Ge2sSeq0Sbiz thin films.

The obtained values of Eg for indirect allowed transitions are
given in Table 4.1. The analysis of both refractive index and extinction
coefficient show a decrease with the increase of wavelength. The
decrease of refractive index and extinction coefficient with the
increase of wavelength may be correlated with decrease of absorption
coefficient. The decrease in the value of refractive index with
increasing wavelength shows the normal dispersion behavior of the
material within the worked spectral region. The decrease of
extinction coefficient with increasing wavelength shows that the
fraction of light lost due to scattering and absorbance decreases. The

knowledge of real and imaginary part of dielectric constant provides
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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.

Table 4.1: The bandgap(Eg), width of localized states (E.), refractive
index (n at 1000nm), extinction coefficient (k at 1000nm),
optical conductivity (o at 1000nm), real part of dielectric
constant(e;), imaginary part of dielectric constant(e;),
dispersion energy(Eq4), effective oscillator energy (Eo),
static refractive index (ng), high frequency dielectric
constant (&) susceptibility (x®) and non linear refractive
index (nz) of thermally evaporated GesSesSbi> thin
film.

Optical parameters of GezsSeeo Sbi2 thin film

E; (eV) 1.66
Ee (meV) 371
n 3.30
k 0.02
o (s1) 2.09*10-11
er (eV) 10.90
&i (eV) 0.14
No 3.29
& 10.82
Eq (eV) 29.14
Eo (eV) 3
x(3*1011 (esu) 6.08
n2*10-10 (esu) 6.96
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The non linear refractive index (n2) and susceptibility (y (3))
calculated by combining Miller’s generalized rule and low-frequency
linear refractive index estimated from Wemple-Di Domenico single
effective oscillator model is presented in Table 4.1.The prepared thin

film is showing high non linear refractive index.

4.2. Section 2.Photoinduced darkening in Ge2sSego Sb12 films
4.2.1. Introduction

Amorphous semiconductors containing appreciable proportions
of the chalcogens Se and S (eg., Ge-Se or Ge-S alloys) exhibit a variety
of structural changes on illumination with subband gap light (or other
ionizing radiation)!”. These structural alterations produce several effects
such as a shift of the optical absorption edge, volume changes, and
changes of refractive index®820. Chalcogenide glasses have been found
to exhibit a change in refractive index under the influence of light, which
makes it possible to use these materials to record not only the magnitude
but also the phase of illumination. Current interest in the chalcogenide
compounds and their photo-darkening under laser irradiation
approximated to their band gap energy show considerable impact on
making many optical devices. In GexSbi:See films, the disorder around
Sb is the smallest and that around Se is the largest; the disorder around
Ge being at an intermediate level. In order to use chalcogenide glasses
in integrated optics, including wavelength selective devices for WDM
networks, it is important to know the optical constants and how they can

be changed with band-gap illumination.
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4.2.2. Experimental

The photosensitivity of the films was studied using He-Ne
laser (633-nm) of 4mW, 10mW and 20mW and semiconductor laser
(810nm, 20mW). The laser power was made stable during exposure to
avoid significant uncertainty in the total supplied energy. The laser
beam was expanded from an initial beam waist of 1.0 mm (FWHM)
using a plano-concave lens and collimated with a second plano-
convex lens. At the sample stage an aperture was used to admit only
the central maximum of the laser beam, so as to assure irradiating the
sample with a fairly uniform intensity. The transmittance and
reflectance spectra of films at normal incident condition in the
spectral range 250-2500 nm were recorded by a double beam UV-
VIS-NIR spectrophotometer (Jasco V 570). The thickness of thin films
before and after illumination were analyzed using surface profiler
[DEKTAK 6M Stylus Profiler]. The thickness of the film was found to
be around 325nm and remained constant before and after
illumination. All the measurements were executed at room
temperature and the samples were kept in the dark between

experiments.
4.2.3. Results and discussion

Figure 4.8 shows the spectral distribution of optical
transmittance (T) for as-deposited and illuminated GesSbi2Seso films.
It is observed that the optical transmittance decreases with exposure,
indicating the occurrence of photodarkening. The change in the width

of tail states (Ee) is very small. The parameter E. is thought to provide

International School of Photonics, CUSAT 169



@ﬁuf/tm 4 Studies on Ge2s Sbi12Seso Chalcogenide glass

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 band; hence disorder here refers
more towards that of electronic states within the material as
compared to irregularity in atomic arrangement?!.
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Figure 4.8: Optical transmittance edge of unexposed and exposed
GexsSb12Seqo films using a 4mW He-Ne laser.

Table 4.2: Measured values of bandgap (E;), width of loacalised states

(Ee) and refractive index (n) under different exposure
conditions for GexsSb12Ses films.

Exposure Eg

Time E. (meV) n

(min) (eV)
4 mW 633 nm 0 1.66 250 2.67
4 mW 633 nm 15 1.64 298 2.69
4 mW 633 nm 30 1.63 304 2.70
4 mW 633 nm 60 1.59 330 2.72
10 mW 633 nm 30 1.60 346 2.75
20 mW 633 nm 30 1.55 380 3.29
20 mW 810 nm 30 1.57 337 2.83
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The optical band gap decreases with the increase in exposure
time and laser intensity which may be due to an increase in the
density of state in the band gap. The exposure may also create
localized states in the band gap. This will lead to a shift in absorption
edge towards lower photon energy and consequently decrease in the
optical energy gap can be explained by the increased tailing of the
conduction band edge into the gap. Our results are in good
agreement with the results reported in 222. Moreover, optical band
gap is in good approximation with WDD parameter Ey through the
relation Eo ~ 2 x E ; obtained by Tanaka?. The change in bandgap by
exposure with 20mW near bandgap and above band gap shows that
photodarkening mechanism is more with above bandgap

illumination.

The photoinduced change in the refractive index
demonstrated large variation with exposure time, intensity and
wavelength. After 30 min exposure, we observed a change of 2.99%,
23.2% and 5.99% in the refractive index of film at 10 mW, 633 nm, 20
mW, 633 nm and 20 mW 810 nm respectively.

The average strength of interband optical transitions and the
dispersive energy parameter which is associated with the changes in
the structural order of the material is found to change from 29.14 eV
without illumination to 9.05 eV for 30 min exposure, using 20 mW
Semiconductor laser (810 nm). It is observed that the variation in the
transition strength, Eq4, results primarily from changes in the nearest

neighbor coordination number. So, the decrease in the dispersion
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energy value is usually associated with the decrease of coordination

number.

The oscillator energy, Eo is independent of the scale of
dielectric loss and is subsequently the average energy gap. The
oscillator energy is found to vary as 3eV to 2.35eV after irradiating
with 20mW He-Ne laser. The oscillator energy after irradiating with

20mW Semiconductor laser is found to be 2.47eV.

The nonlinear refractive index (n2) for unexposed GezsSesiSbi2
film is 6.69*10-0 esu. The ny reported for GessSbsSeso system? is
8.47¥101 esu and that for GexsSb7Sees is 7.10%101! esu. The results
show that the thermally evaporated GexsSeq Sbiz is having higher n,
and it is found to increase up to 2*10-10 with exposure (633 nm, 20

mW, 30 min).

4.3. Section 3. Studies on Nano colloid Gezs Sb12Ses chalcogenide

glass

4.3.1. Introduction

Ternary chalcogenide Ge-Sb-Se bulk and thin films have
drawn attention for their high non-linear optical properties and
compositional dependencies of various properties either within the
Ge-Sb-Se glass system”?. Solution method can be used for making
thin films of Ge-Sb-Se. Solution method offers low cost, scalable
method for chalcogenide glass thin film production?-28. This method
has the advantage that the same solutions can be adopted for other

precision dispensing techniques such as ink jet or laser direct write,
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giving spatial control over the location of the added material with
programmable patterns. Inorder to retain the attractive optical
properties of Ge-Sb-Se glasses while enabling new fabrication routes
and hybrid and composite material systems, we have developed a
novel technique for the deposition of Ge-Sb-Se based materials
through dissolution of bulk glasses in n-butyl amine. The prospect of
using solution-based methods offers the opportunity to tightly
control film chemistry through control of the solution chemistry. As a
first step here we present the structural and optical characterization

of the GeasSeso Sbi2 nano colloid solution.
4.3.2. Synthesis of GezsSeeo Sbi2 nano colloids

Nano colloid solutions of GexsSesSbi2 were prepared by
dissolving bulk GezsSesSbi2 pieces in n-butyl amine solvent. The bulk
glass sample were manually ground into a fine powder to increase
the surface area and therefore to shorten the dissolution time. The
dissolution was carried out inside a sealed glass container to prevent
solvent evaporation. Detailed description of the preparation is given
in section 2.1.3. Five different concentrations Sp -1.2 mg ml?, S; -0.9
mg ml!and $;=0.540 mg ml?, S3=0.24 mg ml'and S4;=0.12 mg ml* of
GeasSeso Sbi2 were prepared.

4.3.3. Results and discussion
4.3.3. 1. Structural Characterization and absorption spectroscopy
a) Scanning electron microscopy and EDAX

The typical SEM image analysed using JEOL Model JSM -

6390LV for Sy is presented in Figure 4.9.
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Figure 4.9: SEM image showing the distribution of nanoclusters in
the So.
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Figure 4.10: EDAX spectrum from a cluster of S

The SEM picture was taken by spin coating the nano colloid
solutions on to a glass slide. The cluster size of spin coated film seems
to be large compared to the cluster size in the solution. This can be
due to aggregation during solvent evaporation. The EDAX plot of So
from a particular cluster given in Figure 4.10 shows the atomic

percentage of elements involved in its formation.
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b) Absorption spectroscopy

The absorption spectra of GexsSesSbi1> nano colloid solutions
obtained from spectrophotometer (JascoV-570 UV/VIS/IR) are
presented in Figure 4.11. The absorption edge of the nano colloid
solutions is located in the 350-550 nm, whereas for bulk
semiconductors it is located in the near infrared range. The
absorption edge is found to be blue shifted (500-370 nm) with
decreasing concentration of ChG. Bulk GexsSesSbiz ChG glass is
having bandgap 1.46 eV. The variation in the bandgap of the nano

colloid solution is tabulated in Table 4.3.

Absorbance (a.u.)

Wavelength (nm)

Figure 4.11: Absorption spectra of GexsSesSbi2 nano colloids with
different concentrations (Sp -1.2 mg ml?, S; 0.9 mg mlland
$=0.540 mg ml', 53=0.24 mg ml'and 5=0.12 mg ml7).

Table 4.3: Measured values of optical band gap (Eg) for GexsSeso Sbio
nano colloids with different concentration.

Samples Band gap (eV)
So 2.12
S1 2.36
Sz 2.81
Ss 2.93
Sy 3.27

International School of Photonics, CUSAT



@melm 4 Studies on Ge2s Sbi12Seso Chalcogenide glass

The slope of the absorption edge characterizes the width of the
localized states which in turn indicates the ordering of the structure.It
is believed that the charged defects exist in the bandgap? and the

localized states and around the bandgap.

4.3.3.2. Photoluminescence from nano colloid GexsSeso Sb12 ChG

a) Excitation wavelength dependent PL studies

Due to the bandgap states in chalcogenide glasses the optical
transitions such as photoluminescence (PL) and the optical
absorption process are complicated?:%. Confocal microscopic images
of S, shown Figure 4.12 it corresponds to the photoluminescence

image from each clusters.

Figure 4.12: Confocal microscope image showing the emission
from the GexsSeso Sb12 nano colloid chalcogenide
glass clusters at an excitation with 484nm.
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The PL measurements were recorded using a Cary Eclipse
fluorescence spectrophotometer (VARIAN). The excitation wavelength
depended change in PL for S, is shown in Figure 4.13. Figure 4.13 (a)
represents the emission spectrum corresponding to the excitation from
380 nm to 480 nm. Figure 4.133 (b) represents the emission spectrum
corresponding to the excitation from 500 nm to 600 nm. From the figure
it is clear that up to 460 nm excitation the emission spectrum is broad. A
strong electron phonon coupling distorts the lattice near the trapped
hole and this interaction may be responsible for the broadness of the

luminescence band?.
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Figure 4.13: Excitation wavelength dependent luminescence
behaviour for S; on excitation with a) 380 nm to 480
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Figure 4.14: Cluster size dependent PL spectra for Sy, S1, S2 at an
excitation of a) 400nm, b) 440nm, c) 480nm and

d) 520nm.
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From the Figure 4.13 it is clear that at 440 nm excitation there
exists a peak at 566 nm and a shoulder at 608 nm. After 440 nm
excitation the shoulder at 608 nm enhances up to an excitation of 560
nm. At 560 nm excitation the emission peaks at 566nm and 608nm is
of same intensity. The cluster size dependent change in emission
characteristics for four different excitation wavelengths is shown in
Figure 4.14. At 400nm excitation Sy, S1 and Sz is having emission peak
at 566 nm. In the case of 440 nm and 480 nm excitation, S, is showing
double peak at 566 nm and 608 nm. At 520 nm excitation Sy is shows a
shoulder at 655 nm in addition to the peaks at 566 nm and 608 nm.
These charged defects, which have energy levels in the bandgap with
a spectral bandwidth AE, are responsible for the PL in chalcogenide

glasses?.

The potential advantage shown by the GexsSessSbiz nano
colloid chalcogenide glass solutions is that it possesses strong
photoluminescence in the visible region which can be attributed to
the quantum size effect. The photoluminescence intensity of nano
colloidal solutions of GexsSeso Sbi2 glass change almost in proportion
to changes to bandgap which in turn is related to the cluster size.
Another important observation is that depending upon the cluster
size the peak at 608nm enhances. The studies show that nano
colloidal solutions of GexsSego Sbi> glass are promising candidates for
light-emitting devices, optoelectronic devices and other photonic

devices.
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b) Laser induced PL in nano colloid GexsSeso Sbi2 ChG
The laser induced emission studies were carried out using a

7 ns pulses from a frequency doubled Nd:YAG laser (532 nm, 10 Hz).
A set of calibrated neutral density filters was used for varying the
pump energy. The pump energy was varied from 2.2 mW to 30 mW.
The beam was focused using a cylindrical lens of focal length 8cm.
The emission from the sample was collected by a fiber and directed to
a 0.5 m spectrograph (SpectraPro-500i) coupled with a cooled CCD

array.

Luminescence studies carried out for the solutions using Nd:
YAG laser beam is presented in Figure 4.15. The samples show strong
luminescence peak at 595 nm and 645nm. As the cluster size increases
the nonlinear absorption coefficient increases which results in greater
PL intensity. The cluster size dependence on the nonlinear absorption
coefficient is discussed in coming section. Two photon absorption is
usually regarded as the third order nonlinear optical process
although the intensity of two photon absorption depends
quadratically upon the intensity of incident excitation light32. The two
photon absorption coefficient () for the colloid solutions Sp, S1 and S
were measured by us using the open aperture z- scan technique at
532nm. Measured { for the S¢,S1,S: at a laser (Nd:YAG, 532nm) power
of 178W/m?2 are 1792 cm/GW, 1143 cm/GW, 526 cm/GW
respectively. Applying a semiconductor concept, it has been shown
that nonlinear properties become greater in the materials with

smaller optical gaps.
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Figure 4.15: Cluster size dependent PL spectra for Sy, S1, Sz at an
excitation 532 nm, Nd: YAG laser.

Our observations also support this result showing an increase
in nonlinear absorption with lowering of band gap. As the
concentration is increased there will be enhancement in the cluster
size resulting in a larger magnitude of optical nonlinear interaction

between radiations and the sample.

In order to check the origin of the emission peak the studies
were carried out at different laser intensities. The exciting laser
intensity dependent change in photoluminescence intensity for So is
shown in Figure 4.16. The observed PL is investigated by plotting the

logarithm of PL intensity versus the logarithm of laser intensity as
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shown in Figure 4.17. The plot obeys the square law dependence

where the slope is about 1.94. This confirms that the absorption is a

typical two photon process at the excitation wavelength of 532nm.
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Figure 4.16: PL spectra for Sp at different laser powers.

Luminescence peak at 595 nm and 645 nm shows quadratic

dependence on laser intensity. Two-photon absorption is assumed to

be a resonant process involving levels midway between the valence

and conduction bands®. At large intensities the intermediate state

becomes almost filled, with absorption dominating over transitions

back to the valence band.
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Figure 4.17: Quadratic dependence of luminescence intensity on
the excitation powers at 532 nm.

These strong two photon induced photoluminescence signals
can be used to image molecularly targeted colloids for cancer cells in

vitro and to image biological samples 32 33,
4.3.3.3. Thermal diffusivity of GexsSesSb12 ChG nano colloids

Properly designed Thermal Lens technique was used to study
the measure the heat transfer through diffusion in GesSeso Sbi2 nano
colloid solutions. In the technique as discussed in section 2.2.5, a
point heat source is generated by laser and the essential idea is to
indirectly measure the speed of heat dissipation3+%. Thermal
diffusivity values obtained from the thermal lens studies on the nano

colloids are tabulated in Table 4.4.
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Table 4.4: Measured values of thermal diffusivity (Tp) for
GeasSeso Sbi2 nano colloid with different cluster size

Samples Tp *10 cm?/s
So 1.07
S1 1.35
) 1.89
Ss 2.55
Sa 3.04

Studies show that the thermal diffusivity varies with the
concentration. Thermal energy formation is mainly due to non
radiative recombination and neutral defects play an important role in
non-radiative recombination centers. An increase in the number of
neutral defects, DO results in an increase in non radiative
recombination centers. Finite frequency modes/frequency due to
defects gives rise to scattering of thermal waves by the phonon mode
causing reduction in thermal diffusivity®. A theoretical model based
on the Brownian motion of the nanoparticles was also proposed by
some researchers to describe the heat transfer performance of

nanofluids?.
4.3.3.4 Non Linear Optical studies on GexsSesp Sbi2 nano colloids.

The change in optical parameters with concentration can also
lead to variations in their nonlinear optical characteristics. So
considering the importance of the nonlinear absorption studies, the
open aperture z- scan was done using the standard z-scan technique

at 532 nm. Figure 4.18 presents the results of normalized
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transmittance measurements as a function of the position of the nano

colloid solution in the open aperture scheme.
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Figure 4.18: Normalized transmittance as a function of the
position for different concentration So-1.2 mgml-,
$1-0.9 mgml?, $,=0.540 mgml?, S3=0.24 mgml~
and S4=0.12 mgml! in the open aperture scheme
at 532 nm with laser power of 571 W/m?2.

The theory of two photon absorption (TPA) processes fitted
well with the experimental curve and two photons of 532 nm
radiation lie below the absorption band-edge of the sample under
investigation. This confirms that TPA is the basic mechanism
involved in the nonlinear absorption process. From these fits, the
values were calculated for Sg Si1, Sy S; and Ss. The obtained values of
nonlinear absorption coefficient at different laser intensities for

colloid solutions with different concentrations are tabulated in Table
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45. As in the case of nonlinear absorption, the experimental
investigations of the optical limiting in samples were performed

using open aperture Z Scan.

The z-scan curve demonstrates a strong nonlinear absorption
that is regarded as the reverse saturable absorption for the absorption
at 532 nm. As shown in Figure 4.11, this wavelength is close to that of
the absorption cut-off, so the repetition rate 10Hz can avoid the
influence of the accumulative thermal changes which can change the

refractive index at high intensity laser beam at 532nm.

The nonlinearity in semiconductors is determined completely
by Eg. B is strongly dependent 33 upon Eg as B o 1/(Eg)? and our result
are also in good agreement with this. Measured value of {3 for Spis of
the order of 17.9 cm/GW at 178 W/m2 laser fluence and 6.2 cm/GW
at 571 W/m?2. The decrease in P by increase in laser fluence can be
due to the removal of an appreciable fraction of photo carriers from
the ground state?. S 4is having a nonlinear absorption coefficient of
0.9 cm/GW at a laser fluence of 571 W/m?2. To be considered as a
good candidate for ultrafast optical switch, the material should have
small value of B¥. L. Petit et al.3’ has recently reported the
compositional dependence on the nonlinear absorption coefficient (3)
of the bulk Ge-Sb-Se chalcogenide glasses. GexsSbrsess glass is
reported to have a nonlinear absorption coefficient of 4.9 cmm/GW.
The nonlinear absorption coefficient of the prepared nano colloid
samples are in the same order as that of the bulk glasses. We were

able to tune B from 6.2cm/GW to 0.9 cm/GW by simply varying the

International School of Photonics, CUSAT



@fmf,tm 4 Studies on Ge2s Sbi12Seso Chalcogenide glass

concentration of GezsSesSbiz in the butylamine from 1.2 mg ml~ to
0.12 mg ml-1.
Table 4.5: Measured values of bandgap (Eg) and nonlinear

absorption coefficient ($) at wavelength of 532nm
for different irradiation intensity.

Bandgap P (cm/GW)
Sample V) 178 267 357 500 571
(W/m?)
So 2.19 17.92 12.43 8.90 6.91 6.24
S1 2.36 11.34 8.52 6.62 5.14 4.35
So 2.81 5.26 2.70 5.01 4.03 3.84
Ss 2.93 - - - 3.25 2.16
S4 3.27 - - - 1.15 0.90

Figure 4.19 illustrates the influence of nano colloid
composition on the optical limiting response .The limiting threshold
is different for different samples as shown in figure. Optical limiting
results for cluster size dependent nonlinear optical (NLO) properties
of samples presented in Figure 4.19 clearly shows the variation in the
fluence value corresponding to the onset of optical limiting threshold.
The largest limiting is observed in Sp. It can be seen that with the
progressive red shift of the absorption edge, i.e., the increase of
cluster size, the degree of optical limiting is enhanced and the
limiting threshold is reduced. Larger particles have better optical
limiting performance. The reverse saturable absorption, which is

generally associated with a large cross section of absorption from
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excited levels, brings about optical limiting effects in colloidal

solutions 38.
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Figure 4.19: Optical limiting response of So, S1, So, Sz and Sy at
532 nm at an input power density of 571IMWcm-2

In this case, the optical limiting is due to two-photon
absorption. This property is desirable for protection of sensors and
human eyes from being affected by intense laser radiation. It occurs
when the optical transmission in a material decreases with increasing
laser fluence. Therefore it is important to determine the magnitude
of the nonlinearity of materials to select suitable materials as optical

limiting media.
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4.4. Section 4: GezsSeqSbi2 /PVA nano composite films for

photonic applications

4.4.1. Introduction

Solution-derived thin films in the chalcogenide system are
shown to possess similar molecular structure to the parent bulk glass,
and vacuum heat treatment allows the preservation of IR
transparency through the removal of residual organics. Chalcogenide
glass-polymer hybrid materials may be created through the
incorporation of compatible polymers in the co solution phase. It is
shown that it is possible to tune the optical and mechanical properties
of these coatings by tailoring the glass chemistry/polymer content
over a broad range, important for applications in IR optical coatings
and as interfacial materials where thermal and mechanical property
matching is critical®®. This technique was shown to be a promising
route towards the preparation of novel IR optical materials and

structures.
4.4.2. Experimental

The composite films were obtained from the solution of GexsSeg
Sbi, glasses and polyvinyl alcohol (PVA) [-CHCH(OH)-], in different
proportions. The concentrations of the ChG in the colloid solutions are
as follows 1.2 mg/ml, 0.9 mg/ml and 0.24 mg/ml for S;, S; and S;
respectively. The films were prepared from the homogeneous solutions
of different concentrations by drop casting method. The composite films

were made from these nano colloid solution and PVA in the ratio 1:1.
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The thickness of the films was measured using Metutoyo, Micrometer
(series 193). The Atomic Force Microscope(AFM) images of GexsSeq Sbi
/PVA composite films surfaces were recorded using an Atomic Force
Microscope (Veeco, Nanoscope III, made by Digital Instruments Inc.,
USA). In order to characterize the prepared thin film composites; the
optical absorption for different film composition of the chalcogenide
glass /polymer was investigated. The optical transmission spectra and
reflection spectra have been recorded by using a spectrophotometer
(JascoV-570 UV/VIS/IR). Transmission and reflection spectra have been
used for the study of optical properties. The dispersion of refractive
index has been studied using the Wemple-Di Domenico (WDD) single
oscillator model. Some important parameters (dielectric constant,
dielectric loss, optical conductivity etc) have also been determined using
n, k and absorption coefficient (¢). Generalized Miller’s rule and linear
refractive index were used to find the nonlinear susceptibility and non

linear refractive index of thin films.
4.4.3. Results and Discussion

4.4.3.1. Optical parameters

The transmission spectra of the chalcogenide glass/composite
films with different concentrations are presented in Figure 4.20. The
composite films are transparent in the visible range compared to
thermally evaporated thin film. It is clear from Figure 4.20 that as the
concentration of the GexsSesSbiz component in the polymer
composition decreases the absorption edge gets shifted towards the

short wavelength side.
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Figure 4.20: Transmission curves of GexsSeq Sb1> /PVA composite
films S;1 +PVA, S;+PVA, S; +PVA.

The importance of this feature is related to the possibility to
move the spectral range of photosensitivity of amorphous composites

from ultraviolet to infrared40.

b) S»:PVA

a) S1.PVA

Figure 4.21: AFM images showing the distribution of nano clusters
in the composite films (a) S1 +PVA, (b) S +PVA.
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AFM image of the composite films for S; +PVA and S;
+PVA are presented in Figure 4.21. The AFM scans confirm the
existence of the chalcogenide nano clusters in the prepared films.
The optical energy gap (Eg) of the thin films has been determined
from absorption coefficient data as a function of photon energy.
From the linear plots of (ahv)!/2 against (hv) for these samples as
shown in Figure 4.22, the optical energy gap has been determined
from the intercepts of extrapolations to zero with the photon
energy axis (ahv)l/2— 0 (i.e. Tauc extrapolation). From the results
obtained, it is seen that an increase of concentration of GexsSegy Sbio
in the system leads to a decrease in the optical band gap. It shows
that it is possible to tune the optical properties of the thin film by
varying the concentration of nano colloid solution used for casting

the films.
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Figure 4.22: Plot of (ohv) /2 against (hv) for GexsSeq Sb12/PVA
composite films with three different concentrations.

International School of Photonics, CUSAT 193



@ﬁuf,bu 4 Studies on Ge2s Sbi12Seso Chalcogenide glass

Table 4.6: Values of optical energy gap (E g), width of the tails of localized
states in the band gap (Ec ), refractiveindex (n) (at 1000nm),
dielectric constant (&) (at 1000nm) and dielectric loss (& ) (at
1000nm) for GexsSeg Sbi2/ PVA composite films .

Sample Eg(eV) E. n & &
(meV) 103

S1+PVA 2.51 543 1.74 3.00 42
S:+PVA 2.74 477 1.72 297 33
S;+PVA 3.56 200 1.66 2.80 16

The grainy surface pattern was found to be related to the
cluster size of the dissolved chalcogenide material in the parent
solution and as the grain size increases the band gap decreases. It is
found that as the concentration of the chalcogenide decreases the
band gap gets blue shifted. The the slope of absorption spectra also
changes with the concentration. The values of width of the localized
states (Ec) obtained for the different compositions are listed in Table
4.6. The width of the localized states for GeSesSb12 /PVA composite
films is found to decrease with decrease in concentration which
shows the ordering of the structure. The extinction coefficient (k) and
refractive index (n) which are important parameters characterising
photonic materials has been calculated as discussed in section 2.2.4.
Values of n and k calculated from transmission and reflection spectra
using the relation are also tabulated in Table 4.6. The extinction
coefficient decreases with an increase in wavelength which shows the
fraction of light lost due to scattering. The high refractive index

values of these glasses are advantageous for strong optical
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confinement and enhance the optical intensities for nonlinear

interactions.

The optical response of a material studied in terms of the
optical conductivity, the dielectric constant (e;) and dielectric loss ()
have been determined and are given in Table 4.6. The dispersion
parameters, effective oscillator energy (Eo), dispersion energy(Ea),
static refractive index (no) oscillator strength, f (f = E.Eq), the static
dielectric constant, ¢, (¢. = n ¢2), non linear refractive index (nz) and
susceptibility (x©®) are tabulated in Table 4.7.

Table 4.7: The effective oscillator energy (Eo), dispersion energy(Eq ),
static refractive index (no), oscillator strength (f), static

dielectric constant(e,), non linear susceptibility (%) and
non linear refractive index (nz) for GezsSesSb1/PVA

films.
% (©)) np
Eo Eq f
Sample ne £ *1013 | *1012
(eV) (eV) (eV)?

(esu) (esu)
S1+tPVA  3.81 7.94 1.76 30.30 3.08 1.29 2.76
S;+PVA  4.67 9.31 1.72 43.43 2.99 1.07 2.35

S;+PVA  6.57 12.48 1.70 81.97 2.90 0.89 1.97

It is found that depending on the band gap the nonlinear
refractive index of the investigated films also changes. The addition
of inorganic semiconductor into the polymer results in fabrication of
new composite films with low cost. The investigated new composites
are prospective for different photonic devices and for nonlinear

optical applications®.
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4.4.3.2 .NLO studies on GexsSeso Sb1z/PVA composite films

The technique of open-aperture z-scan scheme was employed
to study the nonlinear optical properties of the system. In order to
ensure that no permanent photoinduced change has occurred to the
sample during laser irradiation, we have repeated the experiment by
illuminating the sample on the same position. Under the
experimental conditions, laser beam illumination at 532 nm usually
corresponds to the two-photon absorption process because the
photon energy of the 532 nm laser is within the range E;< 2hv < 2E,,
where hv =2.33 eV and the optical band gap is 2.51 eV, 2.74 eV, 3.56
eV for S; +PVA, S; +PVA, S3 +PVA respectively. Z-scan traces were
made for three different concentrations of thin films with four
different input power densities. The z-scan traces for a laser power
density of 536 MWcm=2 are shown in Figure 4.23. In semiconductors,
it has been shown that nonlinear properties become greater in the
materials with smaller optical gaps 33. It is reported that the nonlinear
absorption coefficient is determined completely by bandgap. [
depend inversely on (Eg)3. Our observations also shows an increase in

nonlinear absorption with lowering of band gap.

The experimental data shows the best fit for two photon
absorption confirming that TPA may be the basic mechanism involved
in the nonlinear absorption process. From these fits, the 3 values were
calculated and are plotted against input power density in Figure 4.24.
For samples S; +PVA, S; +PVA and S; +PVA the measured values of 3

decrease with increasing input intensity due to the removal of an
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appreciable fraction of photo carriers from the ground state. Thus,
when the incident intensity exceeds the saturation intensity, the

nonlinear absorption coefficient of the medium decreases.
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Figure 4.23: Normalized transmittance as a function of the position
for S +PVA, S; +PVA and S; +PVA in the open-
aperture scheme at 532 nm for a laser power density of
536MWcm~2. The solid line shows the theoretical fit.

The imaginary part of the third-order susceptibility, Im 3, is
related through the equation linear refractive index of films,
permittivity of free space, velocity of light in vacuum and
wavelength of radiation used .The nonlinear absorption coefficient,

B is tabulated in Table 4.8.
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Table 4.8: Measured values of optical bandgap and imaginary part of
the third-order susceptibility (Imy?) at a wavelength of 532
nm for different irradiation intensity.

Sample

S1+PVA
S, +PVA
S;+PVA

E¢ (eV) Imy3*10 (m2 /GV?2)
143 207 357 536
(MW/cm?)
2.51 8.31 5.41 3.28 2.29
2.74 5.35 4.03 2.35 1.48
3.56 412 2.86 1.65 0.71

Optical limiting studies show that the GexSeso Sbi/PVA

composite film can be considered as almost non-investigated possible

applicants for optical limiting. The optical limiting response has been

studied from the Z scan data for three concentrations with different

powers. The Figure 4.25 represents the limiting response of S; +PVA,
S2+PVA and S; +PVA at an input power density of 536 MW /cmz2. The

arrow in the figure indicates the approximate fluence at which the

normalized transmission begins to deviate from linearity.
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Figure 4.25: Optical limiting response of GexsSeqSb12/PVA

composite films at 532 nm.

Table 4.9: Measured values of optical limiting threshold for
GeasSeso Sb12 /PVA composite films at a wavelength of
532nm with different irradiation intensity.

Sample Optical limiting threshold at
143 207 357 536
(MW/cm?)
S1+PVA 119 150 305 423
S, +PVA 131 161 318 492
S3+PVA 140 184 336 521

The limiting threshold at different laser intensities is tabulated
in Table 4.9. As given in the table, the nonlinear response of the
medium depends on both pump power as well as the concentration.
The larger magnitude of optical nonlinear interaction with increasing

concentration of GexsSego Sbiz can be attributed to the enhancement in
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the grain size. This results in a lowering of the optical limiting

threshold thereby enhancing the optical limiting performance#. Thus

cluster size of the parent solution has a significant effect on the

performance of samples as optical limiters.

4.5. Conclusions

v

The GeasSbi2Seeo bulk sample prepared by melt quenching was found to

be amorphous in nature by XRD analysis.

The optical constants of Gez2sSbi2Seso thin films were calculated from the
transmission spectra and reflection spectra using Swanepoel method. The
optical parameters, refractive index (n) and extinction coefficient (k) have
been calculated in the wavelength range 700-2000 nm by analysing the
transmission spectrum. The dispersion of the refractive index is described

in terms of a Wemple-Di Domenico single oscillator model.

The photo induced studies on the GexsSbixSeeo thin films shows that
there is a power, wavelength and duration of laser radiation dependent
shift in the band gap and refractive index resulting due fto
photodarkening.

Nano colloids of GezsSbi2Seso were prepared and characterized. The
absorption edge and the slope shifts with respect to the concentration of
the Ge2sSb12Seeo glass in the nano colloid solutions. The band gap gets

blue shifted with decrease in GesSb12Seeo concentration.

The z-scan spectra reveal a strong non linear absorption (reverse
saturable absorption) for the nano colloid GexsSbi2Seso solutions.
Observation of optical limiting at excitation wavelength suggests the

potential of these materials to be used as optical limiters.
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v New GezsSbi2Ses/ PVA composite films were synthesised and investigated.
The optical energy gap has been estimated using the Tauc method. The
energy gap of the films were found to depend on grain size which is

inversely proportional to concentration of the colloidal solution used.

v' Nonlinear response of GezsSbi2Seso/PVA samples studied using
nanosecond laser pulses show high nonlinearity exhibiting reverse

saturable absorption.
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This chapter deals with the studies on GezsSesoGas chalcogenide
glass. Optical characterization of the GesSesoGas thin film fabricated by
thermal evaporation technique is discussed along with the characterization of
bulk glass. Synthesis and optical properties of GeasSesoGas nano colloids are
also presented in this section. Absorption spectroscopy of the nano colloids
are analyzed using a UV visible spectrophotometer. The band gap estimated
from the absorption spectra of the nano colloids show cluster size dependent
change in band gap. Luminescence mechanism in the colloid solutions are
studied and the results show cluster size and excitation energy dependent
change in the luminescence peak. The non linear optical properties of the
nano colloids are studied using an open aperture z- scan technique.
GezsSesoGas /PVA composite films are fabricated from the nano colloid

solutions and are optically characterized.
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5.1. Introduction

Ternary Ge-Se-Ga glasses are promising infrared transmitting
chalcogenide glasses with low phonon energy’. They can dissolve up to
1-2 at% of rare earths. The Ge-Ga-Se system is known to form bulk
glasses up to about 35 at.% Ge , 20 at. % Ga and remaining being Se. The

glass forming region for Ge-Ga-Se system! is shown in Figure 5.1.

The chemically ordered covalent network model proposed for
Ge-Ga-Se glasses says that GeSe; and the GasSes units in the glass are
connected with extra Se atoms. The excess Se atoms are connected in
chains. Ga-Se bond energy (65 kcal/mol) is higher than Ge-Se bond
energy (55.4 kcal/mol), which indicates that with the increase of the

Ga content, the average bond energy of the system will increase?3.

Se
60 80 100
at. % Se

Figure 5.1: Glass forming region of Ge-Ga-Se system.

Optical studies on different compositions of Ge-Ga-Se thin films
prepared by thermal evaporation technique are reported by Y.Nedeva et
al.4. They found that the optical band gap of the thin films increases with
the addition of gallium in to the system. The increase in band gap is

explained by the increase in average bond energy of the system. The
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average bong energy in the system increase due to the addition of the
gallium alloy% Optical non linearities in the Ge-Ga-Se system are less
studied. Most of the studies were done on the system by the
incorporation of rare earths in to the system since gallium is a good
network modifier. Ge-Ga-Se system is a promising candidate for optical

amplifiers and integrated optics®.

5.2. Studies on bulk and thin film Ge2sGasSeqo glass
5.2.1. Preparation and characterization of bulk GezsGasSeso ChG

GexsGasSeqo glass was synthesized by melting mixtures of the
constituent elements Ge, Se and Ga with 5N purity in evacuated and
flame sealed fused quartz ampoules at 1050°C for 24 h in a rocking
furnace. The ampoule was quenched in to ice cold water. A more
detailed description of the preparation method can be found in
section 2.2.1.The amorphous nature of the bulk sample is confirmed
by X- ray diffraction studies. Figure 5.2 shows the plot of normalized
signal versus 20 for the bulk sample. The diffiactogram shows no

sharp peaks showing the absence of crystallinity.

Lin {Counts)

#[r'.q,u +,lr n‘.%f rl# # ,hwﬂhﬁ* NMM W"'W" #IH]MJMMWW ”w W
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Figure 5.2: XRD pattern for GexsGasSeso bulk glass.
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Inorder to understand the glass transition temperature of the
prepared glass, differential scanning calorimetric technique
measurements was done. The glass transition temperature (Tg), which
is the temperature for transition from glass solid phase to glass liquid

phase is estimated to be about 276.93 °C from the DSC graph .

Dependence of optical absorption with wavelength for bulk
GeasSecoGas glass is presented in Figure 5.3. Plot shows three regions:
high absorption, exponential and tail region as that of a typical
chalcogenide glass. The band gap estimated from the plot arising due

to the transition from the extended states is 1.68 eV.
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Figure 5.3: Plot of dependence of optical absorption with wavelength
for bulk GezsSesoGas glass.
5.2.2. Optical characterization of GexsSesoGas thin films prepared by

thermal evaporation

GexsSesGas thin film was evaporated on glass substrates in a
standard vacuum installation, using the respective bulk composition

as a source material. The residual pressure was 1.5*10-> Torr. The
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prepared films have a thickness of 325 nm. The transmission and
reflection of the thin film were measured in the energy range of
200nm to 2000 nm using UV-VIS-NIR spectrophotometer (Jasco V
570). The scanned transmission and reflection spectra were used to
analysis the refractive index and dispersive analysis of refractive
index using Swanepoel’s method ¢ as discussed in section 2.2.4. The
analysis of the optical absorption coefficient has revealed the
presence of an indirect optical transition for the as-deposited film.
The band gap of the thin film is measured to be 2.19 eV from the plot
of (ahv) /2versus hv as shown in Figure 5.4.
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Figure 54: Plot of (ahv) 1/2versus hv for GexsSesGas thin film.
Other optical constants of the thin film were also calculated
and are tabulated in Table 5.1. The refractive index and the extinction
coefficient studied for wavelength above band gap shows the normal
dispersion behaviour. The dispersive analysis of the refractive index

gives the average bond energy and the oscillator strength of the
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system. The oscillator energy (Eo) is found to be 3.97 eV. E, is an

average energy gap, as it scales with the Tauc gap” (Eg) as 2E;,

Table 5.1: Calculated values of optical band gap (Eg), width of
localized states (Ee), refractive index(n), extinction

coefficient

conductivity(o), dielectric

constants (&, &), dispersive parameters (E4, Eo),

effective oscillator strength (f), third order nonlinear

susceptibility (y?) and nonlinear refractive index(no).

Optical parameters of GezsGas Seso thin film

E, (eV)
Ee (meV)
n
k
o (s1)
Eq (eV)
Eo (eV)
f(eV)?
2 (esu)

nz (esu )

2.21
170
2.27
-0.02
2.06*10+
5.18
0.134
8.54
3.97
31.7
1.13*10-13
2.44 *1012

The nonlinear refractive index and third order nonlinear

susceptibility calculated for the film are less compared to GexsSes Sbi. thin

film. The replacement of 5% Ga to Ge-Se system leads to an increase in the

band gap and decrease in refractive index of the film. The increase in
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optical band gap may be correlated with the electro negativity difference
of the elements involved. The decrease in the nonlinearity can be due to
the increase in band gap, since the nonlinearity of a semiconductor is

inversely proportional to the band gaps®.

5.3. Studies on Nano colloids of GezsSesGas chalcogenide

glass

5.3.1. Synthesis, structural analysis and absorption spectroscopy of

GesSesoGas nano colloids

Nano colloid solutions of GexsSesGas with three different
concentrations A;= 1.2 mg/ml, A>= 0.9 mg/ml and As= 0.24 mg/ml
were prepared by dissolution of bulk GexsSessGas glass in n-
butylamine solvent (Sigma-Aldrich, 99.9%). The dissolution was
carried out inside a sealed glass container to prevent solvent
evaporation. A magnetic stirrer was used to expedite the dissolution
process. The solutions were kept in refrigeration to avoid moister.

Detailed description is given in 2.1.3.

The cluster formation in the colloid solution was confirmed by
the SEM analysis. The solvent evaporation results in the
agglomeration of the clusters during SEM analysis. The SEM image of
A;, the solution with higher concentration is given in Figure 5.5.
EDAX of the higher concentrated sample is taken to understand the
constituents of each cluster. The result of EDAX analysis shown in

Figure 5.6 confirms the presence of Ge, Se and Ga in the cluster.
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Figure 5.5: SEM image of A;.
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Figure 5.6: EDAX Spectrum from the cluster of A;.

The UV-visible absorption spectra of the nano colloids are

shown in Figure 5.7. The band gap is calculated from the point of
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inflection of the first derivative curve of the absorption spectra. An
increase in the band gap with decrease in cluster size is observed
which is attributed to the quantum size effect. Bulk glass is having a
band gap of 1.68 eV.In the case of nano colloids the band gap have
increased from 1.68 eV to 2.39 eV, 2.95eV and 3.56 eV for A;, A> and
A; respectively. The slope change for different colloid solutions is
clear from the spectra. The slop indicates the ordering of the
structure’. Here the solution with higher concentration of GeasSesiGas

is having more disorder compared to the other two.
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Figure 5.7: Plot of absorption spectra of A1, Az, As.

5.3.2. Excitation wavelength and cluster size dependent change in

photoluminescence spectra of GezsSesGas nano colloids

The photoluminescence studies were carried out on the nano

colloid samples using a Varian Cary Eclipse spectroflourimeter at

[\
—
)
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room temperature. The excitation wavelength dependent change in
the A; nano colloid solution is presented in Figure 5.9 a, b, c and d.
Figure 5.8 (a) shows the emission spectra corresponding to 250 nm
(4.96 eV) and 270 nm (4.59 eV) excitation. The excitation results to the
emission at 425nm, 484nm and 537 nm. Higher band gap excitation
leads to three emission peaks and a shoulder at 581 nm. The
luminescence at 425 nm, 484 nm and 537 nm is observed up to an
excitation of 295 nm. For an excitation from 300 nm (4.13 eV) to
370nm (3.35 eV) the luminescence peaks are observed both at 425 nm
(2.92eV) and 575 nm (2.16 eV).The excitation with 370 nm to 400 nm
results in a small shift in the luminescence peak wavelength. The
band gap excitation (2.95 eV) of the A, nanoclusters results in the
luminescence peak at 575 nm (2.16 eV). The luminescent intensity
decreases as the excitation energy decreases from 4.96 eV to 4.28 eV
and increases afterward up to 3.45 eV excitation. Thereafter up to
bandgap energy (2.95 eV), peak intensity decreases and increases

afterwards up to an excitation of 2.58 eV.

The luminescence intensity depends on the number of electron
hole pair recombination taking place in the sample. Here the
recombination takes place in the excited state, localized state and in the
charged defect state in between the extended states!0. The luminescence

peak is broadened in shape due to the electron phonon coupling?.

214 International School of Photonics, CUSAT



Chapter 5

Studies on Ge2s Gas Seso Chalcogenide glass

—&—300nm
250 425 484 A2
a :‘ H 537 Excitation
. N
i ] —e— 270nm

g

PL intensity (a.u.)
8
Ay
-~
=
®
PL intensity (a.u.)

0

T —T T T T T
200 250 300 350 400 450 500 550 600 650 700 750 80C

Wavelength (nm) Wavelength (nm)

PL intensity (a.u.)

Excitation

—=—370nm
—&—375nm
—4—380nm
—¥— 390nm
400nm

PL intensity (a.u.)

500

450 4

4004

3504

300

250

2004

150

100 4

575nm

—&— 420nm
—&— 440nm
—A— 460nm
—w—480nm
500nm

504

T T T T T )
T T : T ;
400 450 500 550 600 650 00 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Figure 5.8: The excitation wavelength dependent emission
behaviour for Ay Luminescence corresponding to an
excitation of (a) 250nm and 270nm, (b) 300nm to
360nm (c) 370 nm to 400nm (d) 420nm to 500nm.

Cluster size dependent Iluminescence studies on the
GeasSeqoGas nano colloids at an excitation wavelength of 400 nm and
500 nm are presented in Figure 5.9 a, b. Photoluminescence from A;,
A and Az shows a red shift in the emission peak with cluster size of
the nano colloid solutions. Such size dependent optical properties of
semiconductor particle suspensions in the quantum regime are well
known and similar observations have previously been made for
several quantum particle systems!2. With the decrease in the cluster

size, the band gap energy gets shifted from 2.39 eV to 3.56 eV. The
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shift of band gap energy is related to the shift in the luminescence

peak wavelength. These unique properties are observed in the

chalcogenide glasses due to their electronic states!3-15.
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Figure 5.9: Cluster size dependence on the photoluminescence

with an excitation of (a) 400 nm and (b) 500 nm.

5.3.3. Nonlinear optical studies on GezsSesoGas nano colloids

Open aperture z-scan technique was used to study the non

linear optical absorption coefficient of the colloid solutions. The open

aperture curve for GexsSesoGas colloids is shown in Figure 5.10. It

exhibits a normalized transmittance valley, indicating the presence of

reverse saturable induced absorption in the colloids. The z- scan
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traces show best fit for the two photon absorption confirming that
two photon absorption may be the main mechanism involved in
nonlinear absorption of Aj,A; and As. The calculated non linear
absorption coefficients () are 2.52 ¢cm/GW,1.79cm/GW and 0.73
cm/GW for Aj, Az and As respectively.
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Figure 5.10: The open aperture z-scan traces of GexsSesoGas
colloids of different cluster sizes at an input power
density of 571 MW /cm?2.

From the z- scan curves, it is found that as the band gap
decreases (increase in cluster size) the non linear optical absorption
coefficient () of the colloid solutions increases. The rate of two
photon absorption increases with cluster size which is attributed to
an inverse proportionality between B and third power of band gap

(Ey) .
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Figure 5.11: Optical limiting response of A1, A»and Az at 532 nm at
an input power density of 571MWcm-2.

The optical limiting property occurs mostly due to absorptive
nonlinearity?”. Thus it is possible to generate optical limiting curves
from open aperture z-scan data. The plot of fluence versus
transmittance represents the optical limiting curve and Figure 5.11
illustrates the influence of cluster size on the optical limiting
response. Optical limiting threshold is the approximate fluence at
which the normalized transmission begins to deviate from linearity?s.
The optical limiting threshold is found to be high for A; (544
MW /cm?) as compared to the Ax (530 MW /cm?) and A; (486
MW/cm?). Cluster size has a significant effect on the limiting
performance of chalcogenide nano colloids. Increasing particle size
reduces the limiting threshold and enhances the optical limiting
performance. From the measured values of 3 for the colloids, it can be
seen that the colloids with larger particle size is a better nonlinear

absorber and hence a good optical limiter.

International School of Photonics, CUSAT



Studies on Ge2s Gas Seso Chalcogenide glass @ﬁuf,bu 5

5.4. Fabrication and characterization of GezsSesGas /PVA

nano composite films

5.4.1. Preparation and optical parameters of GexsSesGas/PVA nano

composite films

The GexSesGas/PVA composite films were prepared from the
nanocolloidal GexsSesiGas solution and polyvinyl alcohol (PVA) [-CH> CH
(OH)-]" in various proportions. The concentrations of the ChG in the
colloid solutions are as follows 1.2 mg/ml, 0.9 mg/ml and 0.24 mg/ml for
A;, A and As; respectively. The films were prepared from the
homogeneous solutions of different concentrations by drop casting
method. The composite films were made from these nano colloid
solutions of GexSessGas and PVA in the ratio 1:1. The thickness of the
tilms were measured using Metutoyo, Micrometer (series 193) and found
to be around 100um. The optical transmission spectra and reflection
spectra have been recorded by using a spectrophotometer (JascoV-570
UV/VIS/IR). Transmission and reflection spectra of the composite films
have been used for the study of optical properties. The dispersion of
refractive index has been studied using the Wemple-Di Domenico
(WDD) single oscillator model. The band gap of the composite films was
found to increase with decrease in concentration of the nano colloid used
for the preparation of films. The increase in band gap with decrease in
concentration can be due to the decrease in cluster size of the parent
solution as reported earlier’o1”. It is found that as the concentration of the
chalcogenide decreases there is a blue shift in band edge and a change in

the slope of absorption spectra.
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Table 5.2: The measure values of optical band gap (Eg), refractive
index (n), dispersive parameters (Eq, Eo) effective
oscillator strength (f), third order non linear
susceptibility (®) and non linear refractive index for
Gens GasSego /PVA composite films.

Eg n Eo Eq f X(g,)*l O n2*10-
(eV) eV) (eV)  (eV)? 13 12
(esu) (esu)

A+PVA 233 195 453 1312 5943 4.80 9.17
Ax+PVA 258 | 178 457 1288  58.86 @ 4.32 8.31
A3 +PVA 289 1.60 487 @ 11.7 56.97 227 4.65

The width of the localized states for GexGasSes /PV A composite
films is found to decrease with decrease in concentration which shows
the ordering of the structure. The calculated optical parameters are
tabulated in Table 5.2. Some important parameters (dielectric constant,
dielectric loss, optical conductivity etc.) have also been determined using
n, k and absorption coefficient (o). The extinction coefficients are found
to vary from 78*10+ (A1+PVA) to 35104 (for A; +PVA). The decrease in
the extinction coefficients with concentration show that the fraction of
light lost through the medium. The dielectric constants show how much
it will slow down the speed of light in the material. It is found to change
from 3.80 (A1+PVA) to 2.56 (As+PVA).The imaginary part of dielectric
constant which shows how a dielectric absorbs energy from an electric
field due to dipole motion decreases from 3.04*10+ (A1+PVA) t01.12*10+
(AstPVA). Generalized Miller’s rule and linear refractive index were
used to find the nonlinear susceptibility and non linear refractive index

of thin films'. The calculated values of non linear refractive index (n?)
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and susceptibility (@) are tabulated in Table 5.2. It is found that
depending on the band gap the nonlinear refractive index of the

investigated films also changes.

5.4.2. Nonlinear optical properties of GexsSesGas /PVA nano
composite films
The nonlinear optical properties of the composite films are
studied using open aperture z-scan technique using a Nd:YAG laser
(532nm) as excitation source. Studies show that the thin films have
transmittance valley at the focal point which indicates the reverse
saturable absorption in the composite films.
Table 5.3: Measured values of non linear absorption coefficient (p),

imaginary part of third order nonlinear susceptibility
(Imy®) and limiting threshold at 532nm For A;+PVA,

A>+PVA and As+PVA
Samples B (m/GW) Imy3 Limiting
(m2GV-=2) threshold
(MW/cm?)
A1+PVA 2.57 222 397
A+PVA 2.10 1.97 420
A3+PVA 1.78 1.14 465

The z-scan traces have good theoretical fit for two photon
absorption. Thus as observed in GesSesSbsGas and Ge2sSbi2Seso
composite films two photon absorption is the main mechanism
contributing to induced absorption. The calculated value for two
photon absorption coefficient at a laser power of 571 MW /cm? are

tabulated in Table 5.3. The rate of two photon absorption increases

N
[\
p—
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with cluster size which is attributed to an inverse proportionality

between P and third power of band gap (E;) and enhancement in the

nonlinear susceptibility due to enhanced oscillator strength with

particle sizel6. The optical limiting response of the films studied using

z- scan data clearly shows an increase in optical limiting threshold as

the grain size of films reduces. The imaginary part of third order

nonlinear susceptibilities for the composite films are also tabulated in

Table 5.3. The third order optical nonlinearity enhances with the

increase in the amount of chalcogenide glass in the film.

5.5. Conclusions

>

Ge2sGasSeso bulk samples was found to be amorphous from the XRD

analysis.

The optical gap of the Gess Gas Seso thin film prepared by thermal
evaporation technique was found to be 2.21 eV. The high band gap in
compared to other investigated systems can be due to the increase of
average bond energy of the alloys that occurs with the addition of Ga.

Nano colloids of GexsGasSeso ChG solutions show cluster size

dependent change in the bandgap and non linear absorption.

The PL studies on the nano colloids show the dependence of the

bandgap and the defect states in the emission spectra.

Nano composite GeasGasSeso films prepared by casting method were

characterized using the transmission and reflection spectra.

These nano composites show self-defocusing nonlinearity and good

nonlinear absorption behaviour.

N
N
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This chapter reports the studies on bulk and thin films of
erbium doped GezsSb12Seeo glass. The refractive index (n), the optical
band gap (Eg) and dielectric properties are analyzed from the
transmission and reflection spectra on the basis of Wemple-Di
Domenico (WDD) single effective oscillator model. Optical band gap
obtained from WDD model is found to increase with increase in
erbium concentration and it is in good agreement with the values
obtained by Tauc’s extrapolation method. The observed results have
been interpreted as due to rare earth impurities strongly affecting the
network and structurally modifying these glasses.
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6.1. Introduction

Chalcogenide glasses belong to an important class of photonic
materials which assure importance due to their high refractive index,
high transparency in the IR region, low phonon energies, large
optical nonlinearities, ability to be directly patterned by exposure to
near-band gap light, and ability to incorporate relatively high
concentrations of rare-earth dopants with minimal clustering 2.
Chalcogenide glasses doped with various rare earth (RE) ions are
extensively studied as potential materials for fiber optic amplifiers
operating at 1.3 um and 1.5 pm telecom windows 34. The low phonon
energy, good thermal stability, easy fiber fabrication and extended IR
transmission had made chalcogenide glasses suitable host materials
for RE ions. Chalcogenide glasses doped with rare earths are
potential candidates for mid-infrared (IR) lasers for a variety of
applications including environmental sensing, LIDAR and military
counter-measures, powerful, coherent, robust and compact sources.
Sulphide, selenide and telluride glasses have been shown to be
chemically and mechanically durable, to possess wide glass-forming
regions and to have extended infrared transparency windows. With
high refractive index values and appropriate rare-earth (RE)
solubility, chalcogenide glasses exhibit high spontaneous emission
probabilities and consequently, large emission cross-sections of
radiative electronic transitions of RE?** ions. The low phonon energy
of these materials 350 cm (for sulphides) and 250 cm (for selenides)

limits the non-radiative multiphonon relaxation rates. Besides
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excellent heat dissipation, the fiber geometry of ChG doped with rare
earths offers the possibility of high pump intensity and good overlap
of pump and laser modes, resulting in lower laser thresholds and
increased laser efficiencies. Rare earths mainly doped in chalcogenide

lasses are with Pr3+, Tb3+, Dy3+, Ho3+, Er3+, and Tm3* ions 5.
y

Photoluminescence studies in bulk and thin film samples
reports the overlap of optical transitions involving absorption and
emission bands due to discrete levels of RE ions with the conduction
band and edge states of host materialst. The efficiency of
luminescence is found to increase highly at mid IR wavelengths 7.
Due to the high refractive index of these glasses they exhibit high
optical non-linearity and could therefore be useful for all-optical

switching (AQOS) 8.

Even though a large number of studies on photoluminescence
are reported on RE doped chalcogenide glasses, no studies on the
influence of doping on the band gap and refractive index have been
reported. Evaluation of refractive indices for chalcogenide thin film
materials is indispensable for practical applications in integrated
optical devices such as switches, filters and modulators where the

refractive index of a material is a key parameter for device designs.
6.2. Experimental

The chalcogenide glass compositions studied were
GesSbioSeso doped with 0.1% Er, 0.2% Er and 0.3% Er. Bulk glassy

materials were prepared by conventional melt quenching technique.
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Materials (5N purity, Sigma Aldrich) were weighed (4 g for each
batch) according to their atomic weight percentage and sealed in
evacuated (at 10> mbar) quartz ampoules. The sealed ampoule was
kept inside a rotating and rocking furnace where the temperature
was increased up to 1050°C. After heating for 24 hours, the ampoules

of molten materials were rapidly quenched in ice cooled water.

Films of bulk glasses were deposited on microscopic glass
substrates using the vacuum evaporation technique (Hindhivac
Model No. 12A4D). The thickness of the solid films has been
monitored during depositions by using a thickness monitor (DTM-

101). The thickness of the studied samples were 325nm.

6.3. Structural, thermal and optical characterization of bulk

glass
6.3.2. Structural and thermal analysis

The XRD analyses of the doped and undoped samples were
carried out to confirm the amorphous nature of the samples. X-ray
diffraction data reveals the amorphous nature of the prepared
specimens as shown in Figure 6.1 a and 6.1 b of 0.1 % Er doped and
0.3% erbium doped ChG. The XRD image of the undoped

GeasSbi:Seso glass is shown in Figure 4.3 in chapter 4.

N
a
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Figure 6.1: a) XRD pattern for 0.1%Erbium doped GexsSbixSeso
glass b)0.3% Erbium doped Ge2sSb12Seqo glass,

In order to determine the characteristic temperatures of
glasses ie, glass transition temperature (Tg), a differential scanning
calorimeter was used under Ar atmosphere with a rate of 10°C/min.
The DSC curve for GesSbi:Seso system doped with 0.1% and 0.3%
erbium is shown in Figure 6.2. The T for GexsSbi:Seso system is 2740 C
and 281°C, 287°C and 292°C for 0.1% Er, 0.2%Er, 0.3% Er doped

GeasSbisSeeo films respectively.
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Figure.6.2: DSC curve for GexsSbioSes system doped with a)
0.1% and b) 0.3% erbium

6.3.3. Absorption spectroscopy of erbium doped bulk glasses

Absorption spectra of erbium doped GezsSbi2Seso bulk glasses
is given in Figure 6.3. It is observed that an increase of erbium content
in the system leads to a shift in absorption edge to lower wavelength
side. Thus an increase in the optical band gap is observed by the
addition of erbium to the glass. The band gap estimated from the plot
of absorbance is 1.60 eV, 1.65 eV, 1.68 eV and 1.74 eV for un doped,
0.1%Er, 0.2%Er , 0.3%Er doped Ge2sSb1:Seqo glasses respectively.
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Figure 6.3: Plot of absorbance versus wavelength for bulk
GexsSb1:Seso, 0.1%Er doped, 0.2% Er doped and
0.3 % Er doped glasses.

6.4. Optical characterization of erbium doped thin films
The amorphous nature of the thin films was confirmed by

absence of sharp structural peaks in the X-ray diffraction patterns.

The normal incidence transmittance and reflectance spectra in the
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spectral range 250-2500 nm of films obtained by a double beam

ultraviolet-visible-near infrared spectrophotometer (Jasco V 570) are

presented in Figure 6.4.
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Figure 6.4: The transmittance and reflection spectra of GexsSb12Seso

glasses with varying erbium concentrations.

The absorption coefficient (a) of these materials which

strongly depends on optical transmission (T), reflection (R) and

thickness of film (d) which was evaluated using the relation used to

find the band gap of the films as discussed in section 2.2.4. From the

linear plots of (chv) /2 against (hv) for these samples, the optical

energy gap has been determined from the intercepts of extrapolations

to zero with the photon energy axis (¢hv) /2 — 0 (ie. Tauc

extrapolation)®. From the results obtained it is seen that an increase of

erbium content in the system leads to an increase in the optical band

gap (Table 6.1).
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A number of theories are developed to understand network
disorder of these glassy solids. Reports show that the existence of
molecular clusters or domains in the glass structure plays a
significant role in determining the absorption characteristics and
refractive index of these materials’?. Strong evidence of the
presence of broken chemical order and structural heterogeneity of Ge
containing chalcogenide glasses has also been reported!’. These
unsaturated bonds along with some saturated bonds such as dative
bonds, produced due to insufficient number of atoms in these solids,
are responsible for the formation of localized states in the band gap
1213 The increase in band gap in this system can be attributed to the
impurity induced structural modifications which markedly manifest

themselves in the absorption spectra.

The dependence of In (o) versus hv, as shown in Figure 6 .5, is
a straight line, from which the inverse of the slope, gives the width of
the tails of the localized states at the band gap. The values of E.
obtained for the different compositions are listed in Table 6.1. The
width of the tails of localized states in the band gap is found to
decreases with the increase in erbium concentration. This again could
be interpreted as due to the decrease in the degree of disorder as a
result of impurity induced structural change 415. The decrease in

disorder is manifested as an increase in Eg.
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Figure 6.5: Plot of In (o) versus hv.

The extinction coefficient (k) and refractive index (n) are
important parameters characterizing photonic materials. Values of n
and k are calculated using the experimental data obtained for the
samples under study using the relation k=o\/4m where A is the

wavelength and a, the absorption coefficient.

The refractive index (n) tends to decrease with increasing
wavelength exhibiting normal dispersion. The high refractive index
values of these glasses are advantageous for strong optical
confinement and enhance the optical intensities for nonlinear
interactions. The knowledge of real part and imaginary part of the
dielectric constant provide information about the loss factorl¢. The
real part of the dielectric constant is associated with the term that
shows how much it will slow down the speed of light in the material
and the imaginary part shows how a dielectric absorbs energy from
an electric field due to dipole motion. The dielectric constant (&) and
dielectric loss (gj) determined from refractive index and extinction

coefficient and are given in Table 6. 1.
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Table 6.1: Values of Band gap (E;), the slope parameter of the
Urbach region (Ee), the dielectric constant (e:),
dielectric loss (ei), static refractive index (no), and
the refractive index( n ) (at 1.8 eV) for the films.

.. Eg (V) E. n(atl.8
Composition Tauc (eV) & & ny eV)
Method
Ge2sSb1:5e0 1.66 371 1570 0.61 3.29 3.67
GesSb1:Seqo +0.1% Er 1.73 0.69 1271 047 267 2.84
Ge2sSb1:Seqo +0.2% Er 1.80 0.66 | 10.38 0.23 230 1.71
GexsSbiaSee +0.3 % Er 1.87 0.61 9.01 0.08 1.79 1.43

6.4.1. Dispersion analysis of the refractive index

The dispersion parameters are significant factors in optical
communication and in designing devices for special applications. The
spectral dependence of the refractive index, in the visible and near
infrared regions, has been analyzed in terms of the Wemple-Di

Domenico (WDD) single effective oscillator model 7.

According to this model the relation between the refractive
index and the single oscillator strength can be described using the

relation,

b5y o

The dispersion energy (E4) measures the average strength of
interband optical transitions and is associated with the changes in the
structural order of the material ie, it is related to the ionicity, anion

valency and co ordination number of the material and Eo is the
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effective oscillator energy. The increase in the dispersion energy

value is usually associated with decrease in the band gap?s.

Plotting (n2 — 1)1 versus (hv) 2 as shown in Figure 6.6, yields a
straight line for normal behavior. The observed positive deviation
from linearity at longer wavelength is attributed to a negative
contribution of the lattice vibrations to the refractive index!s. The
least-square fit of the linear parts of these plots allows us calculating
the values of E, and E4 from the slope (EcEq) ! and the intercept

(Eo/ Ea), respectively.
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Figure 6.6: (n2 — 1)! versus (hv) 2 graph for doped and undoped
thin films.

The static refractive index (no) has been calculated from WDD

dispersion'® parameters Ey and E4 using the formula,

/s
n, :(1+E%O) ’ 6.2
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The calculated value for static refractive index is tabulated in

Table 6.1.

Simple empirical relation based on generalized Miller’s rule
can be used for the estimation of the non linear refractive index (n)
and susceptibility (x®). The non linear refractive index (nz) and
susceptibility (x®) can be calculated by combining Miller’s
generalized rule ' and low-frequency linear refractive index
estimated from Wemple-Di Domenico single effective oscillator
model. The linear optical susceptibility in the case of chalcogenide
glasses is given by relation: (1) = (n2>-1)/4m . Using generalized

Miller’s rule we obtain
3 1)y 4
77 =Ax") 6.3
Estimated A value is 1.7*10-10 (for y (3) in (esu).

The n; can be calculated 20 from the relation,

(3)
n, = 127X A 6.4

Values of dispersion energy (Eq4), the single-oscillator energy
or Wemple-Di Domenico gap (Eo), non linear susceptibility (x (3)) and
non linear refractive index (n2) are tabulated in Table 6.2. The high
refractive index values of these glasses are advantageous for strong

optical confinement and for nonlinear interactions.
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Table 6.2: Calculated Values of dispersion energy (E4), the single-
oscillator energy or Wemple-Di Domenico gap (Eo), non
linear susceptibility (x ¥) and non linear refractive index

(n2).
Composition Ea(eV) Eo(eV) x ®*10-13 ny*¥10-11
(esu) (esu)
Ge2sSb12Seeo 29.14 3.00 608.00 69.65
Ge2sSb1,Seq0 +0.1 % Er 18.94 3.10 94.18 13.43
GexsSbi2Seq +0.2 % Er 10.05 3.36 5.47 0.89
GeasSb1:Ses +0.3 % Er 8.05 3.64 1.63 0.34

6.5. Conclusions

The transmission and reflection spectra of GexsSbi2Seso thin film
doped with different concentrations of erbium have been analyzed for the
calculation of the optical parameters. It is found that these glasses are
attractive candidates for applications requiring low transmission losses, as
they are transparent to IR radiation. The optical band gap obtained by
Tauc’s extrapolation is in good agreement with the optical band gap by the
Wemple-Di Domenico single oscillator model. The optical energy gap has
been found to increase with increase in erbium content. The increase can be
interpreted as due to the decrease of the width of the tails of localized states
in the band gap. The refractive index (n) and extinction coefficient (k) tends
to decrease with increasing wavelength exhibiting normal dispersion.
Dispersion of refractive index has been studied using the WDD single
oscillator model. The static refractive index decreases with increase of erbium
concentration in the host glass. The oscillator energy, Eo follows the
empirical relation with the optical band gap. The high values of nz show they

are interesting materials for non linear applications.
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CHALCOGENIDE NANO COMPOSITES FOR ACTIVE AND
PASSIVE PHOTONIC DEVICES

7.1. Section 1. Double-layered chalcogenide nano composites

7.2. Section2. Fabrication and characterization of nano colloid
GasSbioGezsSeso doped polymer optical fibers
7.3. Conclusions

7.4. References

This chapter presents the application of nano composites based on
chalcogenide glass for active and passive photonic devices and it is divided into
two sections. First sections deals with a new way of stacking nano composite films
with nano sized thermally evaporated chalcogenide films. Different ways of
stacking and the optical properties of single layers and double-layered stacked
films are discussed. The photosensitivities of the double layered films are also
studied using above band gap nano second pulsed laser. Fabrication and
characterization of new nano colloid GasSbiwGexsSeso  doped PMMA optical
fibers are discussed in section 2. Preform technique is used to fabricate poly methyl
methacrylate (PMMA) fibers incorporating nano colloid GasSbioGezsSeso
chalcogenide glass. The optical properties of the hybrid composite fibers are
investigated by UV-VIS-NIR spectrophotometry and photoluminescence
spectroscopy.
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7.1. Section 1. Double-layered chalcogenide nano composites
7.1.1. Introduction

Stacked thin films of alternating dielectric layers have been
used in optics for many decades for mirrors and filters'3. In recent
days they are getting lot of importance because they can be designed
to reflect combinations of incident wavelength, polarization, and
angular range with nearly zero loss*>. The one-dimensional photonic
bandgaps are created in the dielectric multilayers if optical constants
and thicknesses of films meet the Bragg resonance condition. The
curiosity in dielectric multilayers was improved again, when the
omnidirectional bandgap was reported by Fink et al.¢ in 1998 for the
reflectors having the refractive index (n) difference of films higher
than An 2> 0.8. The first successful fabrications of planar
omnidirectional reflectors with bandgaps in the visible, near-infrared
and middle-infrared ranges were reported on materials such as
Si0,/TiO,, Si/SiO, or GaAIN/GaN78. These materials showed good
optical properties and a high chemical, thermal, and mechanical

stability.

SH. Kim et al? have recently discovered that that appropriately
designed stacks exhibit omnidirectional reflection (near unity reflectance
for all incidence angles and polarization states) within one or more bands
of wavelength. The omnidirectional total reflection from such quarter
wave stacks (QWS) allows the designing of the reflectors that can reflect

the light at any angles and polarizations. A common goal in current QWS
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device design is then a maximization of a bandwidth of the
omnidirectional bandgap by using materials having a high refractive

index difference.

V. Balan et al.?® found that two multimode planar chalcogenide
waveguides based upon GexAs2Ses / GenSbisSes: / GewAsioSes stacked
layers can guide at 1.55 microns. They also showed that the discovered
new rib waveguide can be applicable for spatial interferometry, which
implies the use of components working in the far infrared for the
detection and the spectroscopic study of extra solar planets and
environmental metrology. Planar omnidirectional reflectors with
fundamental stop bands centred at wavelength A=1.55 pm made-up from
different chalcogenide glasses, e.g. GeS,/Sb,Ses, have been reported!? 12,
Studies show that the key parameter for the successful preparation of
omnidirectional reflecting coatings is the knowledge of thickness

dependence of the refractive indices of the materials’314.

Possibilities of chalcogenide and polymer films as an
alternative to dielectric materials have been developed recently'4. The
omnidirectional QWS devices can be fabricated as multilayers using
thermal evaporation of high index chalcogenide glasses and the spin-
coating of polymers which form a low index films. A combination of
highly transparent chalcogenide and polymer films enables these
QWS elements to cover the wavelength ranges reaching from the
visible to the infrared spectral regions including telecommunication

wavelengths?5,
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In order to fabricate the above mentioned mirrors and filters
certain conditions have to be contented!¢. For example assume ny, dy,
and ni, dv are the refractive index and thickness of the high and low
index layers, respectively, A=dL+dn is the period of the stack, and no
is the refractive index of the incident medium. The reality of an
omnidirectional band requires that both 6n¢=nr/no and éni=nu/nL
are relatively large. When these two parameters go over some
minimum threshold, the Brewster line lies outside the acceptance
angle for light rays incident on the mirror from the external medium,
and there are finite ranges of wavelength for which no propagating
modes be present inside the dielectric stack. A common design
objective is to maximize the omnidirectional bandwidth, either
because the application essentially requires broadband reflection or
in order to unwind the fabrication tolerance for narrowband

applications!6-18,

An initial step for the fabrication of devices by stacking is the
awareness of the optical parameters of the double layers and it is
discussed in this section. By knowing the optical properties of the
single layer and double layered films one can easily design the
thickness and number of layers required for required application. The
optical characterization of stacked layers of thermally evaporated
GasSbi1oGesSes (TE) and GasSbioGexsSeso/ PVA composite film were
discussed. The photosensitivity of the stacked films were also

studied.
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7.1.2. Fabrication of stacked layers

Stacking was done mainly in two ways (1) the thermally
evaporated GasSbi10GexSeso film (TE) was coated above the spin
coated GasSbi1oGexsSeso composite film and (2) the composite film was
coated on the thermally evaporated GasSbioGexsSes films. The
composite films with two different grain size, C1 and C2 {C1 =1 ml
nano colloid solution (0.67 mg GasSbioGexsSee dissolved in 1 ml
butylamine) + 1 ml PVA) and C2=1 ml nano colloid solution (0.54 mg
GasSbioGeasSeso dissolved in 1ml butylamine) +1 ml PVA)} were also
coated with thermally evaporated GasSbioGe2sSego film. The thermally
evaporation of the films were made from the bulk GasSbioGezsSeso
chalcogenide glass prepared by melt quenching method. The
conditions used for the thermal evaporations were same for all
thermally evaporated films. The evaporation was done at pressure of
2*105 m bar and at a rate of 10 A%/s. The composite films of
GasSbioGexsSeso/PVA  were fabricated form the nano colloid
GasSbi1oGeasSes chalcogenide glass and poly vinyl alcohol in the ratio
1:1. The evaporated thin films were having thickness of 520 nm.The
composite films were having a thickness of 56 pm. Schematic

representation of the Composite film coated above with TE film is

shown in Figure 7.1.
Ga5Sb10Ge25Se60 (TE)

Ga58b1oGe25Se6o / PVA

Figure 7.1: Schematic representation of stacked film.
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7.1.3. Optical studies on double layered films

The transmission spectra of the investigated films are shown
in Figure 7.2. Plot (a), (b), (c) and (d) in Figure 7.2 show the
transmission spectra of thermally evaporated (TE) GasSbioGexsSeso
film, GasSbi0GexsSeso /PVA composite film, thermally evaporated
GasSbioGeasSego film coated on the GasSbioGexsSeso /PVA composite
film and GasSbioGexsSeso/PVA composite film coated on the

thermally evaporated GasSbi0GexsSeso film respectively.
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Figure 7.2: Transmission spectra of a) TE GasSb10GexsSeeo film, b)
GasSb10GexsSeso /PVA film, ¢) TE GasSbioGezsSeso
coated on GasSb1oGexsSeso/PVA  film and d)

GasSb1oGexsSeso/ PVA coated on TE GasSb1oGezsSeso
film.
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Figure7.3: Reflectance spectra of TE GasSbioGexSes film, b)
GasSb1oGexsSesy /PVA film, ¢) TE GasSb1oGezsSeso coated on
GasSb10GexsSeso/ PVA  film and d) GasSbioGexsSeq/PVA
coated on TE GasSbioGexSego film.
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It is «clear from the transmission spectra that
GasSb1oGesSeso/ PVA coated on TE GasSbioGeasSeqo act as filter up to
700nm (labeled as d in Figure 7.2). Applications of variable
wavelength stacked composite based chalcogenide films include IR
filters used in portable miniaturized IR spectrometers, disposable
chemical, and biological sensors.The reflectance spectra of the films are
also shown in Figure 7.3. The optical parameters of the stacked films are
studied using Manifacter et al1® and Swanepoel 2 method as discussed in
section 2.2.4. The band gap of the films are found from the plot of (chv) 2
versus (hv) as shown in Figure 7.4. The band gaps are found to be 1.65
eV, 210 eV, 1.96 eV and 1.61 eV for thermally evaporated (TE)
GasShiGexSeqy  film,  GasSbioGexsSeso/PVA  composite  film, TE
GasSbiiGexSeq film coated on GasSbioGexsSeqn/PVA composite film and
GasSbiiGexsSeqn/PVA coated on TE GasSbioGexSes film respectively.
Coating TE film above composite film remains as stacked one but when
composite film was coated above on TE films some reaction took place
and resulted in a film with highly concentration. The refractive index of
the film are 2.50, 1.72, 1.55 and 1.38 for thermally evaporated (TE)
GasShiGexSeqy  film,  GasSbioGexsSeso/PVA  composite  film, TE
GasSbiiGexSeq film coated on GasSbioGexsSeqn/PVA composite film and
GasSbiGexsSeq/PVA coated on TE GasSbioGezsSeq film respectively.

The TE films were coated on composite films
(GasSb10GexsSeso/ PV A films prepared from nano colloid solutions) with
two different grain size (C1 and C2). The thickness of the composite

tilms and TE films were optimized so as to get the interference patterns
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Chapler 7

on the transmission spectra. The presence of the interference patterns

makes the optical parameter calculation easy using the Swanepoels

method as discussed in 2.2.4. The plot of the (ahv)/2 versus hv for

composite films and stacked films are given in Figure 7.5. The composite

films used for stacking are indicated as C1 and C2 and the stacked films

as C1TE (composite film C1 stacked with TE film) and C2TE (composite

film C2 stacked with TE film).
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Figure 7.5: Plot of (ahv) %2 versus hv for C1TE and C2TE.

Table 7.1: Calculated values

of bandgap (Eg),

refractive

index(n),extinction coefficient (k), dielectric constants

(er, &), optical conductivity, third order non linear
susceptibility (¥®) and non linear refractive index (n2).

Parameters C1TE
Eg (eV) 1.84
n 3.04
k 0.00001
er(eV) 9.24
gi (eV) 6.08%10-5
o (s1) 9.25*10-°
1**10-12 (esu) 154
n2*10-11(esu) 2071

C2TE
1.93
2.58

0.005
6.65

0.026

3.9*10-4
6.51

9.57
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The optical parameters of the films are tabulated in Table7.1. By
stacking the TE film on composite films the band gap is found to be
between the Eg of TE film and GasSbi0GexsSeq/PV A composite film. The
refractive index has also increased with respect to the composite film.
The change in band gap has lead to the change in optical parameters like

dielectric constants, extinction coefficient, nonlinear properties etc.

Understanding the knowledge of optical parameters (refractive
index and extinction coefficient) of the single layers and doubles layers
as discussed above are needed for the development of Quarter wave

stacks, omni directional reflectors etc2-24,
» Photosensitivity of stacked filims

An important property to be studied while fabricating devices
using these films are the photoinduced changes of the refractive
index. This can be used for enhancement of the optical contrast of
both materials. Monomode channel or rib waveguides receives great
importance in the field of spatial interferometery and in

environmental metrology?.

In order to study the photoinduced effects on the CITE
stacked films under excitation with nano second laser, the films were
exposed with different Nd: YAG (532nm) laser powers. It is observed
that above 6pj excitation, the GasSb1oGeasSego film coated above the
GasSbi1oGexsSeso/PVA composite film gets damaged. The damage
occurred to the film when exposed with 6pj nano second laser

focused through a cylindrical lens is shown in Figure 7.6.

250 International School of Photonics, CUSAT



Chalcogenide Nano Composites for active and passive photonic devices @mfxlﬁm 7

10kV X4,000 S5um 0000 11 46 SEI
Figure 7.6: Laser damage occurred on stacked C1TE film.

The observed result show that exposure of 6pj laser can be
used for pattering in photolithography and for making other
photonic structures. In order to avoid the damage of the film we have
studied the irradiation effect of the stacked film on exposure with 1yj,
2uj and 4pj Nd: YAG laser for 30 minutes. The transmission spectra

corresponding to the irradiated films are shown in Figure 7.7.
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Figure7.7: Transmission spectra of C1TE after exposure with 1pj,
2pj and 4pj Nd: YAG laser for 30 minutes.
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It is observed that the transmission edge gets shifted to the
higher wavelength region on exposure. It shows that near bang gap
exposure results in photodarkening in the stacked films. The TE
GasSbioGeasSeso is found to be sensitive to above band gap and near
band gap light?¢. The photodarkening in the TE films are discussed in
chapter 3.The band gap of the C1TE is 1.84 eV and irradiating it with
above bandgap light (2.33 eV) results in the shift of band gap from
1.85 eV to 1.09 eV.

Photosensitivity of these films makes them promising
materials for applications in optoelectronics and photonics. Studies
show that the prepared stacked films act as a material for realization
of holographic elements in waveguides, non linear all optical

switching devices, Bragg gratings filters etc.

7.2. Section 2. Fabrication and characterization of nano colloid

GasSbi10GezsSes doped polymer optical fibers
7.2.1. Introduction

Now-a-days, in fiber technology the attention is paid in search
of new tunable fibers like Photonic crystal fibers (PCF),
microstructured polymer optical fibres (mPOF) doped with dyes and
nano particles, dye and quantum dots doped polymer fibers?7-2 etc.
Photonic crystal fibers (PCF) 28, also known as microstructured optical
fibers (MOF), can guide light by means of refractive index
modulations created by the hole pattern surrounding the core22,

Such fibers have led to development of unique control over a range of
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optical fiber properties including dispersion, numerical aperture and
various nonlinear effects®. MOF was fabricated first in silica and
later on polymethylmethacrylate (PMMA)3132. The main advantage of
microstructures in PMMA is the versatility of fabrication methods
available to polymers, corresponding variety of microstructures and
the relatively low processing temperatures employed. This low
temperature processing allows the incorporation of both organic and
inorganic materials, either through adding material to the monomer
prior to polymerization or by solution doping at the preform stage 33.
Such doping can further tailor mPOF properties beyond what is

possible through the microstructure alone.

Polymethylmethacrylate (PMMA) is a transparent thermoplastic
material used widely in the opto-electronic and photonics industries.
The material most frequently used for polymer fibers is the
thermoplastics PMMA better known as Plexiglass®. The material was
developed in 1928 was first brought to market in 1933 by Rohm and
Haas Company 3. It has now become an alternative to silica-core optical
fibers since they are comparatively cheaper and flexible. Another
important practical limitation of using silica-core fibers is that they are
very brittle when exposed and this imposes restrictions on sensor
design such as limiting interaction length as well as precluding bending
of fibers and applications involving moving fluids®>%. Comparison of
silica fiber and polymer fiber is tabulated in Table 7.2. Due to its good
optical and thermal properties, it is often used in the manufacture of

many devices like micro- and nano-devices including semiconductor
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nanotube formation®, nanoimprinting lithography3, polymer optical

fibers (POF)* and as a host matrix for electroluminescence devices*.

Table 7.2: Comparison of silica and polymer optical fiber

Silica fibre 'Polymer fibre
Attenuation (dB/km) 0.2~3 10 ~ 100
Young's modulus (Gpa) 100 3.
Breakdown strain (%) 1-2 5~10

Doping the polymer fibers with quantum dots (QD) have
become an interesting area of research due to its unique optical
properties that make them promising alternatives to traditional dyes
in many luminescence based bioanalytical techniques. QD can grant a
wide range of advantageous optical properties such as narrow
emission spectra, non-linear properties, broad excitation spectra and
an emission wavelength which can be readily ‘tuned” by varying the

characteristics and dimensions of the dots 4142,

Doping QD or other organic or inorganic materials in to mPOF
allows the simultaneously tailoring of both the dopant embedded
within the particles themselves and the microstructure in the fiber to
achieve novel fiber properties beyond the reach of each modification
option on its own. Organic dye doped polymers have been widely
investigated as gain media in solid state dye lasers but organic dye
has a disadvantage of photo-bleaching in which the dye loses its
fluorescing properties by the combination of excitation light and
oxidising agents. There arises the importance of nano-particle doped

fibres for the manufacturing of proficient in-fibre single-photon
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sources for quantum communication, magneto-optically active fibres
for photonic devices such as isolators and switches and the doping of
rare-earth organic complexes for amplification in polymer optical

fibres43-45.

Considering the potential application of the QD doped
PMMA fibers and the promising properties of chalcogenide glass,
fabrication and characterization of nano colloid GasSbi0Ge2sSeso
doped PMMA optical fibers are done and presented in the coming

sections.

7.2.2. Fabrication of nano colloid doped polymer optical fibers
% Materials

GasSb1oGeasSeso nano colloid solutions were prepared from
bulk GasSb1oGexsSeso chalcogenide glass. Glass solutions of three
different concentrations C¢=0.72 mg/ml, C;=0.54 mg/ ml and C>=0.12
mg/ml were obtained by the dissolution of bulk glass in n-
butylamine solvent (Sigma-Aldrich, 99.9%). The dissolution was
carried out inside a sealed glass container to prevent solvent
evaporation. A magnetic stirrer is used to expedite the dissolution
process. The studies on GasSbi10Ge2sSeso nano colloids used for the

preparation of the preform are discussed in detail in chapter 3.

PMMA was chosen as the host as it has good optical quality
and is compatible with most of the QD’s and organic dyes used as
dopants. Figure7.8 shows the structure of monomer and its bonding

to form polymer chains. PMMA comprises the molecular subunit, or
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monomer as depicted in Figure 7.8. As the oxygen atoms within the
PMMA monomer are electronegative, partial negative charge resides
on them, whilst the resulting partial positive charge resides on the
central carbon atom. The result of this partial charge separation is
that a fiber made from PMMA will have a net negative charge at the
surface of the fiber where the oxygen atoms within the PMMA

monomer reside4.

MMA
PMMA

| CH; CH; |
R N N

H OCHgO OCH; O OCH;O OCH;

Figure 7.8: Molecular structure of PMMA.
Photodielectric effect can be observed for PMMA samples

with excessive initiator or annealing near the glass transition
temperature. PMMA is an organic compound forming long chains
with typical molecule weights around 105 The refractive index of
PMMA is 1.49 and the glass transition temperature*, T, lies between
85 to 165°C. Each MMA monomer has a total of eight C-H bonds. The
vibrations of this compound or more precisely its harmonic waves
are a main cause for the absorptive losses encountered in PMMA

polymer fibers.
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In particular the harmonic waves at 627 nm (6 harmonic
wave) and 736 nm (5% harmonic wave) fundamentally decide the
level of attenuation within the application range of PMMA-POF. The
wavelength-dependent attenuation curve of a PMMA-POF as in
Figure 7.9 shows mainly three attenuation minima at wavelengths
520 nm, 570 nm and 650 nm which can be used for POF based
communication systems#4’. The greater part of the currently
produced POF is based on polymethlymethacrylate (PMMA), a
material that has been shown to be photoreactive. One of the
disadvantage of PMMA fibers is that the transmission loss is not low,
at a level above 80 per kilometer which is significantly higher than
that of silica based optical fibers. This limits the application of

polymer fibers in long length situations.

(dB/km)

allenuation

450 500 550 600 650 700
wavelength (nm)

Figure 7.9: Plot of Attenuation of PMMA from 400nm to 700nm.
% Methods

Different methods exist for the fabrication of polymer optical
fibers (POF) as discussed in chapter 2. Preform method was adopted in
the present work for fabricating nano colloid doped POF. This method

International School of Photonics, CUSAT 257



@me/tm 7 Chalcogenide Nano Composites for active and passive photonic devices

involves two stages. In the first stage, a cylindrical preform of lcm in
diameter and 7 cm in length was fabricated and in the second stage, this

preform was drawn in to fiber by the heat-drawing process.

The base material used for the fabrication of polymer preform
is methylmethacrylate (MMA) monomer. The refractive index of pure
methylmethacrylate is about 1.41 and it will increase up to 1.48 to
1.49 due to volume reduction during phase transition from liquid to
solid#¢. Present studies are concentrated primarily on only core fibers
with air cladding, neglecting the scattering losses associated with it

due to the absence of the cladding.

Commercially available MMA (Sd Fine) will contain inhibitors
like hydroquinons which keeps MMA without polymerizing. Initially
the inhibitors were removed by repeatedly washing the monomer
with 5% NaOH solution followed by flushing with distilled water.
The remaining water was removed by adding suitable drying agents
like CaCl., The monomer was then purified by distillation under
reduced pressure. Distillation is a method of separating mixtures
based on differences in their volatilities in a boiling liquid mixture.

Distillation was done to purify the MMA from crude MMA.

Suitable initiators like benzoyl peroxide or azobisisobutyronitrile
(AIBN) can be used to start the polymerization. Benzoyl peroxide was
used for the present work since there is no gas such as nitrogen which
getsreleased during polymerization as in the case of AIBN. This reduces
the possibility of air bubble formation in the polymer preforms. Along

with the initiator, n-butyl mercaptan was used as the chain transfer
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agent to regulate and terminate the polymerization process. Addition of
appropriate quantity of chain transfer agent and initiator controls the
molecular weight of the polymer. The molecular weight regulation is an

important factor that governs the drawability of the polymer preform.

An optimum molecular weight was fixed by adding benzoyl
peroxide and mercaptan through numerous trial and error methods. The
best preforms were obtained for MMA added and doped with (a) 40ml-
MMA, 0.15 gm- benzoyl peroxide, 0.25 ml- mercaptan and Co-10%, (b)
40 ml- MMA, 0.15 gm- benzoyl peroxide, 0.25 ml- mercaptan and Ci-
10% and (c) 40 ml- MMA, 0.15 gm- benzoyl peroxide, 025 ml-
mercaptan and Cz-10%. Co, C;, G are GasSbidGexSeso nano colloid with
0.72 mg, 0.54 mg and 0.12 mg of GasSbi¢GezsSeso dissolved in 1 ml n-
butylamine respectively. The nano colloid solutions were added to the
distilled MMA using a glass syringe. The resulting mixtures were stirred
well so as to avoid aggregate formation. The MMA mixed with initiator,
nano colloid and chain transfer agent was poured into a glass test tube
of 1.7 cm diameter and 15 cm length. This was then kept in a constant
temperature bath at 90°C for 2 weeks. The photograph of polymerized
preform in test tube is shown in Figure 7.10. The test tube,” a’ is the
preform of PMMA alone while b, ¢ and d corresponds to the
preforms doped with Co, C;, C» GasSbioGexsSeqn nano colloids
respectively. The preforms were taken out of the test tube by
breaking it. The prepared preform (C;, Co doped PMMA) is now
ready for drawing the fiber in a custom-made fiber drawing tower

shown in Figure 7.11.
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Figure 7.10: Photograph of preforms with different concentration
of dopants.

By using a preform feeder, the preform is lowered into the
furnace of the fiber drawing station and fiber is drawn at a
temperature of 190°C (draw temperature optimized). The fiber
diameter can be varied by adjusting the feed rate of the preform and
the draw rate of the fiber. The draw rate was adjusted so that C;

doped and C doped fiber have a diameter of 500 pm.

(B3

Figure7.11: Heat drawing furnace and the photograph of drawn C;
doped fiber.
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7.2.3. Optical characterization

The transmission and reflection spectra of the preforms of

PMMA and nano colloid GasSbi10Ge2sSeso doped PMMA samples (as

shown in Figure 7.10) were recorded using a spectrophotometer

(JASCO UV/VIS/NIR V-570). The corresponding transmission and

reflection spectra are shown in Figure 7.12 a and b respectively.
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Figure 7.12: a) Transmission and b) reflection spectra of ChG nano

colloid doped and undoped preforms.
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It is clear from the transmission spectra that as the
concentration of the chalcogenide glass in the PMMA decreases the
transmission edge gets shifted to lower wavelength side resulting in
an increase in band gap. The shift in the transmission edge can be
made by altering the cluster size or the concentration of the nano
colloid GasSb1iGexsSeso dopant in the monomer. Thus it is possible to
tailor the absorption edge by varying the cluster size of the nano
colloid ChG doped in PMMA fiber. This ability for tunability makes it

promising for novel photonic applications.

7.2.4. Luminescence studies on GasSbisGezsSeso nano colloid doped

PMMA fiber

QD doped fibers can be used as fiber amplifiers. The QD
doped fiber has many advantages, such as wide waveband, flat gain
and low noise, which will possibly promote them to be a new fiber
amplifiers. The key parameters (such as bandwidth and gain) of such
fibers are closely related with the doping concentration and fiber
length. Therefore it is important to research the characteristics of light
transmitted in the QD doped fiber before manufacturing a favourable
fiber amplifiers. In the present work luminescence studies are carried
out in GasSbioGexsSeso nano colloid doped PMMA fiber under
different experimental conditions by changing the doping

concentration and fiber length.

[\
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7.2.4.1. Luminescence studies on excitation with 532nm (DPSS laser).

a)Transverse excitation

A schematic of the experimental set up for the luminescence
studies on excitation with Diode pumped solid state laser (DPSS) is
shown in Figure 7.13. The laser used is Micro DPSS laser model BWT-
50 (B&W) at 532 nm. The fiber is mounted normally on a translation
stage with respect to the incident beam. Pump beam is focused on the
fiber using a convex lens of appropriate focal length. It should be
noted that there is no absorption for nano colloid doped and

undoped PMMA fiber at 532 nm.

Menochromator
PMT-assembdly

DPSS laser
532nm S0mW

exlindrical lens  Computer

== SIS <

Figure7.13: Experimental set up for the luminescence studies on
excitation with Diode pumped solid state laser.

The luminescence from PMMA fiber and C: doped PMMA
fiber is shown in Figure 7.14. The C; doped fiber shows a
luminescence peak at 587 nm whereas it is absent in PMMA fiber.

This clearly shows the effect of nano colloid ChG doped in the fiber.
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Figure7.14: The luminescence from PMMA fiber and C; doped

PMMA with length 8 cm on excitation with DPSS (532
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Figure7.15: Luminous curve for C; doped PMMA fiber at different
laser intensities.

The laser power dependent change in luminous intensity for
the C; doped fiber (with length 8 cm) has been studied and the results

obtained are presented in Figure 7.15. The laser power is changed
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from 18 mW to 50 mW. It is observed that by increasing the laser
power twice, the luminescence peak intensity has changed 7 times. In
order to check the mode of absorption in the fiber the slope of the plot
of log (luminescence intensity) versus log (laser power) is plotted as

shown in Figure 7.16.
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Figure7.16: Log (luminescence intensity) versus log (laser power)
for C; doped PMMA fiber having a length of 8 cm.

The log-log plot indicates the presence of three photon
absorption® in the fiber. This can be due to the increase in effective
interaction length compared to the nano colloid solution which
shows two photon absorption on excitation with 532 nm. Two photon
absorption induced fluorescence was reported by Sheeba et al.¢ in

dye doped PMMA fibers.

The nano colloid GasSb10GexsSeso shows a peak at 590nm and
645nm on excitation with the same laser source. The luminescence
spectra of C; nano colloid and C; doped PMMA fiber are given in
Figure 7.17.
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Figure 7.17: PL spectra of nano colloid ChG (C;) and C; doped
PMMA fiber. (C1-0.54 mg GasSbi1oGeasSego dissolved
in 1ml n-butylamine).

Here a blue shift of around 8nm is observed in doped fiber
compared to that of nano colloid C; solution. The full width at half
maximum has also reduced in C; doped fiber. The observed results are
in line with the results obtained for studies on CdSe/ZnS doped PMMA
fiber by Helmut C. Y. Yu et al. 48. The observed shift in peak fluorescence
wavelengths in doped (QD or dye) fibers can be mainly due to two
reasons 8%, First one is due to the environment surrounding the photon
source, being either QD or PMMA, shifts the electronic resonances. For
QD’s, the structure of its energy levels are highly dependent on their size
and the surrounding dielectric as it changes the shape of the absorption
lines and hence the emission characteristics. Second reason can be due to
the process of emission and reabsorption dependent on the

concentrations of the particles. That is, the change in nanoparticles
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concentration would vary the strength of interaction between particles
thus causing a shift in emission spectrum. The second reason is
particularly reported for solutions, since solution doping leads to high
concentration and the overlap of the emission and absorption bands of

can result in a shifting of the maximum emission wavelength.

The luminescence from the C; doped fiber is also studied as a
function of propagation distance through the fiber by translating the
fiber horizontally across the laser source. Here the illuminating point
on the fiber is varied by allowing different propagation distance. The
luminescence spectra corresponding to different length is given in

Figure 7.18.
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Figure7.18: Luminescence curve for C; doped fiber with different
propagation length.
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It is clear from the plot that the luminescence intensity
increases with length upto an optimum length and after this length
the intensity decreases. It is observed that the optimum length for the
luminescence peak and intensity is 7cm. There exist a clear red shift
in the peak luminescence emission wavelength as the propagation
distance is increased from 3 cm to 7cm. Red shift in the luminescence
peak have been observed in dye doped PMMA fibers also. Similar
results of red shift in the luminescence peak wavelength due to re-
absorption of the emission from the QD doped in the fiber were also
reported on CdSe/ZnS doped PMMA fibers*. Studies on CdSe/ZnS
doped in POF by Cheng Cheng and Xuefeng Peng?! reports the red
shift is determined by both the doping concentration and the fiber
length. The luminescence intensity from C; doped fiber on excitation
with 48 mW DPSS laser increased from 14 *10- (for 3 cm fiber length)
to 100* 104 (for 7 cm) and decreases thereafter to 30 * 10-4. The
observed increase in luminescence intensity up to a certain optimum
fiber length and reduction thereafter is similar to the concentration
quenching in the colloid nano particle solution or dye solutions.
Assuming uniform dopant concentration along the fiber length, if p is
the dopant concentration per unit length, the dopant concentration
for fiber length 1 will be Ip or concentration proportional to 1. Thus an
increase in fiber length will be equivalent to an increase in
concentration. The luminescence intensity dependence on interacting

medium length can be schematically represented as in Figure 7.19.
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Figure 7.19: Schematic representation of dependence of luminescence
intensity on fiber length. Ic is the optimum length at which
luminescence intensity is maximum.

For 3 cm fiber length the concentration will not be sufficient to
show concentration dependence on PL while as the length increases
the concentration of the nano colloid that can interact with the
radiation increases resulting in an increase in luminescence intensity
and shift of luminescence peak towards the nano colloid solution.
Red Shift in emission spectrum with change in fiber length can be
due to the secondary absorption-emission effect in the doped fiber.
The secondary absorption emission can be explained as follows, at a
given wavelength, the PL emitted by one nano cluster may be
absorbed by other neighbouring cluster before it is propagated out of
the fiber. This is named as secondary absorption. The carrier excited
by the exciting beam cannot freely transit to a high level, but only to a
low level, generating the emission with the longer wavelength,
compared with the absorption. Namely, the re-emission after the
secondary absorption can only generate light with longer
wavelength. The re-emitted photons and the original photons make

the red shift. The observed tunability of luminescence peak
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wavelength with fiber length elucidates the potentiality of the
GasSb1oGexsSeso nano colloid doped POF as a length dependent

wavelength tunable device.
b) Excitation axially along the fiber

The experimental set up used for studying the luminous
behavior of the C; doped fiber is shown in Figure 7.20. Here the
pump beam is allowed to propagate through the fiber and the output

is collected using a fiber connected to monochromater PMT assembly.

collecting fiber

Monochromaiar
PhT-ass2mbly

Figure 7.20: Experimental set up for luminescence study from fiber
on excitation with DPSS axially.
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Figure 7.21: Luminescence spectra from C; doped PMMA fiber on
excitation with 30 mW, 48 mW and 50 mW axially.

The luminescence spectra obtained on excitation with a DPSS

laser (532 nm) axially to the C; doped fiber is shown in Figure 7.21.
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Excitation with 50 mW results in luminescence peak at 573 nm and
shoulders at 583 nm and 595 nm. The shoulder at 583 nm is absent on
excitation at 48 mW and 30 mW. Luminescence at 573 nm is observed

in 50 mW, 48 mW and 30 mW laser irradiation.
7.2.4.2. Luminescence from the fiber on excitation with white LED

The experimental set up used for the luminescence studies on
chalcogenide glass nano colloid doped PMMA fiber is shown in Figure
7.22. The set up consist of a white LED connected to a 5V battery as the
excitation source, a 10 cm lens and a chopper connected to the chopper
controller. The chopped beam is again focused using a lens of focal
length 2.5 cm to the fiber. The emission from the fiber is collected using a
collecting fiber and given to the monochromator PMT assembly. The
assembly is connected to a lock in amplifier interfaced to a computer.
The output spectra for the doped and undoped fiber and the spectra of
white LED used are given in Figure 7.23.

Monochromator

PMT-assembly

Figure7.22: Set up used for luminescence studies on fiber using LED.
Photograph of emission from the doped fiber is given in
the top.
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Figure 7.23: Luminescence spectra from the doped, undoped fiber
and the spectra of excitation source.

The PMMA fiber guides the white light from the LED
completely as the output spectrum from the LED and PMMA fiber is
same. Doping effect is clear from the emission spectra. The nano
colloid doped PMMA gives an output of orange light as shown in
photograph. The peak at 600 nm corresponds to the luminescence

from the nano colloid doped in the PMMA fiber.
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Figure 7.24: Luminescence from a) 14 cm and b) 3 cm C; and C;
doped PMMA fiber.

Figure 7.24 depicts the luminescence from fiber with higher
concentrated and lower concentrated nano colloid GasSbioGexsSeso
doped in PMMA. With increase in concentration of nano colloid ChG,
there is a red shift in the PL peak from fiber having 14 cm. The
luminescence studies carried out on the nano colloid GasSb1oGe2sSeso
solutions are presented in chapter 3. The nano colloid show cluster

size dependent change in luminescence peak. The C; and C; solutions
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show luminescence peak at 595 nm and 645 nm on excitation with
nano second laser. The shift is less in fiber with length 3 cm. The
luminescence intensity is higher for C; than C; at 3 cm and higher for
Cz than C; for fiber with length 14 cm. As the propagation distance
increases we expect that the overall magnitude of the fluorescence
intensity decreases in all the cases due to loss mechanisms such as
absorption and scattering of the fluorescence emission. In the present
case the luminescence intensity increases with increase in fiber
length. For 3 cm length, concentration is not sufficient to show
concentration dependence on PL while for 14 cm length we get
sufficient concentration showing the redshift in PL. The redshift

observed is due to the secondary-emission as discussed in 7.2.4.1.
7.3. Conclusions

Optical characterization of the double layered nano composite and
thermally evaporated GasSbi0GeasSeeo are done and the studies show that the
flexible IR transmitting filters can be achieved by suitably stacking the films.
The manufacturing process for the staked films is inexpensive and easy.
Strong photoinduced effect under light irradiation with above bandgap have
wide applications as inorganic photoresists with high resolution, for
preparing different diffractive elements for integrated optics and

telecommunication systems.

New chalcogenide nano colloid doped PMMA fiber was fabricated by
the preform method. The optical studies showed that the size-tunable optical
properties can be achieved in the polymer fibers by addition of nano colloids

of GasSbiGezsSeeo chalcogenide glass. Propagation length dependent
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luminescence studies show that there exist an optimum length at which the
luminescence intensity is maximum. The fabricated fiber also exhibits

tunability in luminescence peak with cluster size of the dopant.
7.4. References

1. P. Yeh, A. Yariv, and C.-S. Hong, “Electromagnetic propagation in
periodic stratified media. 1I. Birefringence, phase matching, and x-ray
lasers”,J. Opt. Soc. Am., 67, 423 (1977).

2. J. N.Winn, Y. Fink, S. Fan, and ]. D. Joannopoulos, “Omnidirectional
reflection from a one-dimensional photonic crystal” , Optics Letters., 23,
1573-1575 (1998).

3. J. D. Joannopoulos, R. Meade, and J. N. Winn, “Photonic Crystals:
Molding the Flow of Light”, Princeton U. Press, Princeton (1995).

4. D. N. Chigrin, A. V. Lavrinenko, D. A. Yarotsky, S. V. Gaponenko, “All-
dielectric one-dimensional periodic structures for total omnidirectional
reflection and partial spontaneous emission control” , J.Lightwave Technol.,
17,2018-2024 (1999).

5. J-Q. Xi, M. Ojha, J. L. Plawsky, W. N. Gill, J. K. Kim, and E. F.
Schubert, “Internal high-reflectivity omnidirectional reflectors” , Applied
Physics Letters., 87, 031111-1-3 (2005).

6. Y. Fink, J. N. Winn, S. Fan, C. Chen, J. Michel, J. D. Joannopoulos,
and E. L. Thomas, “A dielectric omnidirectional reflector”, Science.,
282,1679-1682 (1998).

7. KM.Chen, AW. Sparks, H.C. Luan, D.R. Lim, K. Wada and
L.C Kimerling,” SiO»/TiO, Ommnidirectional Reflector and Microcavity
Resonator via the Sol-Gel Method”, Applied Physics Letters., 75, 3805-3807
(1999).

8. M. Deopura, CK. Ullal, B. Temelkuran and Y.Fink, “Dielectric
Ommidirectional Visible Reflector”, Optics Letters., 26, 1197-1199 (2001).

9. S H. Kim and CKHwangbo, “Design of Omnidirectional High Reflectors
with Quarter-Wave Dielectric Stacks for Optical Telecommunication Bands,”
Optics Letters., 23, 1573-1575 (1998).

International School of Photonics, CUSAT 275



@me/[m 7 Chalcogenide Nano Composites for active and passive photonic devices

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

V. Balan, C. Vigreux, A. Pradel, M. Ribes, “Waveguides Based Upon
Chalcogenide Glasses”, Journal of Optoelectronics and Advanced
Materials., 3, 367 - 372 (2001).

T. Kohoutek, T. Wagner, J. Orava, M. Krbal, Mir.VIcek, ]J.Ilavsky,
Mil. Vlcek and M. Frumar, “Multilayer Planar Structures Prepared from
Chalcogenide Thin Films of As-Se and Ge-Se Systems and Polymer Thin
Films using Thermal Evaporation and Spincoating Techniques”, ]. Non-
Cryst. Solids., 354, 529-532 (2008).

S. Chao, TK. Wang and J.S. Chen, “Graphic method for numerical analysis
of a periodically stratified thin-film omnidirectional reflector”, Applied
Optics., 44, 3448-3453 (2005).

S. H. Kim, and C. K. Hwangbo, “Design of omnidirectional high reflectors
with quarter-wave dielectric stacks for optical telecommunication bands”,
Applied Optics., 41, 3187-3192 (2002).

R. G. DeCorby, H. T. Nguyen, P. K. Dwivedi, and T. J. Clement,
"Planar omnidirectional reflectors in chalcogenide glass and polymer",
Opt. Express., 13, 6228-6233 (2005),

T. Kohoutek, J. Orava, M. Hrdlicka, T. Wagner, Vlcek Mil and M.
Frumar,” Planar Quarter Wave Stacks Prepared from Chalcogenide Ge-Se
and Polymer Polystyrene Thin Films”, ]. Phys. Chem. Solids., 68, 2376-
2380 (2007).

R. G. DeCorby, N. Ponnampalam, M. M. Pai, H. T. Nguyen, P. K.
Dwivedi, T. J. Clement, C. J. Haugen, ].N. McMullin and S. O.
Kasap, “High index contrast waveguides in chalcogenide glass and
polymer”, IEEE ]. Sel. Top. Quantum Electron., 11, 539-546 (2005).

T. J. Clement, N. Ponnampalam, H. T. Nguyen and R. G. DeCorby,”
Improved omnidirectional reflectors in chalcogenide glass and polymer by
using the silver doping technique”, Optics Express., 14, 1789 (2006).

W. Lin, G. P. Wang, and S. Zhang, “Design and fabrication of omnidirectional
reflectors in the visible range”, ]. Mod. Opt., 52, 1155-1160 (2005).
Manifacier ] C, Gasiot ] and Filard P, J. Phys. E: Sci. Instrum., 9, 1002
(1976).

International School of Photonics, CUSAT



Chalcogenide Nano Composites for active and passive photonic devices @fmf,[m 7

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

R. Swanepoel, “Determination of the thickness and optical constants of
amorphous silicon”, J. Phys. E., 16(12), 1214-1222 (1983).

R.G.DeCorby, N. Ponnampalam, H. T. Nguyen and T. ] Clement,”
Robust and Flexible Free-Standing All-Dielectric Omnidirectional Reflectors”,
Adv. Mater., 19, 193-196 (2007).

R Todorov, ] Tasseva, Tz Babeva and K Petkov,” Multilayer As;Ses/GeS:
quarter wave structures for photonic applications”,J. Phys. D: Appl. Phys,,
43, 505103(2010) .

E. Bormashenko, S. Sutovsky, and R. Pogreb,“New oriented polymer
/thermoplastic glass composites for IR optics”’, Advanced Engineering
Materials,, 2, 657-658 (2000).

J.Q. Xi, M. Ojha, J. L. Plawsky, W. N. Gill, J. K. Kim, and E. F.
Schubert,” Internal high-reflectivity omnidirectional reflectors”, Appl.
Phys. Lett., 87, 031111-1-3 (2005).

Edward Bormashenko,Roman Pogreb, Zosya Pogreb and Semion
Sutovski, ”Development of new near infrared filters based on the
“sandwich”  polymer-chalcogenide glass-polymer composites”, Optical
engineering., 40, 661 (2001).

R. Tintu, V.P.N. Nampoori, P. Radhakrishnan and Sheenu Thomas,
“Photoinduced changes in optical properties of Ga-Sb-Ge-Se glasses”,
Optics Communications., 284, 222-225 (2011).

P. A. S. Jorge, M. Mayeh, R. Benrashid, P. Caldas, J. L. Santos, and
F. Farahi, “Applications of quantum dots in optical fiber luminescent
oxygen sensors”, Appl. Opt., 45(16), 3760-3767 (2006).

M. Van Eijkelenborg, M. Large, A. Argyros, J. Zagari, S. Manos,
N. Issa, I. Bassett, S. Fleming, R McPhedran, C. Martijn de Sterke and N.
A. Nicorovici, “Microstructured polymer optical fibre”, Optics Express., 9,
319-327 (2001).

P. St.J. Russell, “Photonic-crystal fibers,” ]J. Lightwave Technol., 24,
4729-4749(2006).

A. Argyros, M. A. van Eijkelenborg, S. D. Jackson, and R. P. Mildren,
“Microstructured polymer fiber laser”, Optics Letters., 29, 1882-1884 (2004).

International School of Photonics, CUSAT 277



@me/[m 7 Chalcogenide Nano Composites for active and passive photonic devices

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J. Brandrup, E.H. Immergut, D.R. Bloch and E.A. Grulke, “Polymer
Handbook”, Volume 2, Wiley (2003).

L Eldada and L.W Shacklette,” Advances in polymer integrated optics,
IEE.]. Select. Top. Quantum Electron., 6, 54 (2000).

C. Cheng, “ A multi-quantum-dot-doped fiber amplifier with characteristics of
broadband, flat gain and low noise”, J. Lightw. Technol., 26, 1404-1410
(2008).

O. Ziemann, J. Krauser, P. E. Zamzow and W. Daum, “POF
Handbook”, Springer Berlin (2008).

Lee H.C, Akhtar MSS, Park J.G, Kim KJ, Lee SK, O.B. Yang,” Carbon
nanotube (CNT)-polymethyl methacrylate (PMMA) composite electrolyte for
solid-state dye sensitized solar cells”, ] Nanoscience Nanotechnology.,
10(5), 3502-7 (2010).

Stephen Y. Chou, Peter R. Krauss, and Preston ]. Renstrom,”
Nanoimprint lithography”, J. Vac. Sci. Technol. B., 14(6), 4129-4131
(1996).

G. A Kumar, Vinoy Thomas, Gijo Thomas, N .V. Unnikrishnan and V.
P. N. Nampoori “Energy Transfer in Rh 6G: Rh B system in PMMA matrix
under CW laser excitation”, J.Photochem. Photobiol A: Chemistry.,
153,145-151(2002).

S. Gross, D. Camozzo, V. Di Noto, L. Armelao, and E. Tondello,
“PMMA: A key macromolecular component for dielectric low-x hybrid
inorganic-organic polymer films”, Eur. Polym. ]., 43(3), 673-696 (2007).
J.C. Knight, T.A. Birks, P.St.J. Russell and D.M. Atkin, “All-silica
single-mode optical fiber with photonic crystal cladding”, Optics Letters.,
21, 1547-1549(. 1996).

H. C. Y. Yu, C. Barbe, K. Finnie, F. Ladouceur, D. Ng and M. A. van
Eijkelenborg, “Fluorescence from nano-particle doped optical fibres,”
Electron. Lett., 42, 620-621 (2006).

T.P. Mthethwa, M.J. Moloto, A. De Vries, K.P. “Properties of
electrospun CdS and CdSe filled polymethyl methacrylate (PMMA)
nanofibres”, Matabola Materials Research Bulletin., 46, 569-575(2011).

International School of Photonics, CUSAT



Chalcogenide Nano Composites for active and passive photonic devices @fmf/{m 7

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

H.CY. Yu, M.A. van Eijkelenborg, S.G. Leon-Saval, A. Argyros and
G.W. Barton, “Enhanced magneto-optical effect in cobalt nanoparticle
doped optical fibrer”, Applied Optics., 47, 6497-6501( 2008).

X. Yang and L. Wang “Silver nanocrystals modified microstructured
polymer optical fibres for chemical and optical sensing”, Opt. Comm., 280,
368-373 (2007).

M. C. J. Large, S. Ponrathnam, A. Argyros, N. S. Pujari, and F. Cox,
“Solution doping of microstructured polymer optical fibres”, Opt.
Express., 12(9), 1966-1971 (2004).

M. C J. Large, A. Argyros, F. Cox, M. A. van Eijkelenborg, S.
Ponrathnam, N. S. Pyjari, I. M. Bassett, R Lwin, and G. W. Barton.
“Microstructured polymer optical fibres: New opportunities and challenges,”
Mol. Cryst. Liq. Cryst., 446, 219-231 (2006).

Sheeba M, ”Fabrication and Characterization of Polymer Optical Fibers
for Photonic Device Applications”, PhD Thesis, CUSAT, Cochin (2008).
W Daum, ] Krauser, P E Zamzow and O Ziemann, “POF-Polymer
Optical Fibers for Data Communication”, Springer, New York (2002).

H. C. Y. Yu, A. Argyros, G. Barton, M. A. van Eijkelenborg, C.
Barbe, K. Finnie, L. Kong, F. Ladouceur, and S. McNiven, “Quantum
dot and silica nanoparticle doped polymer optical fibers”, Optics
Express., 15 (16), 9989-9994 (2007).

Jick H. Yee,” Three-Photon Absorption in Semiconductors”, Physical Review
B., 5, 449-459 (1972).

Helmut C. Y. Yu, Alexander Argyros, Sergio G. Leon-Saval, Alex
Fuerbach, Anatoly Efimov, and Geoff W. Barton, “Emission properties of
quantum dots in polymer optical fibres”, Optics Express., 17 ,21344 (2009).
Cheng Cheng and Xuefeng Peng, ”Spectral Characteristics of a
Quantum-Dot (CdSe/ZnS)-Doped Fiber in Low Concentrations”, Journal
of Lightwave Technology., 27, 1362-1368 (2009).

International School of Photonics, CUSAT 279



%m8

CONCLUSIONS AND FUTURE PROSPECTS

This chapter deals with the summary of the work reported in this
thesis along with an outline of the future prospects. The overall goal of the

thesis was to fabricate new chalcogenide glass based nano composites for

device applications.
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8.1. Conclusions

>

GasSbioGezsSes, GeasSesoGas and GexsSbi2Seso  bulk glasses were
prepared by melt quenching method. The prepared samples were found
to be amorphous in nature by XRD analysis. The DSC analysis on the
investigated samples show that they have having high glass transition
temperature (above 200°C). Optical absorption studies on the samples

show they are having high transparency in the IR region.

Thin films of GasSbiGexsSes GexsSesoGas and GexsSbnSes were
fabricated using thermal evaporation technique at a pressure of 2*10 -
mbar and at a rate of 10A%s. The prepared thin films were found to be
homogeneous and amorphous in nature. The transmission spectra and
reflection spectra of vacuum evaporated thin films taken at normal
incidence have been analyzed for the calculation of wvarious optical
parameters. The films were found to have good transparency in the IR
region. The refractive index and film thickness are calculated by using
envelope method proposed by Swanepoel’s method. The optical absorption
in the given systems seems to be of non-direct type and the optical
bandgap determined in the strong absorption region by Tauc’s
extrapolation method. The optical parameters of the thin films like width
of the band tails, extinction coefficient, dielectric constants, optical
conductivity, dispersive energy, oscillator energy, static refractive index
Jhigh frequency dielectric constants ,third order non linear susceptibility
and nonlinear refractive indices were calculated using dispersive analysis

of the refractive index using WDD model and generalized Millers rule.
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> Rare earth erbium doped GexsSbi:Seso bulk and thin films were
studied. The optical energy gap has been found to increase with
increase in erbium content. The increase can be interpreted as due to

the decrease of the width of the tails of localized states in the band gap.

> The photoinduced studies on GasSbioGezsSes and GezsSbiSeeo thin
films prepared by thermal evaporation show a red shift in absorption
edge on irradiation with near and above band gap lasers. The observed
red shift in absorption edge was due photodarkening mechanism in the
films. The photodarkening found in the investigated samples depends
on the exposure time, energy and power of the laser used. The
photosensitivity in the films was studied by analyzing the
transmission spectra and reflection spectra. The photosensitivity in the
investigated films shows a dependence on the penetration depth of the
laser beam. The shift in absorption edge was accompanied by a shift in
other optical parameters like increase in width of the localized states,
refractive index etc.The photodarkening can be attributed to the
increase in the disorder due to creation of defect states. This darkening
effect shows a saturation effect after a particular exposure period. The
saturation can be due to the finite number of photo darkening sites
which cannot be greater than the number of atoms in the glass. Studies
show that a low power radiation was sufficient to provide a shift in the
absorption edge and a change in the refractive index. This mechanism
in GasSbioGesSes and GezsSbiaSeeo thin films can be used to realize
continuous wave laser written waveguide and for fabricating

photosensitive optical components for various applications.
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> Nano colloids of GasSbioGezsSes, GeasSesoGas,  Ge2sSbiaSeso
chalcogenide glasses were synthesized by dissolution in n-butylamine
solvent. The formation of nano clusters in the solution was confirmed
by the H! NMR and SEM along with EDAX analysis. The optical
absorption studies show a blue shift in the absorption edge with
decrease in cluster size (as the concentration of bulk chalcogenide glass
decreases the cluster size decreases). The ordering and the defects also
vary with the decrease in cluster size. This enables us to realize special

requirements by engineering their concentration.

> Photoluminescence studies on GasSbi10GeasSes | GeasSeeoGas and
Ge2sSb1aSeeo nano colloids shows a cluster size and excitation
wavelength  dependent  change in  emission  spectra.  The
photoluminescence intensity of nano colloidal solutions of investigated
chalcogenide glass change almost in proportion to changes to bandgap
which in turn is related to the cluster size. Nano colloid solutions yield
a strong two-photon induced luminescence signal. Two-photon
induced luminescence was verified by a quadratic dependence of
emission intensity on the excitation power. Owing to their
advantageous size-tunable optical properties and good quantum
efficiency, they are an important class of novel functional materials for

bio imaging and other optoelectronic applications.

> Thermal diffusivity studies carried out on GasSbioGezsSes and
Ge2sSb12Seeo nano colloids using thermal lens technique show a
decrease in thermal diffusivity value with an increase in concentration
of chalcogenide glass in the solution. It was found from the linear

absorption measurement that with decreasing concentration of ChG
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(where by cluster size decreases), the E; value increases. This can be
attributed to the decrease in the number of defect states in the
forbidden gap, which can offer minimum resistance to propagating

thermal waves due to reduced scattering.

> Nonlinear optical response of mnano colloid GasSbioGezsSes,
GezsSesoGas, GeasSbi2Seso samples studied using nanosecond Nd:YAG
(532nm) laser pulses shows that they are highly nonlinear exhibiting
reverse saturable absorption. The observed nonlinear absorption has
been explained through two photon absorption. The measured value of
nonlinear absorption coefficient (B) for the samples decreases with
decreasing cluster size and increasing input intensity. Increasing the
concentration results in the enhancement of the cluster size which
results in the reduction of the limiting threshold thereby enhancing the

optical limiting performance.

> A low-cost, scalable method was used to fabricate optical grade
composite thin films for nonlinear optical applications. The AFM and
EDAX analysis done on the composite films confirms the presence
chalcogenide nano clusters in the films. The transmission and
reflection  spectra  of  prepared GasSb10GeasSeg/PVA,
GezsSesoGas/PVA,  GexsSbiSesoy/PVA  composite  films — were
investigated .Optical band gap of the thin films were calculated using
Tauc’s extrapolation method. The band gap of the nano composite thin
films was found to be tunable depending on the grain size of the films.
Nonlinear optical characterisation of the films studied by the z-scan
technique show reverse saturable absorption, which makes it useful for

optical limiting applications. The third-order optical susceptibility y©
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studies in the composite films with different grain size show that the
non linear susceptibility is highly dependent on particle size and
fluence of the laser beam used for studies. The studies show that the
prepared nano composite films are promising candidates for optical

limiters and for the development of nonlinear optical devices.

> Optical characterization of the double layered nano composite and
thermally evaporated GasSb1oGezsSeeo were done and the studies show
that flexible thin composite IR transmitting filters can be achieved by
suitably stacking the films. The manufacturing process for the stacked
films is inexpensive and easy. Strong photoinduced effect under light
irradiation with above bandgap have wide applications as inorganic
photoresists with high resolution, for preparing different diffractive
elements for integrated optics and telecommunication systems.
Photonic bandgap structures were fabricated which shows a path way

for making new waveguides.

>  Chalcogenide nano colloids doped PMMA fibers were fabricated using
preform method. The optical studies show that the size-tunable optical
properties can be achieved in the polymer fibers by addition of nano
colloids of GasSbioGexsSeso chalcogenide glass.  Propagation length
dependent luminescence studies show that there exist an optimum length
at which the luminescence intensity is maximum. The fabricated fiber also
exhibits tunability in luminescence peak in accordance with the cluster

size of the doped ChG nano colloid.
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8.2. Scope for Future Work

Many opportunities exist for extending the research.

R/
0.0

In terms of glass science, the composition space examined in this
study could be expanded to include sulfide, telluride, mixed-anion

systems and nano particles like carbon nano rods, ZnO etc.

The structural analysis of the glasses can be investigated using
different methods to understand the bonding in the glasses. The
physical properties of the glasses related to the molecular
structure of the glass network can be studied since the physical
properties influences the density of lone electron pairs, and the
average coordination of bond strength of the various network
units. Thus assessment of bond statistics and the associated
bond energies and lone electron pair densities are predictive
tool to estimate linear and nonlinear optical properties, glass
transition temperatures and microhardness in the investigated

glass systems.

Despite different models presented so far, the context of
photosensitivity in the chalcogenide glasses still lack a
comprehensive microscopic model which could describe all the
experimental observations. Thus the establishment of such a
model to elucidate the physical origin of observed
photoinduced phenomena in chalcogenide glass materials

seems to be essential and can be investigated.
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K/
0’0

0,
0‘0

Photosensitive processes of the films can be used to fabricate
optical structures such as Bragg gratings, waveguides, and

holographic devices.

Thin films of the investigated samples in this thesis can be
prepared by other methods like Pulsed laser deposition,

chemical vapour deposition etc and can be compared.

Prepared glasses can be used for the fabrication of spatially
variable infrared photonic band gap filter by quarter wave
stacking high refractive index contrast chalcogenide glasses that
are thermally evaporated on a substrate consecutively.
Applications of variable wavelength all-chalcogenide IR filters
may potentially include portable miniaturized (IR),
spectrometers, disposable chemical and biological sensors etc. It
is also possible to fabricate hollow-core omnidirectional on-chip
waveguide structures for photonic applications at near- and
mid-IR wavelengths using the prepared chalcogenide glass by

properly designing it for multilayer formation.

Fabrication of on -chip optical interconnects and microcavity for
multifunctional intergrated optics can be done on silver
photodoped chalcogenide glasses. The etch resistivity exhibited
by silver doped chalcogenide glass can be utilized for realizing

strip waveguides.

Radial polymer/chalcogenide multilayers form otherwise a

perfect omnidirectional mirror, which guides light through the
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hollow core of the transmission fibers. Polymer composites with
different polymers can be studied. Micro ring resonators can be

fabricated using chalcogenide glass/Polymer composites.

% Studies on nano colloid solution of chalcogenide glasses can be
made by doping other metal/semiconductor nano particles. The
synthesis of the nano colloid can be tried in different solvents.
The dissolution mechanism and the resulting products of the
investigated samples are not clear so the studies can be
proceeded on that.

R/

% The inverse opal chalcogenide photonic crystals could be
achieved in nano colloid based chalcogenide opal films by

conventional lithographic techniques.

% Combination of a photorefractive nano colloid chalcogenide
glass cladding with a distributed Bragg reflectors grating on top
of Quantum cascade lasers can be used for trace-gas detection
in the mid-infrared where the spectroscopic “fingerprints” of
most atmospheric trace gas are found.

R/

% New chalcogenide nano colloid doped PMMA fiber can be used

for writing grating.

% Microstructured PMMA fibers doped with nano colloid ChG
can be tried which can lead to application-specific fibers with
potential use in sensing, engineering, medicine, textiles and

communications.
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