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Abstract

The influence of Bi2O3 on the physical, structural and photoluminescence properties

of Tm3+ doped borotellurite glasses with composition 10CaF2-xBi2O3-(59-x) B2O330TeO2:1Tm2O3 where x = 0, 5, 10, 15 and 20 wt.% have been studied. All samples
were synthesized by using conventional melt quenching method.X-ray diffraction
(XRD) and infrared (IR) spectra analysis were employed to investigate the structural
change in the glass matrix from which the XRD confirmed the glassy nature for all

samples while IR studies revealed the structural transformation betweenTeO4 and
TeO3; BO3 and BO4; BiO3 and BiO6when Bi2O3 concentration was changed. Thermal
analysis was carried out by using differential thermal analysis (DTA) which revealed

that, all samples exhibit better thermal stability compared to fluoride and crystalline
based materials. Through UV-Vis-NIR spectra, it was found that the increase in

Bi2O3 concentration beyond 10 wt. % decreases the optical band gap values while

Urbach energy values observed to exhibit an opposite trend which was attributed to

the formation of more number of non-bridging than bridging oxygen’s in the glass
matrix. Photoluminescence (PL) spectra (at 800 nm excitation wavelength) proved

on the existence of Bi+ ions which plays the role of improving the Tm3+ emissions at
1200 nm and 1800 nm due to energy transfer process between Tm3+and Bi+ ions in

the glass matrix. Through Judd-Ofelt analysis, it was found that, all samples exhibit
high values of stimulated emission cross sections and radiative lifetimes which brand
them to be considered as auspicious candidates for the NIR emission applications.

Key words: borotellurite glasses,NIR emission, thermal stability parameters, optical
band gap and Urbach energy, IR spectra, and Judd Ofelt analysis.
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1.1General introduction

CHAPTER ONE

1.1.1 The nature of the glass

Unlike crystalline materials, glasses are type of materials which do not exhibit long
range regularity in their atomic structures. Elliot (1983) and Shelby (2005) define

glass as an amorphous solid completely lacking in long range, periodic atomic
structure exhibiting a region of glass transformation behaviour. Glasses are the oldest

materials that show an interesting history with a wide range of applications. For
instance, early Egyptians were taking glasses as very superior things. This is proved
by the existence of glass beads found in the tombs of ancient pharaohs.

Due to the development of science and technology, human being has been producing
different species (systems) of glass by using various techniques such as thermal

evaporation, sputtering, glow-discharge decomposition, chemical vapour deposition,
gel desiccation, electrolytic deposition, shock-wave transformation and shear

amorphization. In line with Sabadel et al., (1997), melt quenching method involves

only the rapid cooling (quenching) of the molten batch materials thus, it is the
simplest method and commercially achievable.
Glass forming systems

The question on why some compounds do not form glasses when quenched has been

an ongoing challenge in this field. To answer this question, several approaches have
been used. For instance, Goldschmidt (1926) state that, the criteria for the materials

to form glass is based on the general formula RnOm, where R is the cation atom, O is
the oxygen atom and n and m represent just numbers. According to this theory, the
system is able to form glass only if the ionic radius ratio (R/O) is in range of 0.2-0.4.

Despite the apparent convincing ideas on the ability of compounds to form glasses,
the theory proposed by Zachariasen (1932) has recently been considered as a

successful approach in predicting the possible components of the glasses to be
designed for performing a specific application. As documented in this theory,

materials/compounds can be classified as former, modifier, flux or intermediate. This
classification is based on the role a given chemical compound plays during glass
formation process.
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Glass formers

These are chemical compounds that form the glass networks. These compounds are

able to form glasses by themselves. Agreeing to Zachariasen, SiO2, GeO2, B2O3,
As2O3 and P2O5 are examples of good glass formers.
Glass intermediates or Conditional glass formers

Referring Rawson (1952), compound such as TeO2, WO3, MoO3, Ga2O3, Al2O3 and

V2O5 are called conditional glass formers. These compounds cannot form glasses by
themselves but can form glasses when mixed with other oxides to within particular
limit of percentage.

Glass modifiers/ network modifiers

They are the alkali and alkaline earth compounds (Li2O, Na2O, K2O, BaO, ZnO, PbO

and Bi2O3) which play the role of breaking the formers network in the glass matrix.
Rawson (1952) and Zachariasen (1932) informed that, these compounds
depolymerises the glass networks there by forming ionic bonds with oxygen atoms

there by producing non-bridging oxygen’s (NBOs) in the glass matrix which alters

the optical, physical and structural behaviour of the glasses.It should consequently
berenowned that, knowing the role of compound, one can be able to design a glass
system that can perform a required property.

At present, a variety of glass systems have been demonstrated. These includes

tellurite (TeO2) based glasses Marzuki et al. (2017) borate based glasses (B2O3)

Mahraz et al., (2014) and fluoride based glasses Gibbs et al., (2007) which show a

wide range of differences to allow them to perform a specific task. Applications of
some previously studied glass systems (M.H et al., (2001); Dumbaugh (1986);
Beneventi et al., (1995); Jellison et al., (1998) & Rebien et al., (2002)) are
summarized in table 1.1.

2

Table 1.1: The application of glasses
GLASS TYPE
Borate based glasses
Bismuthate based
glasses

Germanate based
glasses

APPLICATIONS

-To make insulating and dielectric materials
-In the optical and opto-electronic fields.

-As layers for optical and electronic devices.

-Thermal and mechanical sensors, reflecting windows.
-In optical switching.

-In broadband amplification devices.
-In optical devices.
-In thin film solar cells.

-Luminescent phosphors.
Zinc oxide based
glasses

Optical coatings.

-Piezoelectric transducers.

-Gas sensors.

-As transparent light emitting diodes.
-UV optoelectronic devices.
Tellurite based
glasses

Heavy metal oxide
based glasses

-In areas of optoelectronics such as laser technology and
fibre optics.

-In electric and electronic fields.
-As dielectric materials

-In advanced telecommunication and processing devices.

1.1.2 Glasses for photonic applications

The term photonic refers to the technology which uses the light to transmit

information from one region to another (Tick (1998)). It is interesting to note that,
glass materials are very potential materials in making photonic devices such as

optical amplifiers, laser fibres, telescopes, microscopes to mention a few. This is

because, they exhibit good ability of hosting trivalent rare-earth (RE) ions which act

as luminescent activators and also they have good compositional flexibility
(Arulmozhi and Sheelarani (2011); Azlan et al., (2015); Linganna et al., (2016) &
3

Kabalci et al., (2017)) enabling them to be modified for specific photonic
application.

The advancement in science and technology has enabled the use of glass materials
(operating in the near infrared region) in many potential fields. For instance, in

military, atmospheric sensing, medical surgery and eye safe laser radar (Jackson and

Mossman (2003); Cornacchia et al., (2009); Angeli et al., (2013) &Cankaya et al.,
(2018)).

The previous researches on various photonic glasses such as fluoride, borate (B2O3),
tellurite (TeO2) and bismuthate (Bi2O3) reveal that photonic glasses applied in the

mentioned fields possess good values of rare-earth compatibility, third order nonlinear susceptibility, refractive indices , emission cross section, branching ratio and

radiative lifetimes values (Caird (1975); Yeh et al.,(1987); Yeh et al.,(1989); Zhang
et al. (2009); Ding et al. (2012); Ya-Pei Peng et al. (2014) & Cankaya et al., (2018)).

Lately, in pursuance of manufacturing better optical materials Halimah et al. (2015)

and Hajer et al., (2016) informed that, borotellurite (B2O3-TeO2) glass systems are
the best candidates since they exhibit higher values of third order non-linear

susceptibility, refractive indices, emission cross sections, branching ratio, radiative

lifetimes value and high transparency in the infrared (IR) region of electromagnetic

spectrum than other glass systems. For this reason, extensive efforts have recently
been undertaken to investigate the physical, structural and optical properties of
different B2O3-TeO2 modified glasses. For instance, Teshav (2017) and Ghada et al.,

(2019) demonstrated on the physical, structural and optical properties of Bi2O3-TeO2B2O3 and CdO-B2O3-Bi2O3-TeO2 glass systems respectively. However, no
information is available for theTm3+ doped CaF2-B2O3-TeO2based glass system.

It is well known that, the process of forming glass involves physical trapping of the

atmospheric gases Shelby (2005) which tend to form bubbles in the glass batch as a

result it reduces the optical quality and physical strength of the formed glass. Na2O,
PbF2, CaF2, NaALF6 (Watanabe et al., (2004) and Shelby (2005) are among of

compounds which are used to reduce the glass processing temperature and removing
the formed bubbles. In the present study, the author preferred to use CaF2 because it
is easy to get, environmental friend and it does not involve much cost.

Indeed, rare-earth ions of lanthanide series have been demonstrated to be potential
dopants in glasses applied in photonic fields.
4

This is because they possess more number of fluorescing energy states in the 4f
electronic configuration (Hufner (1968)). However, depending on the local structure
of the glass matrix, the excited state lifetimes and non-radiative paths can be

adjusted. To provide the new insight on the near infrared emission (NIR)

performance of CaF2- B2O3-TeO2 glass system, we have selected Tm3+ (out of
different rare-earth ions such as +, Nd3+, Er3+,Dy3+ ) as a dopant into CaF2- B2O3-

TeO2 based glass because, Tm3+ provides broad emission bands covering the empty
region (1400nm-2700nm) between that of neodymium (Nd3+) and erbium (Er3+)
systems but also has 3H6 ground state which does not need much energy to excite

electrons into higher states (it can be pumped by the commercially cheap laser diodes

~800nm source). Fundamentally, to avoid concentration quenching effect Pinto et al.,

(1994), a fixed 1 wt. % (where wt. % is the weight percentage in the glass matrix)
concentration of Tm3+ ions has been used. This doping level is higher than 0.5 wt.
%which has been mostly used in other Tm3+ doped glass systems. The use of Tm3+

concentration greater than 0.5 wt. % follows the fact that B2O3-TeO2 system has
more rare-earth solubility Teshav (2017) and Ghada et al., (2019)) than other glass
systems.

Despite the demonstrations that Tm3+ doped glass systems are the best materials for

the NIR emission applications pointed previous, there exist a number of studies

elucidating the performance of bismuth ions (Bi+)in the NIR region of an
electromagnetic spectrum(Fujimoto (2001), Fujimoto (2003), Sun et al., (2011) and
Li et al., (2014)). In view of this, it is very motivating to explore the NIR

performance in the glass systems that contain more than one luminescent activators
(Tm3+ and Bi+).

Consequently, the present investigation discusses the possibility of the new (1 wt. %)

Tm3+doped CaF2-B2O3-TeO2 system to form glass and the influence of Bi2O3
(Bi+)modifier on the physical, structural and photoluminescent behavior of this glass

system. Moreover, Bi2O3 is given priority in contrast to other heavy metals like BaO
and PbO because it is environmental friend and itsuniqueness of acting as
luminescent activator.
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1.2 Statement of the research problem

Rare-earth doped glasses exhibiting high transparency in ultraviolet (UV)-mid

infrared (IR) region of electromagnetic spectrum have been proved to play many
vital roles in the photonic fields such as remote sensing, medical surgery, and eye
safe laser radar (Tick (1998); Yong soep Han et al. (2003); Cornacchia et al., (2009)

& Angel et al., (2013)). In view of this, extensive investigations have recently been
demonstrated on Tm3+ doped glasses because they exhibit a broad emission bands
covering the empty region between that of Nd3+ and Er3+ (Cankaya et al., (2018)).

Among many Tm3+ doped glasses, Tm3+doped fluoride glass systems and crystals
have been extensively investigated for the mentioned applications. This is because

they exhibit excellent optical performance in Uv-NIR region of an electromagnetic

spectrum (Almeidaet al., (1991)). However, due to the poor thermal stabilities
Mactarlane et al., (1997 and Gibbs et al., (2007) these systems require complex
technique to synthesize photonic devices.

In order to overcome this problem, much effort have been lately undertaken on
borotellurite (B2O3-TeO2) glass systems because they show an improved thermal

stability and good rare-earth ions compatibility which reduces the concentration

quenching effect as compared to fluoride and crystal systems (Halima et al., (2015),
Hajer et al., (2017) & Dimitrov (2017)).

Despite the existence of few studies on the physical and structural properties ofB2O3TeO2 glass systems, the spectroscopic investigation of Tm3+ doped CaF2-B2O3-TeO2
glass system is missing.

Among many studied modifiers (BaO, PbO, CdO to mention a few), Bi2O3 is of
special interest due to its uniqueness of acting as luminescent activator (Bi+) for the

NIR emissions (Rawson (1952), Zachariasen (1932) and Shelby (2005)). Thus,
incorporating Bi2O3 intoTm3+ doped CaF2 -B2O3-TeO2 glass system produce an

interesting glass system (Tm3+ doped CaF2 - Bi2O3-B2O3-TeO2) that contain two
active centres (Bi+ andTm3+).

It is therefore interesting to study the influence of Bi2O3 content on the physical,

structural and photoluminescence properties of the new (10CaF2-xBi2O3-(59-x)
B2O3-30TeO2:1wt. % Tm2O3, where x = 0, 5, 10, 15 and 20 wt. %) glasses in order to
provide more insight on their performance in the NIR region.
6

1.3 Objectives

1.3.1 General objective

To study the influence of Bi2O3 on the physical, structural and photoluminescence

properties of thulium ions doped borotellurite glasses for the near infrared emission
applications.

1.3.2 Specific objectives

(i) To assess the impact of Bi2O3incorporation into Tm3+ doped CaF2 -B2O3TeO2 based glass on various physical and optical parameters.

(ii) To study the effect of Bi2O3concentration into Tm3+ doped CaF2 -B2O3TeO2 glass system on the structural polymerization parameters.

(iii)To establish the relation between Bi2O3 concentration and Judd-Ofelt
intensity parameters ofTm3+ doped CaF2-Bi2O3-B2O3-TeO2glass system
by means of absorption and photoluminescence spectra.

1.4 Research hypotheses

(i) Bi2O3concentration affects the physical and optical parameters of
borotellurite glasses.

(ii) Bi2O3concentration influences the structural polymerization parameters
of the glass

(iii) Judd Ofelt intensity parameter depends on Bi2O3 concentration.

1.5Significance of the study

(i) The results under the present investigation, provides more data on

Bi2O3 containing glasses for the development of photonic devices used
in the NIR emission applications.

(ii) It provides the information on the structural aspects of the present

glass system which is very essential for understanding and estimating
various other physical properties.

(iii)This study is so beneficial towards the focus of our country on the

mission of industrialization there by increasing the number of experts

in the materials science field particularly in the glass manufacturing
industries hence, the increase in economic status of our country.

7

2.1 Literature review

CHAPTER TWO

2.1.1 Review of rare-earth doped glasses

Rare-earth (RE) doped glasses have been actively investigated and reported to be

potential materials for various applications. As pointed by Angeli et al., (2013) the
applications include optical fibers, optical amplifiers and laser waveguides. The
studies on incorporating rare-earth ions as a dopant in the glass matrix have been of

great significant for the photonic applications due to their extraordinary properties of
optical transitions in the 4f shell Hufner (1968) that they are weakly perturbed by the

surrounding ligands hence they show sharp absorption and luminescence properties.
Furthermore, rare-earth elements influence glasses to exhibit different colours which

depends up on the electronic structure and chemical composition of the base glass
(Madej et al., (2010)).

Up to now, various rare-earth ions which includes Er3+, Ce3+, Eu3+, Tm3+, Nd3+, Yb3+,
Pr3+ have been studied in various glass systems and reported to act as luminescent

centres in the glass matrix and therefore plays an important role in the spectroscopic

properties of the materials. For instance, the study of neodymium (Nd3+) and
praseodymium (Pr3+) in various glass hosts proved that the materials doped with

small amount of these elements are suitable candidates for the emission band centred
near 1.3μm while Erbium (Er3+) doped systems as a suitable candidate for making
commercial amplifiers operating at 1.5μm wavelength window (Wang (1994)).

Another observation is from Jin Zeng and ShiQuing (2015) for Tm3+ doped NZMT
glasses which demonstrated that NZMT glasses are promising materials for
amplifiers operating at around 1.47μm.

From the previous researches Snitzer (1961); Frith et al., (2005) and Tang et
al.,(2011) it has been revealed that, rare-earth doped silicate based glass systems
were the best commercial materials for synthesizing optical devices particularly glass
lasers which is due to their excellent glass stability, chemical durability and better
fluorescent behavior. However, with the widespread understanding on the optical

glass systems for the applications such as telecommunications, optical sensors and

medical surgery, variety of new rare-earth glass hosts such as borate, tellurite,
bismuthate, phosphate, germanate, borotellurite to mention a few have emerged and

as referred from Balda et al., (2007); Xu et al., (2011) and Halima et al., (2015) this
8

is because these glasses shows better rare-earth solubility and improved optical

performances than silicate glasses. Moreover, Walsh et al., (1998); Balda (2007);

Gebavi et al., (2009); Tian et al., (2010); Angel et al., (2013); Hajer et al., (2016)
and Cankaya et al., (2018) found out that due to factors such as being easily to be

pumped by cheaply available 800nm laser diode sources and ability to provide a
broad emission bands (1400-2700nm) in different glass hosts, out of all rare-earth

elements, Tm3+ is the best hence much efforts now days are reporting on Tm3+ doped
glass systems. To add on this, the emissions around 1400-2700 nm plays an

important role in the application like military, atmospheric sensing devices, medical

surgery and eye safe laser radar Jackson and Mossman (2003) and Cornacchia et al.,
(2009) thus, investigating Tm3+ doped glass systems is of technological benefit.

Compared to the emissions from Nd3+, Dy3+ and Pr3+ doped glasses which shows an

efficient performance in optical band around 1.3μm Wang et al., (1994), Tm3+doped

glasses show an efficient optical performance in optical bands around 1.4μm which
is due to transition from 3H4 to 3F4 and around 2.0μm due to 3F4 to 3H6 Cankaya et

al., (2018). Indeed, the transition 3F4 to 3H6hasextensively investigated in various

glass hosts because the emissions originating from 3F4 plays role in the applications
mentioned previous. It should therefore declare that; glass host play a great role in
obtaining the desired optical performance.

In order to obtain an efficient Tm3+ doped system, it is necessary to keep doping
level below a certain value so as to avoid strong coupling among the active centres
themselves an effect called concentration quenching (Wang et al., (1994)). Wang et

al.,(1991) found that Tm3+ concentration in the glass matrix affects the life times of
different energy levels of active centres thus; the efficient of an optical performance
is influenced by doping level and type of the glass host.

2.1.2 Review of some potential Tm3+ doped optical glass systems
Tellurite (TeO2) based glasses

Tellurite (TeO2) based glasses were discovered by Stanworth in 1952. Structurally,

Jhaet al., (2012) informed that, TeO2 is a conditional glass former existingas TeO4
trigonal bipyramid and TeO3 trigonal pyramidal structure units. To add more,Wang

et al., (1994); Ahmmada et al., ( 2012 ) and Marzuki et al.,(2017) reported that Tm3+
have been used in doping these glasses because they exhibit an optical interesting

properties such excellent transparency in the visible and infrared regions (0.4-6
9

μm),broad fluorescence bandwidth, high refractive index (~2), low melting points,

high dielectric constants, high electrical conductivity and relatively low phonon
energies (700–750 cm -1), hence non-radiative decay is relatively low which leads to
relatively high luminescence quantum efficiencies.
Fluoride based glasses

From the previous discussion, Tm3+doping concentration has been a great challenge
in this field. Balda et al., (1996) and Gibbs et al., (2007) demonstrated that fluoride

based glass systems have been considered as an important host because they can be
doped with Tm3+ ions at high doping level (greater than 0.5wt.%). Despite the fact of

showing good Tm3+ ions compatibility, MacFarlane et al., (1997) and Gibbs et al.,

(2007) added that, these glasses exhibit poor thermal stability hence require very
complex techniques for synthesizing photonic devices.
Borate (B2O3)based glasses

It is well known that B2O3 is a good glass former. Huanget al., (2001); Pye et al.,

(2012) and Mahraz et al., (2014) on the other hand emphasized that, B2O3 glass
systems exhibit physical properties such as low melting temperature, high

transparency, high compatibility with rare-earth (RE) elements and high thermal
stability. Recalling the previous report Uhlmann (1983), interesting property is the

ability of B2O3 to exist in two distinct structures which are BO3 triangular and BO4
tetrahedral when mixed with alkali or alkaline earth oxides.

2.1.3 Tm3+ doped borotellurite (B2O3-TeO2) glass system

The name (borotellurite) comes from the two terms which are borate and tellurite.
Compared to TeO2 Balda et al., (2007)) and B2O3 (Pye et al.,(2001) glass

systems,B2O3-TeO2shows improved properties such as good rare-earth ion
compatibility, high refractive index, high third order susceptibility, good
transparency in infrared region of electromagnetic spectrum and better thermal
stability (Halima et al., (2015), Hajer et al., (2016) & Dimitrov (2017)).

Moreover, because of their compositional flexibility, new borotellurite glass systems
such as Bi2O3-TeO2-B2O3 Teshav (2017) and CdO-B2O3-Bi2O3-TeO2 Ghada et al.,

(2019) have been conducted to elucidating the structure of the B2O3-TeO2 modified
systems but very few studies like that of Amirah et al., (2017) on lanthanum

nanoparticles doped TeO2- B2O3-ZnO glasses have been demonstrated. Amirah et al.
(2017) found the refractive index values of these glasses to be in range of 2.34-2.48
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and energy band (2.70-2.48eV) which revealed that B2O3-TeO2 species are potential
materials for optical applications.

However, despite the existence of little spectroscopic study on these materials, the
spectroscopic investigation on Tm3+ doped CaF2- B2O3-TeO2glass system is missing.
2.14 Review of the Bi2O3contained glasses

Incorporation of heavy metal oxides such as PbO, BaO and Bi2O3 into glass forming

batches, increases the refractive index value (2.0-2.5)which improve the glass
transparency in the IR region of an electromagnetic spectrum because IR

wavelengths pass in dense region thus, glasses containing heavy metal compounds
(denser materials) are used in fields such as glass ceramics, electronic devices,

reflecting windows and sensors (Hall et al., (1989); Fu (1996) and Stehle et al.,

(1998); Stegeman et al., (2003); Shelby (2005); Alazoumia et al., (2017); Nazabal et
al., (2003); El-Desoky & Abo-Naf (2004)).

In contrast to other heavy metal oxide modifiers, Bi2O3has turn out to be of special

interest due to its structural roles it plays. Durga et al., (2002); El-Shaarawy et al.,
(2002) and El-Batal et al.,(2011) reported that, Bi2O3 participate as (octahedral) BiO6

which tend to modify the networks and as (pyramidal) BiO3 which help to build the
networks. As witnessed from B2O3 based glass, Bi2O3 influenced the density and

molar volume of the glass due to its structural transformation described previous
(Bale et al., (2008); Saddeek et al., (2010) & Ghada (2019)).

Srinivasa et al., (2007); Kitamuraet al., (2009) and Kitamuraet al., (2011) added
that, bismuth containing glasses exhibit yellow colour which is due to the 6s-6p
transition of bismuth ions in the UV region and long IR cut off due to increase in
non-bridging oxygen content (NBOs) (El-Mallawany (2001)).

As per previous discussion, despite the up-to-date studies on photonic glasses
claiming that, rare-earth ions doped glasses are the potential candidates for IR

performance, there exist some literatures on bismuth containing glasses
demonstrating the NIR performance and proved to be due to existence of bismuth
ions (Bi+) in the glass matrix. For instance, Murata et al., (1999); Ruan et al., (2009);

Sun et al., (2011); Romanov, et al., (2011);Sheng et al., (2012), Hu, & Jiang (2012)

and Zarifi, et al., (2012), and Li et al., (2014) justified that, emission around 1200nm
is originating from Bi+ active canters in the glass matrix.
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Moreover, Fujimoto (2001) and Fujimoto (2003) studied the bismuth contained
silicate glasses and Peng et al., (2004) studied bismuth in germanate glasses, the
results from these study publicised that bismuth glasses can be used in making 1.3μm
optical fiber amplifier as well as tunable lasers.

Ground state of Bi+ ions is 3P0 thus, when Bi+ ion is exposed on the source of energy,

it undergoes an excitation into higher energy states 3P1, 3P2 and 1D2. According to
Wang et al., (2015), on returning back to3P0, NIR emissions are produced.

Referring the previous discussion under the present study, CaF2-B2O3-TeO2 glass
systems contain both B2O3 and TeO2.Therefore, when Bi2O3 modifier is incorporated

into the matrix, both TeO2 transformation between TeO3 and TeO4 (Oo, et al.,
(2012)) and B2O3 between BO3 and BO4 Uhlmann (1983) which affects both physical

and optical properties occur. The inspiring interest for the Tm3+ doped CaF2- B2O3-

TeO2 that contain Bi2O3, is the existence of two luminescent active centres (Tm3+ and
Bi+) thus, under the present study, techniques which includes-ray diffractometry
(XRD) to confirm the amorphous nature of the glasses, differential thermal analysis

(DTA) to determine thermal stability and glass forming ability, Optical absorption
(OA) to study the optical absorption behaviour, photoluminescent study (PL)to

study luminescent properties and Judd-Ofelt theory to predict the emission crosssections and radiative lifetimes for different energy states, have been employed and
the corresponding results have been discussed.
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3.0Materials and methods

CHAPTER THREE

3.1 Samples preparation

The glass systems with chemical composition 10CaF2-xBi2O3-(59-x) B2O3-30TeO2:
1Tm2O3, where x = 0, 5, 10, 15 and 20 wt.%, were prepared at Geological Survey of

Tanzania (GST-Dodoma) laboratory through conventional melt quenching technique.
All samples were prepared using high (99.99 %) purity Aldrich chemicals (CaF2,

Bi2O3, B2O3, TeO2, Tm2O3) in powder form at room temperature of about 28 oC.
During the preparation, all chemicals were weighed so as to get 22.5g batches of
samples. After that, the batch samples were placed in some porcelain crucibles. For

the purpose of obtaining a homogenous mixture, the chemicals were mixed, stirred
and ground for 30 minutes. Next, the mixtures were pre-heated at 350oCto remove

any water content and then melted at 1000 oC for 30 minutes until a bubble free
liquids formed (melts). The melts were poured into a pre-heated brass mould at 400

C. To reduce any residual stress in the glass samples, samples were again put in the

o

furnace at 350 oC for 4hours. After that, the furnace was cooled down at rate of

20℃/ℎ. All annealed samples were polished to the thickness of 0.2cm for the optical

measurements. Lastly, the excessive prepared samples were grounded into powder
form for the IR and x-ray diffraction (XRD) analysis.
Code assignment

After successful preparing the glass samples, depending on Bi2O3 concentration,

different samples were assigned as presented in the table 3.1.

Table 3.1: Code assignments for the prepared samples

Bi2O3 content (x)

Glass code

in wt.%
0

CBTM00

10

CBTM02

5

CBTM01

15

CBTM03

20

CBTM04
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3.2 Sample characterization

3.2.1 X-ray diffraction (XRD) studies.

X-ray diffraction is a non-destructive technique used to identify the phase of the

materials (Smyth (1972)). It involves the use of X-ray diffractometer which consist

of x-ray generator, sample holder and x-ray detector. The principle behind this

technique is, x-rays from x-ray generator are collimated and channelled into the

studied material (from the sample holder) where the interaction of the material and xray occur. The constructive interference produced is then diffracted at some angle (2theta) with respect to the position of the detector which detect this diffracted x-rays.
The intensity of the detected radiation versus (2-theta) provide the xrd spectra.

In the present study, the xrd spectra for each of CBTM glasses was obtained by

using Shimadzu-7000S X-ray diffractometer equipped with AXS-Brukers detector

which is found at the National Institute of Technology, Warangal (NITW), India.
Before powering it, the x-ray diffractometer was set to operate at 0.5o/min. After that,

the sample in powder form was placed at the UMC compact holder which mounted

the sample in a position of interacting with x-ray beams. After powering the

instrument, the x-ray beams interacted with the sample. To record all possible
diffractions (degrees 2-theta), the detector was made to scan the sample through 10o

to 80o (range that is present in the-ray scan). Lastly, the detector provided the x-ray
signals in count rates (intensity)as an output to the computer monitor. By using mat

lab, the (xrd curves) plots of intensity values versus degrees 2-theta (2θ) were
obtained and studied.
3.2.2 IR studies

In order to obtain the information concerning the structural units involved in the
glass sample, IR study is employed. The principle behind this technique is based on

Raman effect where, the light (infrared) is illuminated into the sample. The light
interact with sample and cause changes in molecular vibrations, phonon or other
kinds of excitations in the materials (Jimenez-Sandoval (2000) and Pascuta et al.,

(2009)). To maintain stability, the molecules (in excited vibrational, rotational states)
relax to ground states by emitting radiations. The difference in energy between the

ground and the new state results in a frequency shift.This difference is used to infer
about the molecular structure of the materials. Table 3.2 shows the IR energy ranges
(cm-1) for some studied structural units.
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Table 3.2: IR absorption energies for some structural vibrational units
Type of structural unit

Asymmetrical stretching

vibrations of B-O in trigonal
BO3 units.

Symmetrical stretching
vibrations of B-O in

tetrahedral BO4 units.

Vibration of Bi-O bond in
BiO6 polyhedral

Vibrations of Bi–O–Bi + Bi–
O in BiO6 octahedral.

Symmetrical vibration of
TeO3 groups.

Axial symmetrical stretching
mode of Teax - O bond of the
TeO2.

Equatorial stretching
vibration in TeO2.

Energy range (cm-1)
1200–1400

Reference
Kundu et al., (2014).

Kundu et al., (2014).

850–1100
~428

Subhadra (2012).
Doweidar et al., (2009).

400–600
662-672

Kutlu et al., (2015).

650-660

Ravikumar (1997).

~775

Ravikumar (1997).

Identification of the structural units involved in CBTM glasses under the present
study were determined by using computerized perkin-Elmer spectrophotometer with

a resolution of 2cm-1 (at National Institute of Technology, Warangal (NITW), India)
at room temperature. Each of CBTM glass was exposed on radiation in energy range

of 400-4400 cm-1. The percentage of the energy transmitted by the sample for each
incident energy value was recorded. Using mat lab software, the IR curve for each

glass was obtained by plotting the graph of transmittance against the incident energy
(cm-1).

3.2.3 Differential thermal analysis (DTA)

The study on thermal properties such as glass transition temperature Tg (temperature
at which glass phase transformation occur), onset crystallization temperature

Tc(temperature at which crystal phase transformation occur) and melting temperature
Tm is done by using DTA technique (Euro (1998) & Xu et al., (2011)).
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The principle behind this technique is to record the differential temperature between
the sample and the reference which are made to undergo identical thermal processes.

It is very important to study thermal behaviour of material because it provides

information on the suitability of the material to be used in making optical fibers
(Drexhage et al., (1982) & Messaddeq (1992)).

The study on thermal behaviour for all CBTM glasses under this research was done

at the National Institute of Technology, Warangal (NITW), in India by employing

Shimadzu DTG-60H apparatus equipped with PTC-10A temperature control unit of
0.1oC temperature accuracy at room temperature. Firstly, platinum matched pairs of

crucibles containing 25mg of the powdered CBTM samples were introduced in the

DTA instrument. Then the samples were made to undergo thermal change
(exothermic and endothermic changes) by heating the sample from 50oC-1050oC

temperature range at heating rate of 10oC/minute. Lastly, due to thermal changes
which were taking place between the sample and reference (in crucibles), the

computerized DTA system provided an output in form of enthalpy change at each
temperature during heating process. By plotting the enthalpy change values against at

each temperature, DTA curves for CBTM samples were obtained. Using the obtained
DTA curves, bothTg, and Tc values were determined. Next, the stability parameters

∆T and Kgl (Hurby’s parameter) for each CBTM glass system were determined by
using the relations Xu et al., (2011) as,
∆ =

=

−

…………………… … (1)

. ………….…….……... (2)

3.3 Optical absorption (OA) studies.

When light interact with materials, some of energy is absorbed and other is

transmitted. From the principle of conservation of energy, the absorbed energy is not

destroyed but it is transmitted to the material itself. Materials with high atomic
number (heavy metal contained) as discussed previous have more subatomic
particles which interact with the light thus, they absorb more energy when radiated.

Therefore, the study on light absorption (OA) brings much interest in exploring the
optically induced transitions. Through this technique, parameters such as optical
band gap (Eopt) and Urbach energy (ΔE) which are very important in designing
photonic devices are determined.
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Energy gap or simply band gap is the range of energy where no electron state can
exist.

In order for the transition to take place, the electron should absorb energy greater
than this value. If the energy absorbed by electron is less than the optical band gap,

the electron will not exhibit an electronic transition and the absorbed energy will be
dissipated in the glass in various ways such as heat energy.

The optical band gap (Eopt) of the material is determined using the relation Davis and
Mott (1970) as,

α(ν) =

(h −Eopt) n………….…. (3)

Where h is the incident photon energy, α (ν) is the absorption coefficient, B is
constant parameter called band tailing parameter and n is an index parameter which

can take the value of 2 (for indirect allowed transitions) and ½ (for direct allowed
transitions).

Experimentally, the absorption coefficient is found by first determining the
absorbance (A) and then calculated from the relation Davis and Mott (1970) as,
( ) = 2.303

…………………. (4)

Where x is a sample thickness and A is the absorbance.
Extrapolating the linear part of (h

) versus phonon energy (hν) plot Mat Jan et al.,

(2014) and Eraiah (2006), a straight line which intersect hv axis is obtained. This
intersection points gives the values of Eopt for the material.

Since the process of forming glass phase involve random rearrangement of atoms,

there exist a significant defect in electronic structure of the formed glass. The extent

of these defects is studied by employingUrbach energy equation Eraiah (2006); ElDeen et al., (2008) & Mat Jan et al., (2014) as,
( ) = B exp

∆

………………. (5)

Where (h ) is the incident photon energy, α (ν) is the absorption coefficient, B is the
band tailing parameter and ∆ is the Urbach energy value.

To get the Urbach energy value, the absorption coefficient is determined first. The

slope of the graph of ln (α) versus h is then determined. Finally, the inverse of the
slope which is the Urbach energy is determined. Most of amorphous materials
(glasses) have been found to possess the Urbach energy values in the range of 0.0450.66 eV (Davis (1970)).
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The variation of this value is influenced by the number of NBOs in the glass matrix
(Stebbins et al., (2000); Saritha et al., (2008) & Kesavulu et al., (2013)).

The absorption studies for the CBTM glasses (each with thickness of 0.2cm) was

done at the National Institute of Technology, Warangal (NITW), in India using

Shimadzu UV-VIS-NIR 3101 PC spectrometer with a wavelength resolution of 1
nm. This device was equipped with monochromator and lnSB type detector.

The materials (CBTM glass samples) were radiated by electromagnetic radiation in
wavelength region from 300 to 2100 nm. Next, the intensity of light incident and

transmitted beam for each value of wavelength was recorded. Thereafter, the
absorbance was determined by using the relation (Davis & Mott (1970)) as,
A = 2.303 ln

Where A is the absorbance,

…………………….(6)

is the intensity of the incident radiation,

is the

intensity of the emitted radiation. The optical absorption spectrum in 300-2100 nm
spectra region for each sample was then obtained by plotting absorbance values

versus the incident photon wavelength. This type of spectrum plays role in

determining the electronic transitions of an active centres present in the glass matrix.
To comment on suitability of CBTM glasses for photonic applications, both optical

band gap and Urbach energy values were determined according to expression
number 3 and 5.

3.4 Photoluminescence, PL studies

Photoluminescence is the emission of radiation from the material due to the deexcitation process of excited molecules. The principle behind this technique is that,
when material is exposed on some radiation source, electronic transitions from
ground states to some excited states take place due to energy absorption. After some

time, the de-excitation process (to maintain its stability) occurs. The plots of the
intensities of the emitted photons versus wavelengths (photoluminescent spectra) are

recorded. These spectra are very important in determining the types of induced
electronic transitions for a particular excitation wavelength.

Under this investigation, the PL studies for CBTM glasses were carried to explore
the influence of Bi2O3 on electronic transition of Tm+ ions doped CBTM glasses
(each with 0.2cm thickness). The study was done at room temperature by using UV-

VIS-NIR 3101 PC spectrometer (in wavelength of 300-2000 nm) at National Institute
of Technology, Warangal (NITW), in India.
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By using 60-WCW lnGaAsP laser diode operating at 800 nm, the Pl spectra in the
range of 300-2000 nm for each CBTM glass was recorded.

Mat lab software was then used to determine the full width half maximum (FWHM)
values for different emission bands by technique of adjusting the scales of the

corresponding spectra curves. These values were then used to determine radiative
parameters such as emission cross-section, lifetimes and branching ratio of different
energy states.

3.5 Determination of various properties
3.5.1 Physical parameters

Physical parameters have been vital parameters to be studied because they are
strongly influenced by the structure of the glass materials (Baizura and Yahya

(2011)). In the present study, various physical properties which includes density,
molar volume, refractive index, ionic concentration, inter-ionic distance, polaron

radius, oxygen packing density, field strength and metallization for all CBTM glass
systems were calculated as,
Density, ρ

Density is the parameter which measures the atomic package of the material. The

higher density value reveals high degree of closeness between the atoms in the
materials. Archimedes principle is one of the methods used in determining the

densities of solid materials. It bases on determining the weight of material in air and
in liquid. The determined values are then substituted into the expression Halimah et
al., (2005) as,
Where,

=

……………….….…. (7)

is the weight of the sample in air, is the weight of sample in liquid and ρl

is the density of the liquid used.

The density determination for CBTM glasses was carried out at St Peter claver high
school physics laboratory (Dodoma town). First, the weight (in air) for each sample

(with 0.2cm thickness) was measured by using B01N25P crane digital balance at

room temperature. The apparent weight was measured by suspending the sample in
distilled water. Since the density of stilled water is known (1g/cm3), the equation
number 7 was then used to calculate the density values.
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Molar volume,

Molar volume is the parameter that measure the volume occupied by one mole of
substance. In order to calculate molar volume, the average molecular mass of each
sample was calculated. Using the relation between molar volume and average

molecular mass of material Halimah et al., (2005) the value of molar volume for
each CBTM glass was determined.
Where,

material.

=

………………............. (8)

is the average molecular mass of the material and ρ is the density of the

Dopant concentration, Ci

It is the amount of Tm3+ ions per unit volume. It is an important parameter which is
used to find the inter-ionic distance (Id) between the Tm3+ ions in the glass matrix.
These parameters play vital role in determining the optical efficiency of rare-earth

doped glass systems and are determined using the relation Rao et al., (1998); Sidek
and Khanisanij (2014) & Kundu et al., (2014) as,
=

Id =

………………..……… (9)

……………………...…... (10)

Where, ρ is the density of the sample,

is the Tm3+mole percent in the glass,N is the

Avogadro’s number (6.02 x1023/mole) and

is the average molecular mass of

glass sample. For all CBTM glasses, these parameters were determined by using
relations number 9 and 10.
Polaron radius, Pr

Polaron is a disturbance in medium that behave as a particle. It is an important
parameter in understanding the interaction between the electrons and ions/atoms or
with optical phonons in a solid material. In condensed matter physics, the polaron is
described in term of polaron radius Bulus et al., (2018) as,
Pr =

……………………….(11)

Where, Pr is the polaron radius and

is the concentration of Tm3+ ions per unit

volume. In this study, the polaron radius for each CBTM glass was calculated by
using expression number 11.
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Oxygen packing density, Pd

It is the measure of the degree of closeness of oxygen atoms in the glass matrix. The
oxygen packing density is expressed Baia et al., (2003) as,
=

………………….…. (12)

Where, On is the number of oxygen atoms per chemical formula,
the glass and

is the density of

is the average molecular mass of the glass sample. In this study we

calculated the oxygen packing density by using expression number 12.
Field strength parameter, F

It is a parameter that measures the strength of electric field around the Tm3+ions in
the glass matrix. It is related to polaron radius Eraiah (2006); Raoet al.,(1998) &
Bulus et al., (2018)) as,

=

……………………...…….. (13)

Where, Z is the atomic number of the Tm3+ and Pr is the polaron radius. Field

strength parameter values for all CBTM glasses were calculated by expression
number 13.

Metallization, Me parameter

It is a parameter used to predict the metallic or non-metallic behaviour of the glass
materials. The theory of metallization Herzfeld (1927) express the criteria that, if
=

˃1 : The material is metallic nature.

=

˂1 : The material exhibit non-metallic nature.

Where:

is the molar refractivity and Vm is the molar volume value.

The metallization parameter for all CBTM glasses was calculated and evaluated
using the theory of metallization.
3.5.2 The optical parameter

Optical parameters are those properties that give information on the response of the

optical materials to the impinging electromagnetic radiations. They are very
important parameters to explore on how the light interacts with materials. These

properties are mostly influenced by the atomic structure and the nature of band gap

structure of the optical materials. Optical parameters which includes, optical band
gap, refractive index, reflection loss, transmittance, molar polarizability,
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molar refractivity, dielectric constant and third order non-linear susceptibility for all
CBTM glasses were determined as follows,
Refractive index (ɳ) determination

Refractive index is a dimensionless quantity whose significance is to describe how
fast the light propagates through the material. It is an important property to be
studied because it is influenced by the composition of the material.

The determination of refractive index values for each CBTM glass was carried out by
usingNAR-IT-1271 Abbe’s refractometer (which is based on the principle of critical

angle) which is found at NITW, in India. The sample was placed between the
measuring and illuminating prisms of the refractometer. The light of 589.3 nm (from

sodium lamp) was used to illuminate the sample. The light reached the sample and

refracted at a critical angle. By using telescope, the position where the cross-wires
lies in the dark edge of the field was recorded as θ. Finally, the refractive index of
glass was calculated by employing the relation Gayathri et al., (2011) as,
Where,

=

………………………... (14)

is the refractive index of the glass sample

wires lies in the dark edge of the field and
measuring prism.

Molar polarizability parameter,

is the position where the cross-

(1.5181) is the refractive index of the

m.

When the materials are exposed to the intense light beams, they absorb energy by
forming instantaneous dipoles. The ability of materials to form the instantaneous

dipole is called molar polarizability. For all CBTM glasses, the molar polarizability
values were mathematically calculated by the expression Bulus et al., (2018) as,
Where,

=

……………………… (15)

is the molar refractivity and

Molar refractivity,

is the Tm3+ concentration per unit volume.

Is the total polarizability per unit mole of the material expressed Bulus et al., (2018)
as,

Where

=

(

(

)

)

…………………….. (16)

is the refractive index of the material and
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is its molar volume.

The refraction loss, Ro and Transmission coefficient, T

When a beam of light is incident on the glass surface, part of its energy is reflected

and part is transmitted. The reflection of signal due to discontinuity of the

transmission line is called reflection loss while the transmission coefficient is a
parameter that describes the intensity of the power transmitted. These parameters
were calculated from expressions Bulus et al., (2018)) as,
=

………………..…… (17)

T=

…………….…………….. (18)

Third order nonlinear susceptibility, χ (3)

Third order nonlinear susceptibility describes the behaviour of light in nonlinear
media i.e. media in which the polarization density responds nonlinearly with the

electric field. The material exhibiting high values of third order nonlinear
susceptibility is used to produce the nonlinear devices for processing the optical
signals Dimitrov and Komatsu (2010). The parameter was calculated by the relation
Ghada (2019) as,

( )

Where

=

x 10

is the refractive index of the material.

………… (19)

Dielectric constant, ε

It is a parameter that measures the insulating behaviour of the glass materials. The
value is higher for material with strong electron bound system. For each CBTM
glass, the parameter was calculated by using the relation Rabindra et al., (1979) and
Kumar et al., (1979) as,
Where,

=

…………………...………… (20)

is the refractive index of the material.

3.6 Analysis of the intensity of Tm3+ ions in the glass matrix

Judd-Ofelt theory is the theory which is used to describe the intensity of electronic

transitions within the 4f shell of Tm3+ ions in the glass matrix Judd (1962); Ofelt
(1962); Wang et al., (1994) and Hehlen et al., (2013)). The theory involves
determining various parameters which includes oscillator strength parameter (f),
Judd-Ofelt intensity parameters (Ωλ where λ =2, 4 and 6) and radiative parameters
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(Electric line dipole strength (Sed), spontaneous emission probability ( A (Ψ, Ψ )),
emission cross-section (σEP),radiative lifetime ( ) and fluorescence branching
ratios(βR %).

Oscillator strength parameter, f

It is a parameter that expresses the strength of a particular spectral transition Judd
(1962). The parameter was obtained both experimentally and theoretically. For the

theory to be valid, the calculated values must be approximately equal to experimental

values. Experimentally the parameter for each spectra transition was obtained using
the relation,

( )

= 4.32 10

……… (21)

Where, ( )is the molar absorption coefficient and

is the FWHM value of a

spectra transition (determined from the absorbance spectra).

Molar absorption coefficient for each of optical transition was determined by using
the relation expressed as,

( )=

.

log ( )…………………. (22)

Where, Ci is the concentration of Tm3+ ions in mol. % and x is the thickness of the
sample (0.2cm each).

Theoretically, the oscillator parameter (

) for each spectra transition (for each

CBTM glass) was obtained through the expression,
=

(

)

(

)

x∑

, ,

Ω │<Ψ ∥

( )

∥ Ψ > │ … (23)

Where, m is the mass of an electron, c is the speed of light in vacuum, λ is the
wavelength of the transition and J is the total angular momentum quantum number
while < Ψ ∥

( )

∥ Ψ > is the reduced matrix element of the tensor operator for

Ψ (ground state) to Ψ (excited state). For Tm3+ transitions, ││Uλ││2, where λ = 2,
4 and 6,were taken from Walsh et al., (1998) & Nissan Spector et al., (1977).
Judd-Ofelt intensity parameters, Ωλ(λ =2, 4 and 6)

The Judd-Ofelt intensity parameters Ωλ, were determined through the relation Aldert
Van der Ziel (1971)

=

(

(

)

. ..................

)

(24)

Where, Tλ is a transforming parameter, h is the plank’s constant, is the refractive

index value of the glass, m is the mass of electron and c is the speed of light in
vacuum.
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Ω2 parameter

Ω2parameter provides the information about the degree of covalence between Tm-O

bonds Annapurna et al., (2007) and Ramachari et al., (2014). It is influenced by the
local environment of the Tm3+ ions, symmetry of the coordination structure,

polarizability of the ligand ions and the bonding nature. Decrease in Ω2 parameter
reveal on decrease in covalence between Tm3+ and oxygen ions Zhou et al., (2011).
Ω4 and Ω6 parameters

Ω4 and Ω6parameters are related to the rigidity and viscosity of the host (medium in
which Tm3+ions are situated). Decrease in the values of these parameters, reveal on
the increase in viscosity Goldinget al., (2000) & Li et al., (2012).
Ω4 / Ω6parameter

Ratio Ω4 / Ω6, is called the spectroscopic quality factor. In line with AIP conference
(2017), higher value of this factor predicts high emission cross-section. In the present

study the spectroscopic quality factor for each CBTM glasses were determined for
analysing the spectroscopic quality of the material.
The electric line dipole strength (Sed)

It is a parameter that tells on the strength of a given transition. The electric line

strength between two J states were determined using the formula Guery et al.,(1988)

and De Sousa et al., (1999), the electric dipole strength for the transition is
determined by the formula,
=∑

, ,

Ω │<Ψ ∥

( ,

Spontaneous emission probability,

( )

)

∥ Ψ > │ ……. (25)

It is the probability of spontaneous emission. Spontaneous emission is a quantum
process in which quantum system (atom/molecule) de-excites into lower energy state
by emitting a quantized pocked of energy spontaneously.
obtained using the formula(Takabe et al., (1994)) as,
Where,

( ,

)=

(

This parameter was

……………….…. (26)

)

is the transition energy in cm-1, e electronic charge, η is the refractive

index value, h is the plank’s constant and Sed is electric line dipole strength.
Emission cross-section, (σEP)

Is the probability that there exist an excited ion in a given cross-section area which
emit photon.
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For emission to be regarded as a laser emission, Caird (1975) the emission crosssection value should be large for a proper lifetime. The values of emission cross-

sections for laser host materials are in magnitude of 10-20 to 10-22cm2 Yeh, et al.,
(1987); Yeh et al., (1989) and Ding et al., (2012). By using the formula number 27

Sekiya et al., (1994) and Tanimura (1984) the σEP value for each CBTM glass was
determined.

=

∆

( ,

)……………………….…. (27)

Where, λ is the peak position of the emission line and ∆λ is the effective bandwidth
of the emission transition.
Radiative lifetime,

It is the average time that an ion/atom spends in the excited state. The time for an

electron to remain in excited level is approximately 10-8 seconds. For the material to

be used in laser applications, it should have metastable states where the life time
higher (to create population inversion) for stimulated emission process to take place.
Radiative lifetime for each transition were determined Kadono et al., (2000) and
Ozen et al. (2001) as,

=

……………………………….……… (28)

Where: AT is the total emission probability.

Branching ratios(βR %)

Branching ratio is a parameter that shows the fraction of a particular transition with
respect to the total number of transitions originating from same upper state.

Transition with near 50% or more Adam and Sibley (1985) is a laser potential
transition. The branching ratio for different upper states were determined by the
relation Ding et al., (2012 expressed as,
Where,

=

x 100% …………………………...…. (29)

is the spontaneous emission probability for a particular transition and

the total emission probability.
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is

4.0 Results and discussion

CHAPTER FOUR

4.1 Structural analysis

Through xrd and IR techniques, xrd spectra and IR spectra for all CBTM glasses
were obtained.

4.1.1Xrd spectra analysis

Intensity (a.u)

CBTM00
CBTM01
CBTM02
CBTM03
CBTM04
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80

Figure 4.1(a): XRD spectra for CBTM glasses

Figure 4.1(a)shows the presence of broad humps at 15 to 25 degrees for each glass.
This is because of multidirectional scattering of x-ray beam due to the non-periodic

arrangement of atoms in the material Smyth (1972). Because of the non-periodic
arrangement of atoms, the diffracted x-rays were not focused on specific directions to
produce sharp peaks (as in case of crystalline materials). At about 60 (2-theta) value

for (CBTM04 glass), 70 (2-theta) value for (CBTM02) and CBTM00), there exist
small humps which reveal on structural relaxation and phase transformation within
the glassy region Singh et al., (2008). In agreement with Smyth (1972) and Mat janet
al., (2014), these observations reveal that all CBTM glasses exhibit amorphous
nature.
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4.1.2 IR spectra analysis
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Figure 4.1 (b): IR spectra for CBTM glasses

The observation from figure 4.1(b)shows the spectra curves which consist of seven
IR absorption bands. These different bands were assigned as band 1, 2, 3, 4, 5, 6, and

7. The band positions with respect to the concentration of Bi2O3 for each glass
system is presented in table 4.1
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Table 4.1: IR band positions for CBTM glasses
Bi2O3

IR band positions in wavenumber (cm-1)
Band 1

Band 2

Band 3

Band 4

Band 5

Band 6

Band 7

0

1325

-

950

-

-

-

655

10

1405

470

-

wt.%
5

15
20

1368

990

915

870

700

440

1374

987

915

885

695

450

1360

985
989

905

890

930

860

690
703

430

-

-

As observed from table 4.1, band 1 (in the wavenumber range of 1325-1405 cm-1)
was assigned to the asymmetric stretching vibration of the B-O bond of trigonal BO3

unitsEl-Egiliet al., (2003); Karthikeyan and Mohan (2003); Karthikeyan et al.,
(2005) and Chandkiram (2014)). The observation shows the shifting of band

positions with Bi2O3. With the increase in Bi2O3 content up to 10 wt. %, position of
band 1 is observed to shift toward higher wavenumber sides. Since the intensity is

also decreasing, observation is ascribed to the decrease in number of BO3 units due to

the structural transformation of BO3 into BO4units Kim et al., (1996) and Alemi et
al., (2006). Increasing in Bi2O3 content above 10wt. %, band 1 is observed to shift
toward lower wavenumber. This could bedue to the structural transformation of BO4

into BO3 units there by producing more NBOs Kim et al., (1996) and Alemi et al.,
(2006). The band 3 (in the position range of 905-950 cm-1) was assigned to the

symmetrical stretching vibration of B-O bond of the tetrahedral BO4 units

Chandkiram (2014). The observation shows that, the increase in Bi2O3content up to
10 wt. %, band 3 shifts toward lower wavenumber side with increase in the band

intensity. This observation is attributed to the increase in BO4 units due to the
structural transformation of BO3 into BO4 there by providing a more number of BOs.

Above 10 wt. %Bi2O3 content, a reverse trend is observed and attributed to the
structural transformation of BO4 into BO3there by producing more number of NBOs

Chandkiram (2014)). Band 2 (in the position range of 985-990 cm-1) was assigned to
the stretching vibrations of B-O-Bi linkages in the glass network Chandkiram (2014).
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The band is not observed in Bi2O3 free glass (CBTM00) but from 5 wt. % to 10 wt.
%Bi2O3 content, the band intensity is observed to increase while shifting towards
lower wavenumber side.

This tells that, B-O-Bi bond linkage plays a role of enhancing the glass network
formation Chandkiram (2014). However, beyond 10 wt. % of bismuth content, a
complete reverse trend is observed which suggest on the depolymerisation of the
glass network since the quantity of B-O-Bi bond linkages decreases.

Band 4 (in the position range of 860-890 cm-1) was assigned to Bi-O vibrations in the
distorted BiO6 units. The similar assignment was reported by Boris et al., (2009) in

TeO2–Bi2O3–GeO2 glasses. The band is observed to shift toward higher wavenumber
side when the concentration of Bi2O3 increases from 5 wt. % to 10 wt. %. The

stakeout is attributed to the decrease in the structural defects in the glass networks

(Boris et al., (2009)).The increase in Bi2O3 content above 10 wt. % shift the band
toward the lower wavenumber side. This observation is attributed to the increase in

structural defects due to the increase of the highly distorted BiO6 structure units in
the glass matrix.

Band 5 (in the position range of 690-703 cm-1) was assigned to the symmetrical Bi-O

vibration in BiO3 coupled with Te-O vibration in TeO3 units. The observation shows
the shifting of the band towards the higher wave number side with the increase in

Bi2O3 content up to 10 wt. %. Such observation divulges on the increase of BiO3 and
TeO3units leading to more number of BOs. A completely reverse trend is observed

beyond 10 wt. %. Such observation is attributed to the decrease in the number of
BiO3 and TeO3 units.

Band 6 (in the position range of 430-470 cm-1) was apportioned to the asymmetric

vibrations of Bi-O and Bi-O-Bi bonds in BiO6octahedral units Doweidar and
Saddeek (2009); Chenget al., (2008); Wangaet al., (2005) and Boris et al., (2009)). It

is clearly observed that with the increase in Bi2O3 content up to 10 wt. % shift the
band toward higher wave number side. This observation is attributed to the decrease

in the number of BiO6 units. A complete reverse trend is observed beyond 10 wt. %
Cheng et al., (2008); Wanga et al., (2005) &Boris et al., (2009).

Finally, band 7 at 655cm-1 was assigned to an axial symmetrical stretching mode of

Teax-O bond of the TeO2 Ravikumar and Veeraiah (1997)). The band is completely
missing in Bi2O3 contained glasses.
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This observation may be attributed to the combination of high degeneracy vibrational
states and mechanical scattering from the powder sample.

However, we could not observe the Tm-O bonds in CBTM glasses which might be
because of instrument limitation Azlan et al., (2013).
4.2 Thermal analysis

Typical DTA curves for the 1 wt. % Tm3+doped CBTM glasses are shown in figure
4.2 (a)

Tc
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CBTM00

Tm

Tg

CBTM01

Endo

CBTM02
CBTM03
CBTM04

50

550
Temprature (oC)

1050

Figure 4.2 (a): Typical DTA traces for CBTM glasses.

As it can be seen from figure 4.2 (a), the curves consist of endothermic peak due to

glass transition (Tg), exothermic peak due to crystal growth (Tc) and endothermic
peak due to re-melting process of the glass (Tm) (Shelby (2005)). The values of these
parameters are presented in table 4.2 (a).
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Table 4.2 (a): Thermal parameters for CBTM glasses
glass code

Tg (oC)

Tc (oC)

Tm (oC)

∆T (oC)

Kgl

CBTM00

489

709

975

220

0.83

CBTM01

498

728

976

230

0.93

CBTM02

504

754

980

250

1.11

CBTM03

500

735

977

235

0.97

CBTM04

490

714

973

224

0.86

From table 4.2 (a), it is clear that Bi2O3 content influence the thermal behaviour of

the glasses. Both Tg, Tm and Tc are observed to increase with Bi2O3 up to 10 wt. %.

This observation is attributed to the increase in bond strength within the glass
networks Ghada (2019). The decrease in these parameters at concentration above 10

wt. % is attributed to the decrease in bond strength within the glass networks. This is

in fair agreement with the observation from IR curves which is due to increased
depolymerisation action (increase in NBOs) of Bi2O3 at higher concentration.

The stability parameters ∆T and Kgl shows the same trend as that of Tg, Tm and Tc.

This is because at low Bi2O3 concentration (below 10wt. %), the Bi2O3 modifier play
the role in building the network (producing more number of bridging oxygen) which
increase the strength of the chemical bonds within the glass. Above 10wt. %

concentration, the depolymerisation process occurs (this is in line with the previous
IR observation under the present study). Using table 4.2 (b), thermal stability values
for CBTM glasses and other glass systems are presented.
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Table 4 2 (b): ΔT parameter for various glass hosts
Fluoride

Glass host

ΔT (oC)

Reference

90

Germanate

Huang et al., (2014)

111

CBTM

Bai et al., (2013)

>220

The present work

From table 4.2 (b), it is clear that all CBTM glasses shows better thermal stability
than that of germanate and fluoride. Therefore, they can be used in the construction
of optical fibers Drexhage et al., (1982).
4.2 Physical parameters

Density, Molar volume and average molecular weight are very essential physical

parameters that affect many other and physical and optical properties of the material.

Table 4.2 (c) displays the values of density, molar volume and average molecular
mass for the studied glass systems.

Table 4.2 (c): Density, molar volume and average molar mass values for the
studied glasses.
PROPERTY

Average molecular

weight (Mav)gmol-1
Density (ρ) g cm-3

Molar volume (Vm)
cm3 mol-1.

CBTM00

CBTM01

CBTM02

CBTM03

CBTM04

85.76

90.5

95.79

101.73

108.49

4.112

4.650

5.190

6.004

7.000

22.74

19.46

18.46

16.96

15.50

From table 4.2 (c), the density value for each glass system is found to increase with
Bi2O3 content. This observation is attributed to the replacement of the small

molecular weight (borate) compound by the high molecular weight (Bi2O3)
compound Baizura and Yahya (2011) & Kundu et al., (2014).

The molar volume of each glass decrease with Bi2O3. This observation is attributed
to the reduction in bond length within the glass matrix Sidek and Khanisanij (2014)
and Kundu et al., (2014)). The relation between density and molar volume of the
glass with Bi2O3 content is presented in figure 4.2 (b).
33

8

density

molar volume

22

density (gcm-3)

molar volume (cm3mol-1)

7

6

18

5

4

0

0.01

0.02

0.03

0.04

14

Bi2O3 concentration in molar fraction

Figure 4.2 (b): Variation of density and molar volume with Bi2O3 content

From figure 4.2 (b), the density and molar volume show an opposite trend with Bi2O3
concentration. The similar observation was reported by Ghada (2019) on

modification effect of CdO. Other physical parameters which depend on density and
molar volume of the glass are presented in table 4.2 (d).
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Table 4.2 (d): Other physical parameters studied
PROPERTY

CBTM00

CBTM01

CBTM02

CBTM03

CBTM04

per unit volume (Ci)

6.41

7.27

8.09

9.37

10.91

5.38

5.16

4.98

4.74

4.51

2.17

2.08

2.01

1.91

1.82

0.13

0.11

0.109

0.10

0.09

1.47

1.59

1.71

1.89

2.09

11.5

12.33

13

14.16

15.49

Tm3+concentration
(x1021) ions cm-3.

Inter ionic distance
between Tm3+ ions
(Id) (x10 cm).
-8

Polaron radius (Pr)
(x10-8 cm).

Metallization (Me)
Field strength (F)
(x1017 cm-2).

Oxygen packing

density, (Pd) mol.
cm-3

From table 4.2 (d), the inter-ionic distance is observed to decrease with the increase

of Bi2O3 concentration. Since thulium atomic radius is smaller than that of bismuth, it
is reasonable to suggest that Tm3+occupied an interstitial space in the glass matrix. In

line with the previous observation, the reduction in molar volume prove that, with the

increase in Bi2O3 content, the interstitial space is reduced as a result the distances
between Tm3+ ions are reduced too Hasnimulyati et al., (2016).

Due to the reduction in the inter-ionic distances, the concentration of Tm3+ ions per

unit volume increases. Because of the increase in concentration per unit volume, the
field strength around Tm3+ions increased too. This is because the electrostatic fields

between ions increase if ions are close to each other. The increased field in turn
reduces the polaron radius of the glasses Bulus et al., (2018).

The oxygen packing density shows an increasing trend with Bi2O3 content. The

reason for this observation is mostly likely due to increase in number of oxygen
atoms in the glass matrix Ghada (2019).
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It is also observed that, the metallization value decrease with Bi2O3 content. As per
metallization theory Herzfeld (1927), all CBTM glasses exhibit insulating behaviour
because the show metallization values which is less than 1.
4.3 Optical studies

4.3.1 Absorption spectra

The absorption spectra is an important tool to study the optical absorption properties

of the glasses as it provides information on the type of absorption transitions that
occur when the glass is exposed on the radiation source. The absorption spectra for
1wt. % Tm3+ doped CBTM glasses under the present investigation is shown in figure
4.3 (a).

CBTM00
CBTM01
CBTM02
CBTM03
CBTM04

Absorbance (arb. units)

Ground state for all
transitions: 3H6

300

3H
4

1G
4

3H
5

3F
2,3

3F
4

1D
2

500

700

900

1100

1300

Wavelength (nm)

1500

1700

1900

2100

Figure4.3 (a): UV-VIS-NIR absorption spectra for CBTM glasses

From figure 4.3 (a), the absorption bands centred at 380 nm, 456 nm, 686 nm, 800
nm, 1240 nm and 1800 nm are observed. These bands were assigned for Tm3+ ions
3

transition from ground state ( H6) to excited states 1D2, 1G4, 3F2,3, 3H4 and 3F4
respectively. Our findings are in good agreement with previous reports Jin Zheng and

ShiQing Man (2015); Ya-Pei Peng et al., (2014); Yan et al., (2010) and Wang, Xin et
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al., (2012). We did not observe optical band higher than 1D2. This is because of the
intrinsic band gap absorption in the glass matrix Denker et al., (2009).

The addition of Bi2O3 into Bi2O3 free glass (CMTM00), result in disappearing of 1D2

absorption band. In line with the previous report from Denker et al., (2009, we

believe that, some Bi+ ions (with an optical absorption at 490 nm) are present in the
matrix which suppress the1D2Tm3+absorption band.

The optical absorption spectra from 300-400 nm were also investigated in order to
understand about UV absorption for CBTM glasses through figure 4.3 (b).
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Figure 4.3 (b): UV absorption spectra for CBTM glasses

The Uv (ultraviolet) absorption in oxide glasses is usually due to electronic transition
from the BOs and NBOs El-Mallawany (2001). From figure 4.3 (b), it is clear that,

with the increase of Bi2O3 concentration up to 10 wt. %, the absorption edges shift

toward the lower wavelength side. This observation is attributed to the fact that, with

increase of Bi2O3 concentration up to 10 wt. %, the Uv absorptions were originating
from BOs (the IR study under the present work revealed the formation of BOs with
this concentration) since it requires more energy to excite electrons from BOs El-

Mallawany (2001). For Bi2O3 concentration beyond 10 wt. %, the opposite trend is
observed. This is because of the increase of non-birding oxygen’s which is due to the
depolymerisation of the glass network.
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This is in line with the previous work by El-Mallawany (2001) that, excitement of
electron from NBOs requires small amount energy.
4.3.2 Optical band gap determination
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Figure 4.3 (c): plot of (αh ) 1/2 versus h for CBTM glasses.

From figure 4.3 (c), the optical band values for all glasses were taken at a point
where the extrapolated straight line crosses hv axis and presented in table 4.3.
4.3.3 Optical parameters

Studying the optical parameters of the glass is an important tool employed to

understand the interaction of light with the glasses. Various optical parameters for all
studied glasses were determined and presented in table 4.3.
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Table 4.3: Various optical parameters for CBTM glasses
PROPERTY

CBTM00 CBTM01 CBTM02

Refractive index ( )

CBTM03

CBTM04

1.980

2.061

2.210

2.252

2.370

3.42

3.47

3.71

3.44

3.38

0.25

0.22

0.18

0.23

0.27

11

12

14

15

17

81

78

75

74

72

4.14

3.32

3.08

2.50

2.06

11.22

10.11

10.42

9.76

9.40

susceptibility,

2.93

4.54

9.22

11.09

18.26

Dielectric constant (ε)

3.92

4.26

4.89

5.08

5.62

Optical band gap (Eopt)
in eV

Urbach energy (Δ ) in
eV

Reflection loss (Ro %)
Transmission

coefficient (T %)
Molar

Polarizability,

αm (x10-22 ions) cm-1
Molar refractivity,
(Rm) cm-3

Third order nonlinear
χ (3) (e.s.u) (10-13)

From table 4.3, it is observed that the refractive indices of CBTM glass materials are
influenced by Bi2O3 content. Fundamentally, the atomic size of bismuth is larger

than that of boron thus, increasing the amount of Bi2O3 in place of boron increases
the large sized particle in the matrix as a result it increases the ability of material to

interact with light. In this view, it is reasonable to suggest that, Bi2O3 played the role

of increasing the refractive index of CBTM glasses. Since these materials shows

values larger than 2, in agreement with Shelby (2005) and Azlan et al., (2014)), they
are potential materials for making optical devices.
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The values of optical band gap and Urbach energy were found to be in opposite trend
with the increase of Bi2O3content.The optical band gap, Eopt values are observed to

increase from 3.42 eV to 3.71 eV when the content of Bi2O3 increases up to 10 wt.
%. In agreement with the observation from previous research Saritha et al., (2008)

and Kesavulu et al., (2013) this observation is attributed to the increase in number of
BOs. Beyond t 10 wt. % content of the Bi2O3, the optical band gap is observed to
decrease from 3.71 eV to 3.38 eV. This observation is attributed due to the increase
in the number of NBOs.

Urbach energy for amorphous semiconductors lie in the range of 0.045-0.66 eV
(Davis (1970)). In the present study, the Urbach energy values are observed to be in
the range of0.18-0.27 eV which is in range with other reported photonic glasses

Davis (1970). The observation shows on the decreasing trend of Urbach energy with
increase in Bi2O3content up to 10wt. %. This is attributed to the reduction of defects

in the glass matrix. The increase in Bi2O3 content above 10wt. % increases the

Urbach energy values. This is due to transformation of weak bonds in the glass
matrix into defects Stebbins et al., (2000) there by increasing the number of defects
in the glass matrix.

Fundamentally, when light imping on material, depending on the atomic structure of

material, both reflection and transmission takes place. Thus, it is very important to
determine the ability of material to reflect light (reflection loss) and its ability to

transmit light (transmittance) to explore on the optical performance of the glass
material.

In the present study, it is observed that, the reflection loss increase with Bi2O3

content. Since Bi2O3 is a compound that contains large number of electrons than

B2O3, the addition of Bi2O3 increases the electron density as a result it increases the

interaction of material with the light. This could be the reason why the reflection loss
increases with Bi2O3 content.

The molar polarizability values for CBTM glasses were found to be in the range of
(2.06-4.14) x10-22 cm-1 whereas the molar refractivity values in the range of 9.4011.22 cm-3.Figure 4.3 (d) shows the dependence of αm and Rm on the Bi2O3 content.
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Figure 4.3 (d): Dependence of molar refractivity and molar polarizability on
Bi2O3 content.

From figure 4.3 (d), the observation shows that both α mand Rm decreases with the
increase in Bi2O3 content except from 5wt. % to 10wt. %. This decrease may be

attributed to the increase in refractive indices of the samples since they are both
depends on the refractive index of the glass. The increase of these parameters from

5wt. % to 10wt. % is whispered to be caused by the increase in number of BOs in
the glass matrix and the decrease of defects in the glass matrix.

From table 4.3, we also observed that both third order nonlinear susceptibility, χ (3)
and dielectric constant, ε shows an increasing trend with Bi2O3 content. Since there is
direct dependence of these parameters with the refractive index, it is reasonable to

suggest that, the increase in refractive index is the reason for the observed increase in
the value of χ (3) and ε parameters.

Moreover, these values are in range as reported by Ghada (2019) and larger than that

those reported by Dimitrov et al., (1993) for PbO-B2O3 thus, all CBTM glasses are
promising candidates for the nonlinear optics applications.
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4.4 Photoluminescence spectra analysis

In order to understand the influence of Bi2O3 concentration on the emission
properties of Tm3+ doped CaF2-B2O3-TeO2 glass system, photoluminescence spectra

for each sample were measured and recorded. Figure 4.4 (a) present the

photoluminescence spectra for all studied glass samples under 800 nm excitation
source.
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Figure 4.4 (a): Photoluminescence spectra for Tm3+ doped CBTM glasses.

From figure 4.4 (a), four emission bands centred at 800 nm, 1200 nm, 1460 nm and
1800 nm are observed. These bands were assigned for Tm3+ emissions transition
from3H4 to 3H6,3H5to 3H6,3H4to 3F4 and 3F4to 3H6 respectively. This assignment is in
good agreement with the previous studies on Tm3+ doped glasses Tanabe (2002);

Doualan et al., (2003); Yong Seop Han et al., (2003); Man et al., (2004); Li et al.,
(2014) & Zhi-Wen Lin et al., (2015).
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It is observed that, the
theBi2O3 free glass (CBTM00), exhibit only three bands (3H4
→3H6,3H4→3F4 and 3F4→3H6) but with addition of Bi2O3, the band due to 3H5→3H6
appears.

Through this observation, it is clear that despite of the role of modifying the glass
network as seen from previous discussion, we believe that Bi2O3,is also existing in
glass matrix as Bi+ which influence the emission at 1200 nm and 1800 nm.
nm

This attribution has also been demonstrated in other Bi2O3 contained glasses Gandhi
et al., (2010); Volf (1999); Sun et al., (2011) & Li et al., (2014).

It is also observed that, there is a simultaneous increase in the intensity of emission
bands cantered at 1200 nm and 1800 nm with the increase of Bi2O3 concentration.

This observation is attributed to the energy transfer (ET) between Bi+ and Tm3+ ions

in the matrix. In line with the previous findings Murata et al., (1999); Ruan et al.
(2009); Sunet al. (2011); Romanov et al., (2011); Sheng et al.,
al. (2012); Hu and
Jiang(2012); Halder et al., (2014); Li et al., (2014) and Zarifiet
Zarifi al., (2012) we

propose the energy transfer mechanism between Bi+ and Tm3+ ions as presented in
figure 4.4 (b).

Figure 4.4 (b):Energy transfer between Tm3+ and Bi+ ions.
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ET steps
(i)

Exposing the glass sample into 800 nm radiation source, both Bi+ and Tm3+

ions excite into their high energy levels (3H4 and 1D2 respectively). From
figure 4.4 (b), this process is indicated by the path number 1. Due to this

(ii)

excitement, 3H4 and 1D2 levels are populated.

Simultaneously, the energy transfers from 3H4 to3H6 (for Tm3+), 1D2 to 3P1
(from Bi+ via non-radiative process) and 3H4 to 1D2 (energy exchange between

Tm3+ and Bi+ via non-radiative process) occurs. From figure 4.4 (b), this
(iii)

process is indicated by the path number 2.

The radiative process from3H5 to 3H6 (1200 nm emission from Tm3+) and3P1

to 3P0 (1200 nm emission from Bi+) takes place. This process is indicated by
the path number 3. Increasing Bi2O3content provides more number of Bi+

(iv)

ions in the glass matrix which increases the 1200 nm emission intensity.

Through cross relaxation mechanism,3F4 energy level (for Tm3+ ions)

becomes more populated as a result the transition from3F4 to 3H6 (1800 nm
emission) occurs. This process is indicated by the path number 5.

4.5 Judd-Ofelt analysis

In the present study, we employed Judd-Ofelt analysis to determine the radiative

parameters of Tm3+ doped glasses. The validity of the theory was checked by
determining the oscillator strength values for different transitions as presented in
table 4.5 (a)

Table 4.5 (a): Oscillator strength values for CBTM glasses

3

fexp

10-6

10-6

10-6

10-6

10-6

-

-

-

-

-

-

D2

3.07

2.97

F2,3

1.25

0.94

3
3

G4
H4
H5

3

F4

1.18
2.56
2.08
3.71

fcal

fexp

CBTM03

10-6

10-6

fcal

CBTM02

fexp

10-6

1

CBTM01

fcal

↓

1

3

H6

CBTM00

fcal

fexp

CBTM04

fexp

fcal

10-6

10-6

-

-

1.10

1.42

1.30

1.35

1.27

1.27

1.21

1.31

1.30

3.98

4.34

4.79

4.51

4.80

4.44

4.53

4.29

4.88

2.35
3.36

1.40
2.66
3.85

1.23
2.94
3.95

1.29
2.63
3.82
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1.18
2.82
3.89

1.22
2.62
3.63

1.15
2.74
3.71

1.29
2.83
4.13

1.22
2.92
3.98

From table 4.5 (a), it is observed that all CBTM glasses exhibit similar changes in f

values with the Bi2O3content. This observation may be attributed to the fact that,
similar non-symmetric components of an electric field acted on the active centres.

Since the experimental values (fexp) are closely equal to calculated values (fcal), it is
valid to apply the Judd-Ofelt theory in the present study.
4.5.1 Judd-Ofelt intensity parameters

Judd-Ofelt intensity parameters (Ω2,Ω4 and Ω6) for all the studied samples were

determined through the least square fitting approach and were presented in the table
4.5 (b).

Table 4.5 (b): Judd-Ofelt intensity parameters for various hosts

Glass Host
ZBLAN

Ω2, cm2

Ω4, cm2

Ω6, cm2

1.96

1.36

1.16

(10-20) (10-20)

(10-20)

Ω4/Ω6 Reference
1.17

Walsh (2004)

Germanate

5.55

2.03

1.26

1.61

Balda et al., (2005)

Fluorophosphate

3.01

2.56

1.54

1.66

Tian et al., (2010)

Tellurite

Bismuthate

4.09

4.35

1.36

1.19

1.49

0.96

1.14

1.55

Silica

6.23

1.91

1.36

1.40

CBTM01

3.62

1.67

1.52

1.10

CBTM00
CBTM02
CBTM03
CBTM04

3.64
3.50
3.52
3.55

1.79

1.58

1.50

1.43

1.57

1.45

1.60

1.47

1.13
1.05
1.08
1.09

Balda et al., (2007)
Fan et al., (2010)
Walsh (2004)
present work
present work
present work
present work
present work

From table 4.5 (b), the Judd-Ofelt intensity parameters follow the trend thatΩ2>Ω4 >
Ω6. This trend has also been found from other Tm3+ doped glasses Walsh (2004);
Balda et al., (2005); Balda et al., (2007); Tian et al., (2010) &Fan et al., (2010).

The parameter Ω2 is observed to decrease up to 10wt. % of Bi2O3. In line with the

previous research Ramachari et al.,(2014); Zhou et al., (2011) and Annapurna et al.,
(2007)), the trend could be due to the increase in the degree of symmetry around the
Tm3+ ions and decrease in covalence between thulium and oxygen ions.
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Increasing the Bi2O3 contentbeyond10wt. %, the Ω2 parameter increases too. This

trend could be due to the decrease in degree of symmetry around Tm3+ ions and
increase in covalence between thulium and oxygen ions.

In increasing the Bi2O3 content up to 10 wt. %, both Ω4 and Ω6 parameters decreases.

This trend could be caused by the increase in rigidity and viscosity of the glass
matrix Goldinget al., (2000) and Li et al., (2012). For the concentration beyond

10wt.%, the opposite trend is observed which is attributed to the decrease in rigidity
and viscosity of the glass matrix. This decrease in rigidity is caused by
depolymerisation process of the modifier. This observation is in fair agreement with

the previous discussion in IR studies under the present study that is due to increase in
the NBOs in the glass networks.

For all studied glasses, the values of spectroscopic quality factor (Ω4/Ω6) are found
tobe~1.1. In fair agreement with the previous research on other Tm3+ doped glasses

Walsh (2004) and Balda et al., (2007) the observed values reveal that all CBTM
glasses are promising material for making photonic devices.
4.5.2 Radiative parameters

The materials that show large values of an emission transition probability, emission
cross-sections and high radiative lifetime have been used to manufacture photonic
devices. Determining these parameters is a key factor for predicting the suitability of

material to be used in photonic fields. In this study, the radiative properties such

electric line dipole strength(Sed),emission transition probability (A), total emission

transition probability (AT),radiative lifetime (τR), branching ratio (βR), and emission
cross-section (σEP)for the excited 3H4, 3F4 and 3H5 levels to their lower levels have

been calculated by using Judd-Ofelt intensity parameters and the refractive index
values. The calculated values are presented in the table 4.5 (c).
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Table 4.5 (c): Various radiative parameters for CBTM glasses
Glass
code

Emission

transition
3

CBTM00

CBTM01

H4→3H6

7.50

8105

F4→3H6

19.80

1888

1888

H4→3F4

1.70

353

11244

2428

2428

8.80

2706

7.50

12377

H5→3H6

8.82

2906

H4→3H6

6.90

12205

H5→ H6

8.90

2936

6.70

14498

8.91

3473

H5→3H6

CBTM03

3
3

CBTM04

H4→ F4

1.71

3

F4→3H6
H4→ F4
3

1.40

17.40

H4→3F4

1.30

H5→ H6

3

21.9

F4→3H6

H4→3H6

3
3

19.82

3

3
3

F4→3H6

H4→3H6

3
3

268

10891

3
3

1.50

7.50

3

CBTM02

H4→3F4

H4→3H6

3

3

AT

(s-1)

3

3

A

(10-21)

3

3

Sed, cm2

3

F4→ H6
3

16.90

(s-1)

8373

2706

407

12785

2853

2853

2906

395

12600

2701

2701

2936

468

14967

3194

3194

3473

βR %

τR

σEP, cm2

96.79

0.12

28.10

100

0.53

35.30

3.21

(ms)

3.72

(10-21)

3.00

96.86

0.09

34.60

100

0.37

9.10

3.14
100

2.83

0.41

3.60

39.70

96.81

0.08

34.10

100

0.34

8.40

3.19
100

2.45

0.35

3.60

45.10

96.86

0.08

32.40

100

0.34

7.70

3.14
100

2.53

0.37

3.40

39.00

96.87

0.07

34.70

100

0.29

8.60

3.13
100

2.13

0.31

3.60

37.70

From table 4.5 (c), the electric line dipole strength corresponding to the transitions
originating from 3H5, are observed to increase with Bi2O3 content slightly from 8.8

x10-21cm2 to 8.91 x10-21cm2. The increasing trend could be attributed to the increase
in the interaction between Tm3+ ions as observed in the previous discussion.
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The values of electric line dipole strength corresponding to 3H4→3H6 transitions, are
observed to be not affected at concentration less than 10wt. % and decreases beyond

10 wt. %. The decreasing tendency may be caused by the poor orbital overlapping
due to the local modification action of Bi2O3.
Rate of spontaneous emission (A)

The propagation mode for the released photon depends on the medium that is
surrounding Tm3+ ions. In this study, the spontaneous emission probabilities for
different excited states are presented in table 4.5(c). Compared to the previous

research on Tm3+ doped glasses Kadono et al., (2000); ShiQing Man (2015) and

Ozen et al., (2001) it is found that, all CBTM glasses are promising materials for the

NIR photonic applications because they show higher values of the spontaneous
emission probabilities.

Radiative lifetime (τr)

Excited state with more lifetimes (to create population inversion) required to

synthesize materials for the laser applications. In this study, the values of radiative

lifetimes for various excited levels are presented in table 4.5(c). In agreement with
the previous studies from Jin Zheng and ShiQing Man (2015); Ozen et al., (2001)

and Kadono et al., (2000) the present glass samples exhibit high values of radiative

lifetime. In this view, it is evident that all CBTM glasses are promising materials for
the NIR applications.

Branching ratios (βr %)

The branching ratios for the transitions from 3F4, 3H5 and 3H4 upper states were
determined and presented in table 4.5(c). The observation shows that, the branching

ratio values for all transitions are above96 %. In agreement with the previous
research report Adam &Sibley (1985), the 3F4→3H6, 3H5→3H6 and 3H4→3H6
transitions are potential for the laser application since they exhibit branching ration
values which are greater than 50%.
Emission cross-sections, σEP

The previous research studies Caird (1975); Yeh et al., (1987) and Yeh et al., (1989)
documented that, emission cross-section values laser host materials are in magnitude
of 10-20 to 10-22cm2.In this study, the values of emission cross-section for all CBTM
glasses were calculated and presented in table 4.5(c).
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Regarding the significance of 1800 nm emission, the comparison of emission crosssection values for different reported laser material is summarized in table 4.5 (d).

Table 4.5 (d): 3F4→3H6 emission cross-section values for different glass hosts
Glass host

Transition

σEP, cm2

Reference

F4→3H6

9.2

Balda, et al., (2007)

14.61

Ya-Pei Peng et al., (2014)

Tellurite based glass

3

GTLa-3 glasses

3

Germanate based glass

3

CBTM glasses

3

F4→3H6
F4→3H6
F4→3H6

(x10-21)
9.3

> 35

Xu et al.,(2011)

The present work

From the table 4.5(d), the glasses under the present study shows high emission cross-

section, σEP, values than the reported glasses, thus all CBTM glasses are suitable for
1800 nm photonic applications Ding et al., (2012).
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5.1 Conclusion

CHAPTER FIVE

Transparent Tm3+ doped borotellurite glasses, with general composition10CaF2xBi2O3-(59-x) B2O3-30TeO2: 1Tm2O3, where x = 0, 5, 10, 15 and 20wt. %were

prepared by using conventional melt quenching method. Various techniques viz.,
XRD, DTA, IR, optical absorption and photoluminescence have been employed for
characterization of samples.

Both density and refractive index values were found to increase with Bi2O3 content
due to replacement of small molecular weight compound (B2O3) in the glass matrix.

XRD studies revealed that, all glasses exhibit amorphous nature while the analysis
from DTA revealed that, the increase in Bi2O3 content beyond 10 wt. % reduces

thermal stability, glass forming ability and optical band gap which is caused by the
formation of more number of non-bridging oxygen’s (NBOs) than bridging oxygen’s
(BOs).

Through IR studies, the structural change between BO3 and BO4 units were

confirmed which is due to polymerization and depolymerisation role of Bi2O3 in the
glass matrix.

Photoluminescence studies proved on the increasing trend of Bi+ ions with Bi2O3

content which plays the role of enhancing Tm3+emissions at 1200 nm and 1800 nm
through energy transfer mechanism.

We finally employed Judd-Ofelt analysis to determine the radiative parameters for
the studied samples. Both emission cross-sections and radiative lifetimes for the

studied energy levels were found to be higher than that of Tm3+ doped fluoride and

crystalline materials. This reveals that CBTM glasses are promising material to
synthesize NIR photonic devices

5.2. Suggestions for the further work
i.

ii.

Since all CBTM glasses exhibit good thermal stability, it would be interesting
to investigate on thermoluminescence performance for the thermoluminescent
dosimeters application.

CBTM glasses exhibit high rare-earth solubility. It is therefore interesting to
explore on the effect of doping two rare-earth ions (co-doping effect) in these

glasses to explore more on the NIR performance of the co-doped system for
the photonic applications.
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