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SUMMARY

Rare earth (RE®*") elements are well known for their exceptional properties and industrial
applications. They play important role in the modern optoelectronic industries. RE doped glasses
have many applications such as in high power lasers and as radiation shielding materials. Most of
the glass lasers use RE** ions as active sites because of low coupling of the RE** with the host
vibrations. The host required for laser applications must have very less phonon energy. For this
purpose tellurite glasses are considered as excellent choice because of their least phonon energy
amongst all the other oxide glasses. The present work deals with the preparation of Er,O3/Dy,03
doped zinc borotellurite glasses. The effect of different processing conditions like heat treatment
and gamma irradiation on the structural, optical and luminescent properties of such glasses is
studied in detail. The entire thesis is divided into eight chapters; the outline of each chapter is
given below:

Chapter 1 The optical properties of the RE doped glasses are important for their
applications. The present chapter describes the luminescence properties of materials and their
associated mechanisms. Since the work deals with tellurite and borate glasses a brief introduction
of glasses and their properties which get affected by heat treatment and gamma irradiation have
been presented in this chapter.

Chapter 2 summarizes the literature review on the tellurite glasses. This chapter gives
introduction about the work done by different researchers to prepare pure tellurite glasses. It also
discusses about the discrepancies found in various parameters like transition temperature and
density of pure TeO, glasses. In continuation it discusses about the mixed former and effect of
modifiers on the tellurite glasses. This chapter also gives information about the effect of dopants
like rare earths and metal nano particles on the luminescent properties of the tellurite glasses.
Discussion about the effect of heat treatment and gamma irradiation on different properties of
TeO, glasses is also done in this chapter. After analyzing the work done so far, the gaps in study
has been highlighted and accordingly, the objectives of the present study are proposed.

Chapter 3 gives the details about sample preparation and the various characterizations
done in the present study. The chapter discusses about the preparation of Er,03/Dy,03 doped
zinc borotellurite glasses in detail. The parameters adopted for characterization techniques such
as X-ray diffraction (XRD), differential thermal analysis (DTA), field emission scanning

XX



electron microscopy (FESEM), UV-Vis-NIR absorption spectroscopy, Photoluminescence (PL)
spectroscopy are given in this chapter.

Chapter 4 illustrates the spectroscopic studies of erbium zinc borotellurite glasses and
glass-ceramics. The concentration of Er,Og3 is varied from 0 to 2.5 mol%. In order to convert the
glasses to glass ceramics, thermal studies are done to choose a temperature range for heat
treatment. In order to optimize time and temperature, glass sample with 0.5 mol% Er,03 is given
heat treatment at 375, 400 and 450 °C for 2, 4 and 6h. Since the maximum PL intensity has been
observed for the sample heat treated at 400 °C for 4h, all the glasses are heat treated at 400 °C for
4h. Further, the effect of heat treatment on the structural and various radiative properties on the
glasses is discussed in detail.

Chapter 5 discusses about the spectroscopic, thermal and structural properties of Dy,03
on the zinc borotellurite glasses and glass-ceramics using DTA, XRD, FESEM, Raman
spectroscopy, UV-Vis-NIR spectroscopy, PL, and decay time measurements. The optimization
of the thermal parameters in order to covert glasses into glass ceramics is done as explained in
the Chapter 4.

Chapter 6 discusses about the effect of 50 kGy gamma irradiation on the thermal,
structural and spectroscopic properties of the Er,03 doped glasses. The chapter also discusses it’s
applications as shielding material and shielding properties of the present glasses in detail.

Chapter 7 discusses about the effect of 50 kGy gamma irradiation on the thermal,
structural and spectroscopic properties of the Dy,03 doped glasses. The chapter further discusses
about the effect of increasing Dy,03; concentration on the shielding properties of the present
glasses in detail.

Chapter 8 summaries the results obtained in the Chapter 4, 5, 6 and 7. The effect of
different processing conditions like heat treatment and gamma irradiation on the spectroscopic
properties of Er,03/Dy,03 doped glasses is discussed and compared. At the end suggestions for

the future work is also given in this chapter.
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Chapter 1 Introduction

INTRODUCTION

Overview

The glasses with rare earth doping are very interesting materials for opto-
electronic devices because of their emission characteristics. RE-doped glasses are
considered as suitable materials for frequency up-converters, lasers, fibers, amplifiers,
optical, temperature sensors and optical limiters etc. This chapter is divided into three
sections. First section is about basics of the luminescence. The second section deals with
the rare earth spectroscopy. Finally, third section is devoted to the introduction of glasses
and effect of different processing conditions like heat treatment and gamma irradiation on

the glasses.
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1.1 Introduction

Spectroscopy is an analytical technique to characterize materials by absorption, reflection,
emission and scattering of electromagnetic radiation in a material. The spectroscopic
investigations contribute to our present day knowledge about the properties of atoms and
molecules. The emission and absorption spectrum helps to study the molecular/atomic
structure of a material. For instance, the atoms are uniformly arranged in a long-range order
in crystals and sort or medium range order in glasses or other amorphous materials. This
property of the solids can be used to analyze the solids with the help of solid state
spectroscopy. Over the years, luminescent materials have played an important role in
photonic devices such as lasers, communication, nuclear shielding and so on [1-3]. The
introduction of luminescent ions into different matrices is considered as vital aspect in the
advancement of optical devices. Such materials are potential materials for temperature
sensors, near infrared (NIR) lasers and fiber amplifiers etc. [2-5]. The spectroscopic
properties of the luminescent materials depend on their vicinity or host composition. The
addition of different modifiers and dopants can modify their spectroscopic properties. In
other words, the neighboring ligand fields have an extensive influence on the absorption and
emission characteristics of rare earth ions in a host matrix.

1.2 Introduction to luminescence

Luminescence is light emission phenomenon that occurs because of different allowed
electronic transitions. When a photon is made to fall on an atom or ion it goes to a higher
energy state. The unstable atom/ion comes back to the ground state after certain time period.
The energy radiated by the atoms/ions is lower than the incident energy. Table 1.1 represents
different types of excitation that could be achieved with different excitation modes.

Table 1.1: Different types of luminescence

Type of Luminescence Source of Excitation
Electro-luminescence Due to presence of strong current
Photo-luminescence Due to absorption of photons

Cathodo-luminescence Due to cathode rays
Chemi-luminescence Because of chemical reactions
Radio-luminescence Due to irradiation by high—energy particles

Bio-luminescence Light produced by biological systems

Thermo-luminescence Due to gradual heating of a material
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1.2.1 Mechanism

Excitation: In luminescence mechanism the activator (luminescent) ion absorbs the energy in
lower energy state (E1) and goes to the excited state (E2) as explained in Fig. 1.1. It is worth
noting that the host materials do not participate in luminescence, but holds the activator ions.

On the other hand, activator ions absorb the energy and emits radiatively or non-radiatively.

E2

J N

E2=hv-El | &

k4 F1

Fig. 1.1: Excitation and emission process.
Emission: On absorbing photon, atoms/ions moves from lower energy state to higher energy
state. After spending a certain lifetime in the excited state, ions comes back to lower excited
state by giving off energy in the form of photon or via non-radiative emission (Fig. 1.1).
These two emission processes are competitive. Thereby to prepare a luminescent material the
non-radiative emission loss should be minimized. The said emission transitions depend upon,
excited states decay time and emission crosssection of activator ion. In case of rare earths,
the majority of transitions occur in the visible region, are from 4f-4f configuration.
1.3 Rare earth (RE) spectroscopy
The RE** elements were first discovered in 1787 when an unusual black mineral was found
in Ytterby, Sweden. The RE ions exist in either RE>* or RE?* states. The trivalent state is the
most stable and therefore predominant oxidation state for all RE ions [6,7]. The RE** ions
have noble gas xenon configuration, and additional 4f electrons. Since, these elements have
similarities in their electron configuration, so most of their physical properties are similar.
When RE ion is doped in any host lattice it acts as optically active center (activator) and
exhibit luminescence on excitation.
1.3.1 Photoluminescence in rare earth ions
After the material absorbs photons, the resulted emission in the form of light is known as

Photoluminescence. When light of required energy falls on a material, it absorbs photons and
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goes to the excited state. The atoms/ions return to the ground state after a certain period of
time, and in case of radiative relaxation, the emitted light is the photoluminescence.

1.3.1.1 Rules for f-f transitions

The 4f-electrons present in RE-ions are protected by 5s/5p valence electrons. The electronic
transitions happening in the RE ions are characterized as three types (a) electric-dipole (ED),
(b) electric-quadruple (EQ) and (c) magnetic-dipole (MD) transitions [8]. Table 1.2 gives the

constraints or selection rules for the said transitions.

Table 1.2: Selection rules for 4f-4f transitions in RE- ions [8]

Transition | Parity | AS AL AJ(0£0)
ED opposite | 0 <6 <6
EQ same 0 |0, +1,+2 |0, 1, +2
MD same 0 0 0, +1

ED transitions: The interactions between active ion and electric field vector through an
electric-dipole results in the ED transitions. The non-centro-symmetrical interactions in these
transitions allow the combination of energy states of contradictory parity [8].
EQ transitions: EQ transitions have quadrupolar nature. It comprises of four point charges
with net charge and dipole moment zero. The electric quadruple has even parity. These
transitions are weaker than ED and MD transitions [8].
MD transitions: MD transitions are due to the interaction between active ion and magnetic
field component.
1.3.1.2 Splitting of energy levels in RE ions
When RE ion is doped in a particular matrix, it interacts with its surrounding through
Coulomb potential. For a solid host matrix, the Hamiltonian model is used.

H =Hcot+ Hes+ Hso+ Her 1.1)

on

Where, Hco represents coulombic interactions between the RE-ions, Hes denotes electrostatic
forces of interaction between electrons of RE-ions and Hso is the measure of spin-orbit
interaction. Also, another factor Hcr is considered in the Hamiltonian due to the perturbation

induced in crystal-field because of host matrix. The energy levels are denoted as ***L; [8].
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1.3.2 Factors affecting photoluminescence in RE ions

1.3.2.1 Concentration Quenching

When activator or luminescent ions are added in a material, the intensity of emitted light
should increase. This occurs because of the increase in absorption of the light by
activator/luminescent ions. In practice this happen up-to a particular doping concentration
only. After that the emission intensity starts decreasing. This phenomenon is known as
concentration quenching. It happens due to following reasons:

An increase in number of activator or luminescent ions results into increase in non-radiative
transfer of energy (Wng). Also due to large number of activator ions present in a system,
distance between two ions decreases, which increases the chances of high values of Wyg.
Because of this, the luminescent ion starts acting as sink or traps leading to reduction of
emitted light. The quenching can also happen without the actual energy transfer but via
cross-relaxation.

1.3.2.2 Hypersensitive transitions

In RE ions there are certain transitions which are affected by surrounding environment.
These transitions are known as hypersensitive transitions and follow constraint rules of
Electric Quadruple transitions [9-11]. Different transitions in RE ions are given in the
following Table 1.3.

Table 1.3: Observed Hypersensitive transitions in RE** ions

3+ . =Energy
Ln Transition (x103 cm'l)

Pr* (412) H, > °P, 5.20
Nd* (4f°) “lo = “Gspo 17.30
Pm* (4 %) *1, > °Gy, °Gy 18.00

6 6
3+ 5 Hsjo — "Fyj0 6.40
S (417) ®Hsiz = *Pa 26.60
FL > °D, 18.70
Eu* (4f°) Fo — °D, 21.50
F, - D, 16.30
Gd3Jr ( 4 f ! ) 837/2 —> 6P7/2, 6P5/2 32.50
®Hy5, — °F 7.70

D 3+ 41: 9 15/2 11/2

y( ) 6H15/z - 4I15/2, 4G11/2 23.40

5 5
3+ 10 lg —°Gg 22.10
Ho™ (417 Slg — Hs 27.70
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3+ . ~Energy
Ln Transition (x103 cm'l)
4 2
li5p — “H 19.20
Er3+ 4 f 11 15/2 1172
( ) 4|15/2 — 4611/2 26.40
*Hs > °F,4 5.90
Tm* (411%) *He — °H, 12.70
*Hs - G, 21.30

1.3.2.3 Non-Radiative Transitions

In the said transitions the emitted light is lost in the form of heat. This happens because of the
variations in ligand field. These variations result into energy transfer from the excited ion to
host matrix leading to lose of energy in the form of heat. The said transitions are classified
as: (i) co-operative upconversion and (ii) Cross-relaxations [12]. In order to minimize the
non-radiative de-excitation, it is always preferred that the active ions should be surrounded
by a host having low phonon energies.

1.3.3 Upconversion (UC) Emission

UC emission is basically an example of anti-stokes process which involves transformation of
more than one low-energy photon to higher-energy photon. It is possible in RE*- ions with
metastable and long-lived intermediate levels. The up-conversion-processes occur through
different ways: excited-state-absorption (ESA), two-photon-absorption (TPA) and energy
transfer up-conversion (ETU) [11,12].

Excited state absorption (ESA): ESA process requires absorption of two (or more) photons
by RE- ions sequentially. The ions present in ground state (GS), it goes to meta-stable (MS)
state through ground state absorption (GSA). When another photon is absorbed by that ion, it
further goes to higher excited state (ES) as shown in Fig. 1.2 (a). The excited ion eventually
comes back to the GS by giving off up-conversion luminescence.

Two photon absorption (TPA): In TPA, an ion in the GS absorbs two photons
simultaneously and goes to an excited state via virtual state. The virtual state is shown by the
dashed line in Fig. 1.2 (B).

Energy transfer up-conversion (ETU): The sensitized ETU is the most efficient up-
conversion mechanism. In ETU process, there is a cross-relaxation between ions in their
excited states. In this case, one ion absorbs energy and passes on to the other ion which is

already in the excited state as shown in Fig. 1.2 (C).
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(A) (B)
Excited State (ES) A ES [
ESA ucC
Meta Stable State (MS) e o e e
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Ground State (GS) T Y GS 1
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ES N

M5 e UG Tlstl\ T””d

GS \ 4 Vv

Fig. 1.2: Schematic representation of the up-conversion emission by different mechanisms

1.4 Introduction to Glasses

Glass is a non-crystalline solid that undergoes a phenomenon called glass transition [13,14].
The glass transition occurs from viscous liquid to glass and the corresponding temperature is
called as glass transition temperature (Tg) [14,15]. Glass is known as thermodynamically
metastable state due to quenching of arrangement of the atoms during the preparation. Fig.
1.3 shows a V-T graph corresponding to crystals and glassy phases. When a material
undergoes cooling from an initial state A, volume of the material decreases gradually with
decrease in temperature. In the case of slow cooling, the atoms have sufficient time to
arrange themselves in an orderly arrangement and crystallization takes place at Ty,. The
volume of the slow cooled material decreases sharply to point B and follows the path BC
with further decrease in temperature. However, if the cooling rates are very high, the atoms
do not have sufficient time to arrange themselves in an orderly fashion, hence the
crystallization is avoided. The volume of the super-cooled liquid decreases along ADF/E
route. The materials exhibit glassy nature below transition temperature only. If the glassy

materials are re-heated well above Ty it can be transformed into crystalline materials.
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Fig. 1.3: Effect of temperature on enthalpy glass and crystals [14]

1.4.1 Tellurite glass

Recently, tellurite (TeO,) glasses are gaining interest of glass scientist because of their
different properties e.g. phonon energy (780 cm™), low glass melting temperatures, good
chemical stability, high refractive index and durability [16-18]. These distinctive properties
make TeO, glasses as a possible host material for applications in different opto-electronic
devices [17,18].

Structure of tellurite glasses
TeO, (tbp) TeOy,, (distorted thp) TeO, (1p)

]
o

0.21

0.19 Q
/05'

Fig.1.4: (a) Different structural units present in tellurite glass and (b) Predicted model of
zinc tellurite glass [19,20]

It has been observed that the building units present in TeO, glasses are trigonal pyramidal

TeOs3 groups and trigonal bi-pyramidal TeO4 (Fig 1.4 (a)). These structural units are highly
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asymmetrical and have a large variation in bond lengths because of the presence of lone pair
in one of the equatorial sites. The lone pair repels oxygen atoms strongly which constrains
the structure. With addition of modifiers/dopants (Fig. 1.4 (b) and 1.5) in tellurite glasses,
there is a conversion of units with bridging oxygens (BOs) (TeO,4) to units having non-
bridging oxygens (NBOs) (TeO3.1) groups. The TeOs.1 units have two terminal Te-O bonds
[19].

Q4 QY

0 U
\ O/Ts\__ O/ + Dy, 03— —~— O// TZ’\ o /

-
”,
“,

“0
\ 3 O

Fig. 1.5: Possible structural variations induced in TeO, glasses with Dy,Os. Where Q4
superscript gives the number of BOs and subscript gives number of NBOs.

1.4.2 Borate Glasses

Borate glasses comprises of B,Os as glass former. The structure of borate glass is believed to
consist of boroxol rings as shown in Fig 1.6. It consists of three B-O triangles joined together
[14,21]. Borate glasses are potential candidates for opto-electronic devices having RE-
elements. It is because of the presence of different poly-borate groups which are stable and
well defined. Fig 1.7 shows different structural groups comprising of borate glasses. The

addition of borate in the TeO, glasses helps to improve stability of glass structure.

Fig. 1.6 Boroxol ring structure [14]
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Fig. 1.7 Structural groups present in alkali borate glasses
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1.4.3 Importance of RE doped glasses

Rare earths (RE®") are known for their exceptional spectroscopic characteristics and
applications in opto-electronic industries [22-27]. The glass phosphors use RE** ions as
active ions, because of low coupling of the RE** with the host matrix vibrations. It results in
decrease of non-radiative energy loss [28-31]. This leads to increase in the efficiency of laser
active medium. RE** ions acquire the non-symmetrical sites in the glasses. Hence, the site-to-
site variations in the in-homogeneous broadening of the absorption and emission spectra
(also known as Stark Splitting) and non- exponential decay curves or the radiative transition
probability depends upon the host glass composition and its preparation technique. In case of

high phonon energy, the non-radiative emissions are higher.
1.4.4 Glasses to Glass-Ceramics

The science and technology continuously call for novel materials with excellent

thermodynamic and spectroscopic properties to achieve new functionality. Glass Ceramics

10
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(GCs) are hetro-phase complex materials. GCs are formed by controlled heat treatment of
glasses, which leads to nucleation and crystallization in glass matrix. GCs consist of micro or
nano-sized crystalline phase and residual glass phase.

Preparation routes of Glass-Ceramics: The crystallization in glasses is a two step
transformation: nucleation stage and crystal growth stage. In nucleation, small volumes of
crystallites are produced in the parent glass. It is followed by crystal growth, in which
atoms/molecules move from glass-crystal interface to the crystallite sites. The schematic of

glass ceramics formation is shown in Fig 1.8.

T, o~ L @@/l\- ° A
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Fig. 1.8 Conversion of glasses to glass-ceramics by heat treatment [32]

The GCs are obtained by various methods. These are discussed in brief as follows:

Single Stage Method: Single stage method is applied when there is considerable overlap
between the crystal growth rates and nucleation rate curves. Fig 1.9 represents a case in
which this method has been illustrated. The single stage heat treatment is done at temperature

Tne- The glass ceramics for the present study are prepared by this method.

Temperature

>

Rates of nucleation and growth Time

(a) (b)

Fig. 1.9 (a) Schematic of nucleation and crystal growth on temperature in a glass matrix, (b)
Schematic of heat treatment done via single stage method [33]

Two Stage Method: Two stage methods are employed when extent of overlap in nucleation
and crystal growth rate curve is very less [33]. This method requires heating of samples in

two steps to achieve ceramization.

11
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1.4.5 Gamma ray interactions with matter

Gamma rays are ionizing electromagnetic radiations produced from radioactive decay of
atomic nuclei. Gamma rays on interaction with matter may produce charged particles such as
positrons and free electrons. There are three dominant photon interaction processes that can
happen when gamma rays interact with matter [53-55]. These processes are discussed below:
Photoelectric Absorption (PA): In this particular process gamma ray photons interact by
means of K-shell electrons of an atom. The gamma photon is absorbed by the K-shell
electrons. The energy absorbed is partly used to knock-off an electron and rest of the part
goes as kinetic energy. Binding energy of a particular shell acts as threshold energy for this
process. The photon absorption is dominant process at low photon energies for elements
having large atomic numbers.

Compton Scattering (CS): Another possibility of gamma ray interaction with matter is
inelastic/incoherent scattering of gamma photons. This is known as Compton scattering. As a
result of Compton scattering, energy goes to an electron partially and remaining to photon
which is elastically or in-elastically scattered. This process results is independent of Z and a
gradual decreases in its value is observed with the increasing photon energy.

Pair Production (PP): It involves induction of e/hole pair by means of absorption of y-
photons completely. It is more pronounced in elements having high Z.

The atomic cross-section for these processes in principle increases with increasing Z.
Consequently, heavy metals are relatively more effective for shielding and detection of
gamma radiations as compared to lighter elements. Moreover, it is observed that cross-
section of PA and CS decreases and of PP increases with increasing energy. As a result, the
total absorption of gamma rays in an element has a region of lowest and highest
transparency at some energy. This may act as a window through which gamma rays may
escape from a given shielding material. Therefore, it is always preferred to use mixtures of
different materials for gamma rays shielding to close the window.

Studies on the changes in optical properties yield valuable information regarding the
radiation induced defect centers and development of structural models. The detailed review
on the progress in the field of rare earth doped borotellurite glasses is discussed in the next

chapter.
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LITERATURE SURVEY

Overview

Tellurite (TeO,) glasses are promising host materials for rare earth doping because
of several promising properties. The optical properties of TeO, glasses are important for
several applications like laser technology and optical communication networks. Present
chapter deals with the literature review on the tellurite glasses. The synthesis of pure TeO,
glass and the discrepancies reported for different parameters like transition temperatures
and density have been discussed. A detailed discussion about the effect of other glass
formers and modifiers on the preparation and properties of TeO, glasses has been
presented in this Chapter. Discussion about the effect of different parameters like heat
treatment and gamma irradiation on TeO, glasses is also done in this chapter. After
analyzing the work done so far, the gaps in the study have been highlighted and

accordingly the objectives of the present study have been proposed.
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2.1 Introduction

The first well planned study on tellurite (TeO,) glasses was done by Stanworth [1] in 1952.
Until today TeO, glasses are providing new prospects to fabricate optoelectronic devices
[2-4]. Tellurite glass former have attracted interest of glass scientist because of its better
optical, physical and radiative properties when compared to other oxide glasses. Tellurite
glasses are preferred because of their advantages such as: wide transmission, low melting
point (< 800 °C), lowest phonon energy among oxide glass hosts, high chemical stability,
solubility of RE** ions and refractive index [5,6]. In consequence of said properties strong
emission and large quantum efficiencies are expected from the TeO, glasses doped with
RE elements [7-10]. Owing to these properties, tellurite glasses are considered as
promising materials for lasers, sensors, electronic devices, and for optical amplifiers.
Tellurite is an intermediate/conditional glass former hence pure TeO, glass is prepared by
some special quenching techniques. Some of the work is presented here.

Sarjeant et al. [11] have prepared the blobs of pure glassy TeO, by using splat quenching.
While, Kim et al. [12] prepared pure TeO, glass by quenching the glass melt in NaCl,
ethanol and ice mixture at a very low temperature of -10 °C. In order to prepare flaky glass
in large quantities twin-roller technique was employed by Barney et al. [13]. Tagiara et al.
[14] prepared TeO, glass with intermittent quenching. The crucible containing glass melt
was removed from furnace and stirred until it became viscous. Further glass melt was
promptly quenched by dipping the base of crucible in and out of water.

Since the fundamental properties of glasses like density (p) and Ty are sensitive to
composition and thermal record, the complexities in glass preparation lead to disagreeable
results of Ty and p. Also, the density of pure tellurite glass shows a large deviation as
observed from different studies. For instance, it varies from 4.80 to 5.62 g/cm?® as reported
in different studies [14-19]. Also, different studies in relation to pure TeO,, reported
different T, values varying from 303.1 to 385 °C [14-19].

2.2 Consequence of composition on the properties of TeO, glasses

To encounter the above mentioned problems some modifications in terms of glass

compositions of the glasses has been made and studied.
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2.2.1 Mixed network former effect

To prepare tellurite glasses by conventional melt-quenching, the addition of glass-forming
oxides like GeO,, P,0Os and B,03 etc. can be an option [20-25]. In this regard, borate is a
potential former because of its good thermal and optical properties along with its glass
forming ability [26]. The introduction of borate to tellurite glasses results into increased
refractive index. Rada et al. [27] prepared TeO,-B,0j3 glasses, in a ceramic crucible by
melt-quenching technique. Structural studies of TeO,-B,03 glass confirm that glasses with
higher B,O3; content have appearance of discrete vibrational bands [27]. This may be
because of increase in structural units containing NBOs. Ahmed et al. [28] prepared GeO,-
TeO, glasses with the help of melt quenching at 1400 °C. The as-prepared samples were
found to have a compact structure. The absorption bands were found to be broad and
strong. Rinke et al. [22] prepared sodium phosphate tellurite glasses by melt-quenching.
Structure of obtained glasses consisted of collection of interlinked anionic P® tetrahedra
and neutral TeOg, anti-prisms. The clustering of sodium cations was also observed in
structural studies. The results suggest that sodium ions behave differently in the present
glass than in other oxide glasses.

2.2.2 Effect of modifiers

Addition of alkali/alkaline earths metal ions to tellurites leads to rupture of glass structure,
hence transforming TeO,4 to TeOs,; structural groups. Agammy et al. [29] reported on
structure of NaF-TeO, glasses. The studies suggest that, in samples with the modifier
concentration <10 mol%, the modifier convert TeO, units into TeOs,F and Na'[TeOs:1]
units. Whereas, at concentration higher than 10 mol% NaF partially forms crystalline
phases. Jiusti et al. [26] studied the T4 of alkali (Li.O/Na,O/K,0/Rb,0/Cs,0) tellurites. It
decreases with an increase in alkali concentration from 0 to 30 molar percent. On the other
hand, metal oxides like SrO/MgO/BaO/Ca0O had the opposite effect on the properties of
samples. Tellurite glasses, containing ZnO were reported by several researchers [30-35].
An inconsistency in trends of transition temperature and density is observed with varying
ZnO content. Some studies suggests a decrease in Ty with increasing in ZnO concentration
[17,30,35] whereas other studies reported increase in Ty with ZnO addition [24,25,33,37].
A variation in the density of ZnO-TeO, glasses is also reported [24,25,34,35,38,39].
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It is observed that the relation between structure and observed trend in T4 of tellurites is
complex, because of their structural complexity. Sekiya et al. [39] suggested that on
addition of modifiers to the TeO, glasses, some Teq-Oa-Te, (Where, eq = equatorial and
ax = axial sites) bonds are broken, and non-bridging-oxygens (NBOs) are formed. Hence,
it can be said that many structural rearrangements are possible with addition of modifier
causing contrast in results.

2.2.3 Addition of dopants

2.2.3.1 RE-doping in glasses

The introduction of RE®* ions into vitreous matrices is considered as vital aspect in the
advancement of glass materials based optical devices, for instance temperature sensors and
near infrared (NIR) lasers etc. [40-43]. One of the important approaches to obtain fiber
lasers is the use of upconversion (UC) processes in order to obtain the NIR to visible laser
emission. The UC in Er** ions is possible due to the existence of metastable energy levels.
To broaden the applications of TeO, glasses some modifications in terms of doping has
been done. Glass phosphors mostly use RE** ions as activators, because of low coupling of
the RE®* with the host vibrations. This in turn decreases the loss in the form of heat and
hence improves the quantum efficiency of emitting level.

Zhou et al. [40] have reported on the fluorescence behaviour of Tm**-doped tellurite
glasses. The emission at 1.20 um emission has been observed corresponding to Tm®*": 1G,-
3H, transition. The respective emission cross-section has been calculated to be 0.47 x 107
cm?. Due to effective population inversion in G, and ®H. levels, a positive gain band was
achieved at relatively low Tm®" dopant concentration.

Linganna et al. [41] prepared Nd** doped P,0s-TeO, glasses by melt-quenching. Figure of
merit (FOM) for transition “Fa - *l11, was higher than other reported glasses doped with
Nd>* [39]. Hence, the said glasses have the potential to act as laser medium at 1060 nm.
Selvi et al. [42] worked on Dy*" doped boro-tellurite phosphate glass and reported that
decay time of “Fg, excited state decreased with the increasing Dy** amount. Hazlin et al.
[43] studied the optical as well as structural characteristics of tellurite glasses doped with
Dy**. An increase energy gap and decrease in Urbach energy was observed with increase
in Dy*" content. Glasses doped with Er®* are known to give visible (553 nm) and NIR (1.53
pm) emission. In addition, the erbium doped glasses show the upconversion. Pandey et al.
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[44], studied photon downshifting in tungsten tellurite glasses. The prepared glasses
showed an enhancement of 14.2 times in NIR region after further doping with Yb**. The
results suggested that the prepared samples can be used as luminescent coating solar cells
to enhance its efficiency [44]. Umar et al. [45] observed that with the increasing Er** ion
content, there is an increase in density, molar volume, energy gaps, molar refraction and
transmission coefficient. The emission characteristics of some rare earth doped glasses are
given in Table 2.1.
Table 2.1: PL characteristics of some rare earth doped glasses

Glass Composition | Synthesis Dopant Excitation Emission Transitions
(mol%) method wavelength (ground state-excited state)
95Si0,-5Pr(NO3); [46] | Sol-gel Praseodymium (Pr) | 450 nm 495, 540, 615 and 650 nm
method (Po"Ha, °P1-*Hs, "D2-*H, and *Po-F)
57ZrF-36BaF,-1LaF;- Sol-gel Europium (Eu) 394 nm 579, 591, 612, 655 and 702 nm
3EUFs-3AIF; [47] method (°Do-"Fo123and4)
5La,03-95Te0, [48] Melt- Lanthanum (La) 325 nm 325, 405, 447, 538 and 582 nm
quenching (intrinsic defects)
25Bi,03-5B,05-(70- Melt- Cerium (Ce) 317 nm 360 nm
X)P,05-xCeF3 [49] quenching (5D - 4F)
X(Pr¢O41)-100-x(SLS- Melt- Praseodymium (Pr) | 444 nm 530, 556, 613 and 650 nm
Zn0) [50] quenching CPo - *Hy 5.6.°F2)
techniaque
40Bi,03-20Ba0O—(40- Melt- Neodymium (Nd) 585 nm 900, 1060 and 1345 nm
X)B,03[51] quenching (*Fai- * lop, 1172 and 1312)
technique
20Pb0O-5Ca0-5Zn0- Melt- Samarium (Sm) 402 nm 565, 602, 648 and 710 nm
10NaF-59B,03-Sm;03 | quenching (*Gsi-"Hspz, 712, 912 and 1112)
[52] technique
20Pb0O-5Ca0-5Zn0- Melt- Terbium (Th) 378 nm 418, 442 and 458 nm
10NaF- 59B,05-1Th,0; | quenching (*F7-°Dy
[52] technique "Fe—°D3.)
(70-x)TeO,-20B,03- Melt- Dysprosium (Dy) 383 nm 484, 576 and 664 nm
XDy,03 [53] quenching (*Foz-"Hisi2 11302 and 1112)
(Sb,03)g0.x-(Na,0)1¢- Melt- Erbium (Er) 514.5 nm 550, 670, 850, 980, and 1530 nm
(Zn0O)y [54] quenching ( *Fop- “lisi S i, *San- “liap,
technique Lo *asrz, *ligio *lisra)
60TeO,-30ZnF,— Physical and Holmium (Ho) 1163 nm 2.85 mm
10NaF [55] chemical Cle="17)
dehydration
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2.2.3.2 Metallic doping in glasses

The metal nanoparticles (np) doped in a rare earth glass results in an increment in the
emission intensity making nps as ideal sensitizers. This is due to local surface plasmon
resonance. Hua et al. [56] studied Dy** doped silver tellurite glasses and observed an
increase of 29% in the luminescence intensity. Similar results were obtained by Mahraz et
al. [57] with Ag doping in the Er* -borotellurite glasses. Mawlud [58] studied the
comparison between Ag and Au np doping in Sm**-ZnO-NaO-TeO, glasses. It was
observed that luminescence intensity increased with the introduction of metal nps (gold
and silver) in the glass. The samples having Au nano-particles had higher lifetime as
compared to the Ag counterpart.

2.3 Factors affecting the spectroscopic properties of RE-doped glasses
2.3.1 Effect of heat treatment

The demand for optical and electronic sources having high efficiency and minimal
environmental hazard is increasing. In this context, glass-ceramics formed by controlled
nucleation of glasses with the advantages of both glass and crystal are potential materials.
GCs exhibit combined properties of glasses such as (i) optical transparency (ii) formability
into various shapes (iii) different possible compositions (iv) gas and liquid impermeability
(v) hardness, with distinctive characteristics of polycrystalline materials called ceramics
and crystalline materials such as optical activity.

Heat treatment of the glasses at particular temperature leads to a transformation of glassy
material to the glass-ceramic. It is interesting to study the crystallites of nano/micrometer
size induced in a glass matrix as it is expected that these crystals may give rise to excellent
properties. Rajesh et al. [59] studied the influence of NaYF, nanocrystals on radiative
parameters of the oxy-flouro tellurite glasses doped with Nd,Os. The results reveal that
increasing Nd** concentration had a negative effect on the nano-crystalline phase as first
crystalline peak decreased accordingly. The emission intensity of band centered at 1060
nm enhanced after ceramization due to occupancy of the Nd** in NaYF, nano-crystalline
phase.

Walas at el. [60] prepared Eu®* doped tellurite glass ceramics by heat treatment. The
analysis of the emission spectra confirmed that lifetime and emission of glass ceramics

were higher than of pristine glasses. In another study Bolundut et al. [61] observed similar
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results in Sm*":Ag lead TeO, glass samples. In a study Kumar et al. [62] observed an
enhancement in the green upconversion because of crystallization in tellurite glass having
co-doping of Er** and Yb*". Bi-exponential character in decay curves was also observed in
the heat treated samples. Similar results were observed by Ennouri et al. [63] because of
precipitation of ErPO, crystals in the P,Os-TeO, glasses by heat treatment. Joshi et al. [64]
reported the effect of ceramization on oxy-halide tellurite glasses having co-doping of Yb®*
and Er®". The observed results explained that emission efficiency of the samples increased
drastically after heat treatment. Kaur et al. [53] reported a decrease in the emission
intensities in Dy** doped TeO, samples as well as lifetime values after heat treatment due
to increased energy transfer rates. Similar results were observed by Babu et al. also [65].
2.3.2 Effect of gamma irradiation

When gamma rays interact with materials there is formation of large number of optical
defects. These defects include electrons/hole pairs which are either pre-existing in the glass
or are created by the gamma irradiation [66,67]. These defects may give rise to absorption
band known as radiation induced band.

Alaily et al. [66] explained the effect of irradiation on the phosphate glasses doped with
Sm,0s3. The irradiation of the glasses with y-rays leads to the creation of large number of
electrons due to photo-generation process. The so produced electrons are either trapped in
the preexisted defects or cause new hole-centers in the glass structure. The study suggested
that presence of Sm** ions can reduce the effect of irradiation in the glass matrix. Kaur et
al. [67] studied the spectroscopic properties of the zinc borotellurite glasses doped with
Er,O3 after 50 kGy irradiation. The results concluded that the spectroscopic parameters got
marginally modified due to gamma irradiation. Also the shielding properties of the glasses
were improved with the increasing rare earth concentration. The glasses with rare earth
doping showed less changes in their properties after gamma irradiation which indicates
that doped glasses have resistant against gamma radiation in comparison to undoped glass
sample [67]. Some characteristic physical, optical and thermal properties of irradiated glass
samples are given in Table 2.2.
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Table 2.2: Characteristic properties of some gamma irradiated samples

20PbF,-20TeO,-

10Zn0O-5Na,0;-10Bi,O5-

78Te0,-20B,05-

Properties 57.5B,05-2.5 Sm,04[68] | 73.5B,05-1.5EU,05[69] | 10ZnO-2Er,0; [67]
Density (gm/cc) 4.27 3.514 4.82
Refractive Index 1.761 2.30 2.40

T,(°C) 407 - 375

T. (°C) 606 - 444

Tm (°C) 710 850-900 750
Radiation applied 150kGy 50kGy 50kGy

Radiation induced

The intensity of the
absorption peaks

1.The absorbance increased
significantly after
irradiation in the NIR
region but marginally in the
UV-Vis region

The absorption
increases by 15% on an

Absorption decrease_d e_lfter v- 2 Low Eu;0, [0.1 mol%] average from _UV-Vis-
irradiation NIR region.
content has two extra
absorption bands at 520 and
660 nm
Change in 4.30 3.484 4.8244
Density (Increased) (Decreased) (Increased)
. 1.808 2.35
Change in RI (Increased) (Increased) 2.42 (Increased)
Change in 3.98 45,994
Hardness (Increased) (Decreased) i
Change in Tg 370 - 365
(Decreased) (Decreased)
Change in PL Increased - Decreased upto 40%
Marginal increase in Increase in RI values after .
. o o Increase in structural
Change in structural units with Non gamma irradiation is units with Non
Structure Bridging Oxygen’s observed due to formation

observed

of electron/hole pairs

Bridging Oxygen’s

2.4 Gaps in the Study

The literature review suggested the preparation of pure TeO, glasses requires special

quenching techniques. However, the addition of glass formers and modifiers not only helps

in the formation of TeO, glass by conventional methods but also improves the optical

properties. In addition, doping of these glasses with RE®* ions makes them important in the

field of opto- electronics. But there are few reports on the studies of the mixed former

effect of borate and tellurium glass composites so far. Also, there is vast variation in their

measured PL characteristics for the same concentration of dopants. Glasses are also

potential materials in the field of radiation shielding. There are only few reports on impact
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of gamma irradiation on spectroscopic properties of zinc borotellurite glasses doped with
rare earth elements.

Considering these gaps following objectives of the present work has been planned.

2.5 Objectives

1. To prepare Er,Os/ Dy,03 doped TeO,-B,03-Zn0O glasses via melt-quenching technique.
2. To study the thermal properties of the as-prepared glasses as a function of rare-earth
doping concentration.

3. To study the effect of variation in rare-earth doping concentration on photoluminescence
property of glasses and glass ceramics.

4. To study the effect of gamma irradiation on the structural and spectroscopic properties

of the as prepared glasses.
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Chapter 3 Materials and Methods

Experimental

Overview

This chapter describes the procedures adopted to prepare glasses and glass ceramics
of different compositions. Various techniques used to analyze these glasses and glass
ceramics has also been presented. The thermal, morphological, structural and luminescent
properties have been studied by means of differential thermal analysis, field emission
scanning electron microscopy, Raman and emission spectroscopy respectively. Operating
conditions of these instruments along with associated theories used to calculate optical and

radiative parameters has been presented at their respective places.
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3.1 Experimental

3.1.1 Precursors used:

The precursors used for sample preparation are TeO,, H3BO3, ZnO, Er,O3; and Dy,03
procured from Sigma Aldrich having minimum 99.99% purity. All the chemicals were
used after heating them at 100°C to remove the absorbed water.

3.1.2 Preparation of samples

Erbium doped glasses and glass ceramics: Er**-doped zinc borotellurite samples were
synthesized by means of melt-quenching method. A batch of 25 g was prepared by taking
the oxides as precursors in stoichiometric amounts. The precursors were further mixed
with the help of pestle mortar to achieve homogeneous batch. The mixed oxides were
transferred to alumina crucible. The crucible containing the batch was melted in a furnace
at 850 °C for 1 hour. The glass melt was stirred in the furnace to remove the trapped gases
to achieve homogeneity. After melting, the molten mass was poured on the brass mould
and transferred to the preheated furnace for annealing at 300 °C for 2 hours. The annealing
was done to remove the internal stresses. Samples were left for overnight in the furnace to
come back to room temperature on their own. The as-prepared samples were finally cut
into pieces of 1.cmx1cm each having approximate thickness of 2mm. The glass pieces were
polished for further studies. One set of the sample was termed as pristine glass sample (as-
prepared). The other two sets of the samples were used for preparing the glass ceramics
and also for gamma irradiation studies. In order to obtain the glass ceramics (GC), the
second set of as-prepared samples were given heat treatment at 375°C, 400°C and 450°C
for 2h, 4h and 6h respectively. Further the optimized conditions to achieve glass ceramics
were finalized after characterizing these samples. The glass ceramics were coded as
TBZErGC (where x = 0.0, 0.5, 1.0, 2.0, 2.5). Table 3.1 gives their sample ID and
composition.

Table 3.1 Chemical composition of TBZEr, samples

Sample ID TeO, B,O3 Zn0O Er,O3
(mol%o) (mol%o) (mol%o) (mol%o)
TBZErg, 70.0 20.0 10.0 0.0
TBZErgs 69.5 20.0 10.0 0.5
TBZEr 69.0 20.0 10.0 1.0
TBZEr; 68.0 20.0 10.0 2.0
TBZEr; 5 68.5 20.0 10.0 2.5
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Dysprosium doped glasses and glass ceramics: Dy**-doped zinc borotellurite glasses
(TBZDyyx) and glass ceramics (TBZDyGC) were obtained by varying Dy,03
concentration at the cost of tellurite, keeping borate and zinc oxide constant (Table 3.2).
These samples were prepared using same synthesis method as explained earlier. In order to
obtain their heat treated derivatives (glass-ceramics), the prepared glass samples were heat
treated for 4 hours in the furnace at 400°C (optimized conditions).

Table 3.2 The chemical composition of TBZDyy samples

Sample code TeO, B,Os ZnO Dy,03
(mol%) (mol%) (mol%) (mol%)
TBZDyo, 70.0 20.0 10.0 0.0
TBZDyrgs 69.5 20.0 10.0 0.5
TBZDy; 69.0 20.0 10.0 1.0
TBZDys, 68.0 20.0 10.0 2.0
TBZDy; 5 68.5 20.0 10.0 2.5

3.1.2.1 Energy Dispersive Spectroscopy (EDS) of the prepared glasses:

In order to check the composition of the prepared glasses, EDS analysis was done. The
EDS analysis of TBEr, s and TBZDy, s are shown in Fig. 3.1 (a,b). It is observed from the
EDS spectra (Fig. 3.1) that all the precursors of the glass are present. The absence of alien
elements including Al indicates the non-reactive nature of the present glasses with

alumina.

Spectrum 2

Full Scale 454 cts Cursor: 0.000 ke
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Spectrum 3

2 4 6 8 10 12 14 16
Full Scale 454 cts Cursor: 0.000 ke

Fig. 3.1 (a): EDS spectra of TBZEr, 5 at different locations

Full Scale 609 cts Cursor: 0.000 kev

Spectrum 2

2 4 6 8 10 12 14 16
Full Scale 435 cts Cursor: 0.000 keV

Fig. 3.1 (b): EDS spectra of TBZDy, s at different locations

In order to verify the elemental composition, the amounts taken in mol% of all the

compounds are converted into wt%. The nominal values of elemental wt% are compared
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with the experimental data obtained from EDS. A comparison between nominal elemental

composition and observed elemental composition is given in Table 3.3 (a, b).

Table 3.3 (a): Nominal elemental and obtained elemental composition of TBZEr; 5 glass

Element Nominal elemental Observed elemental Absolute Error%
composition (Wt%) | composition (Wt%o)
Te 61.81 61.79 0.03
@) 24.40 24.52 0.49
B 3.10 3.08 0.64
Zn 4.68 4.64 0.84
Er 6.01 5.97 0.66
Total 100% 100% 2.66%

Table 3.3 (b): Nominal elemental and obtained elemental composition of TBZDy, 5 glass

Element Nominal elemental Observed elemental | Absolute Error%
composition (Wt%) | composition (Wt%o)
Te 61.91 61.89 0.03
0] 24.44 24.55 0.45
B 3.11 3.08 0.96
Zn 4.70 4.67 0.63
Dy 5.84 5.81 0.51
Total 100% 100% 2.58%

It is worth noting from Table 3.3 (a) and (b) that there is no significant variation in the

nominal and observed elemental composition of the prepared glasses. Similar observations

were made for other glass samples also.

3.1.3 Gamma irradiation of glass samples

The third set of the as-prepared RE-doped zinc borotellurite glasses were further subjected

to 50 kGy gamma ray dose using a *°Co radioisotope. The irradiated samples were denoted
as TBZEr,50kGy, where x= 0.0, 0.5, 1.0, 2.0 and 2.5 mol % Er®** and TBZDy,50kGy,
where x=0.0, 0.5, 1.0, 2.0, 2.5 mol%.

3.1.4 Characterization Techniques

The thermal, structural, optical and spectroscopic properties of the prepared samples were

done using different techniques. A brief description of the studies is given below:
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X-ray diffraction (XRD)

The amorphous/ crystalline nature of all the prepared samples was done with the help of X-
ray diffraction technique (XRD). All the samples were characterized with the help of
Panalytical X’ Pert Pro diffractometer. The X-Ray tube was operated at 30 kV and 10 mA
with Cu K, (1.5405 A) source with Ni filter. The XRD patterns were recorded in the range
of 20° < 20 < 70° with a step size of 0.0131° and scan speed of 19.68 s with a total scan
time of 15 min. The samples were rotated with the frequency of 10 Hz. The Joint
Committee on Powder Diffraction Standards (JCPDS) database now called International
Center for Diffraction Data (ICDD) was referred for identifying the phase observed after
the heat treatment.

Differential Thermal Analysis (DTA)

The thermal properties of glass samples were studied with the help of Differential thermal
analysis (DTA) using Netzsch DSC404F3. The studies were done on 100 mg of powdered
sample in nitrogen atmosphere in a Pt crucible. The heating rate was kept at 5°C/min. The
temperature measurement sensitivity of equipment is +1°C.

Field Emission Scanning Electron Microscopy (FESEM)

The morphological studies were done with the help of FESEM Hitachi SU8000 operating
at 15kV using back scattered and secondary electron imaging. FESEM images of
polished samples were taken after gold sputtering. Quantitative elemental analyses were
carried out with an energy dispersive X-ray (EDS) spectrometer attached to FESEM
Hitachi SU800O0.

Raman Spectroscopy

The Raman spectra of glasses were recorded by Renishaw In-Via Reflex micro-Raman
spectrometer equipped with a CCD detector using 514 nm argon ion laser (50 mW) and
2400 lines/mm diffraction grating using x50 objective. The glasses were scanned between
0-1200 cm™ with exposure time of 10 s and 10 accumulations for each sample. The
calibration of the spectrometer was done with silicon before taking measurements.
Measurements were carried out in an un-polarized mode in the back scattering geometry.
Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is used to study the modification in basic

structural units. The FTIR spectrum of the prepared glasses is collected at room
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temperature in absorption mode from 400-1500 cm™ range using IRAffinity-1 (Shimadzu
Co., Japan). The instrument is equipped with ‘DRS-8000A Diffuse Reflectance
Spectroscopy’ powder sample assembly. A fine mixture of 1 mg of sample and 100 mg of
KBr obtained in agate mortar was loaded on DRS attachment and the spectra were
recorded. Each spectrum was recorded with a resolution of 2 cm™ and represents an
average of 16 scans. Normalized spectrum of blank KBr of each sample was studied using
IRsolution software.

UV-Vis-NIR Spectroscopy

To study the optical properties e.g. absorption coefficient, band gap and refractive index
the absorbance spectra of all the samples were recorded. The studies were carried out using
double beam spectrometer from Cary 5000 UV-VIS-NIR spectrometer in the range of 400-
2000 nm with a resolution of 1 nm. The scan rate was kept 300 nm/min with a slit width of
5 nm.

Photoluminescence (PL) Spectroscopy

The emission spectra of the glasses were recorded with the help of FLS-980 fluorescence
spectrometer (Edinburgh) equipped ps Xe lamp as the excitation source and PMT as
detector.

The excitation spectra were taken at 552 nm for the Er**- doped glass samples. The
emission spectra of the Er®" glasses were recorded at 380 nm and 980 nm excitation
wavelength. The decay curves for Er¥*- glasses were recorded at 380 nm excitation (552
nm emission) and 980 nm excitation (1554 nm emission), respectively.

For the dysprosium doped samples, excitation spectra were recorded in the wavelength range of
300-500 nm at 575 nm emission. The emission spectra of the same were recorded in 450-700 nm
range at 383 nm excitation. The fluorescence lifetime measurements of the Dy**- glasses were done
at 383 nm excitation and 575 nm emission.

3.2 Theory

Density

The density of the prepared glasses was calculated using following formula [1]

p= Wa—(ll/Vb P (3.1)
where, W, is the weight of glass sample in air, W, is its weight in ethanol and p, is the

density of the ethanol (0.789 g/cc) at room temperature (maintained at 20°C). No
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significant variation in the laboratory temperature has been observed. The measured
weights are accurate upto £0.01 mg. All the measurements were repeated five times in
order to reduce experimental error. The average of these five measurements is the density
of the sample whereas the standard deviation on five measurements is the relative error
associated with them.

X-Ray diffraction (XRD) studies

The crystallite size has been calculated with the help of Debye-Scherer formula [2] given
by

_ 0.9 dinc
- BCos(6)

Where, D is the crystallite size, 1;,,. is the incident wavelength (1.5405 A), 8 is the Bragg

(3.2)

angle and g is the full width at half maxima of the diffraction line.
Absorption spectroscopy
Absorption spectroscopy allows the determination of band gaps, refractive index oscillator
strengths and Judd- Ofelt (JO) parameters of the prepared samples.
Band Gap and Refractive index
The optical band gap (direct and indirect band gap) values in the present study have been
determined by applying the relation proposed by Davis and Mott as given in equation (3.3)
[3].

hva(v) = B (hv — Egpy)" (3.3)
where, hv is photon energy, a(v) is the absorption coefficient, n is the index number (n=2
for indirect transitions and n=1/2 for direct transitions), B is a constant related to the extent
of band tailing and Eq is the optical energy gap.

The refractive index of the prepared glass samples is measured using Dimitrov and Sakka

2_1 Eo
e TS (3.4)

where, n is refractive index and E,,, is optical energy band gap.

relation [4] given by equation (3.4)

Oscillator strengths of absorption bands

The experimental oscillator strength (fexp) is calculated as follows [5]

2
_ 2:303me [ e()dv=4.318x10" [ s(v)dv (3.5)

ex 2
P N ,, 7€
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Where, m and e are the mass and charge of an electron, Nay is the Avogadro’s number,
g(v) is the molar absorptivity of a band at wavenumber v (cm™). The molar absorptivity at

a given wavenumber is calculated from the Beer-Lambert’s law as given below [5]

£(v) =élog:—° (3.6)

Where, C is the concentration of the RE** ions (mol/cm®), | is the thickness of the sample
(cm) and log '7" is the absorptivity or optical density.
Judd-Ofelt theory

According to the Judd-Ofelt (JO) theory, the oscillator strength (f.a) for the absorption
band can be estimated as follows [6,7]

8z’mcv  (n*+2)° A )
@ = 3h(2d +1) on HMQA(V/ U~ [w3)

Where, h is the Planck’s constant, n is refractive index, (n°+2)?/9n is the Lorentz local
field correction for the absorption band. ||U*|| are the doubly-reduced matrix elements, J
and J’ are the total angular momentum of ground and excited states [8].

The JO intensity parameters obtained from least squares fit by equating the equations (3.5)
and (3.7). The root mean square deviations (0, ) between the experimental and calculated
oscillator strengths given by the relation

_ Z(fexp_ fcal)z "
5rms - I:T ] (38)

Where, feyp is the experimental oscillator strength, N is the number of absorption transitions
used in the fit.

Emission Spectroscopy

The different radiative parameters are calculated with the help of Emission spectroscopy
using Flchtbauer-Ladenburg (FL) theory [5] and McCumber (MC) theory [9].
Fuchtbauer-Ladenburg (FL) theory

According to the FL theory the radiative transition probability (Ag) is given by [5]

A (WI,W'IY)=

64z4° [n(n2 +2)? o

2h2
3n(2J +1) ZQ/JL (WJ HU /1”\{1'\]')2 +n316;27(:2(‘l’\] ||L+ ZS”\PIJ')ZJ(SQ)

9 1=2,4,6
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Where v is the frequency, J and J’ are the total angular momentum of excited and ground
state respectively, e and m are the charge and mass of electron and n is the refractive index.
The total radiative transition probability (A1) can be obtained by [5]

A (P3)=> A (w3,%) (3.10)
wJ
The calculated branching ratio (Br) values is given by [5]
Br (PI,¥'J") _ ALY (3.11)
A (WJ)
The radiative lifetime (tr) of an excited level is given as [5]
1
YJ) = 3.12
7o (YJ) A (W) ( )
The peak stimulated emission cross-section (cem;) IS represented as [5]
_ 2 -
Oemi = gronz Mess Ar(WLY]) (3.13)

Where, A, is the peak wavelength and Ak is its effective line-width.

McCumber (MC) Theory

McCumber (MC) theory [9] uses reciprocity relations between the Einstein coefficients to
give the absorption and stimulated emission probabilities. According to the MC theory the
absorption cross-section is given by [9]

1
2.303 log -2
— 1
Oaps = —Nt (314)

Where, log 17" is the absorbance, t is the thickness of the sample and N is the concentration

of RE (ions/cm®)

Emission cross-section is given by [9]

h9—E,
KgT

Oabs = Oemi(9)exp ( ) (3.15)

From oa5(A) and cemi(A) values, the room temperature gain coefficient is studied by using

the relation [9]
G(A, P) =P 6emi(M)-(1-P) Gaps(L) (3.16)
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Color Co-ordinates

The CIE 1931 color-coordinate (x, y) are determined by using following formulas [10]
X

X = Xivez (3.17)
Y
Y= Yevrez (3.18)

where, X, Y and Z are the tristimulus values of the source.
The correlated colour temperature (CCT) and calculated using the color coordinates by the
McCamy empirical formula [11]

CCT = -449n°+3525n°-6823n+5520.33 (3.19)
n = (x-Xe) / (y-Ye) is the inverse slope line and (X = 0.332, y. = 0.186) is the epi-centre.
Decay dynamics
Single-exponential decay
The luminescence intensity as a function of time can be described by the following relation
[12]

() =1, exp [Lj (3.20)

To
where Iy is the initial emission intensity, when t = 0. The value o represents the lifetime of
the excited state.
Non-exponential decay

In such case, the experimental lifetime (7, ) is determined by using the following formula

xp
[12]

jt I (t)dt
j I (t)dt

where | (t) is intensity as a function of time.

(3.21)

exp

Inokuti - Hirayama (IH) model
Inokuti and Hirayama [12] modified the theory to account for energy transfer between the

4f- 4f electrons of RE** ions. The modified theory can be described by the formula [12]

It)=1, exp{—rl—Q(TLJ } (3.22)

where, t is the time after excitation, 1 is the intrinsic decay time of the donors in the

37



Chapter 3 Materials and Methods

absence of acceptors. Q is the energy transfer parameter defined as [12]

Q= %r(l— gchARg (3.23)

Q depends on the gamma function I'(x), which is equal to 1.77 for dipole-dipole (S = 6). Ro
is the critical transfer distance defined as the donor-acceptor separation for which the rate
of energy transfer between a donor and acceptor is equal to the rate of intrinsic decay, to™.
The dipole-dipole interaction parameter Cpa is related to Rg as [12]

Con=Ro7o' (3.24)
The non-radiative transition rate (Wngr) can be evaluated from the fluorescence and
radiative lifetimes of the “Fa/, emitting level from the following expression [12]

(3.25)

Texp Trad
The quantum efficiency (1) is defined as the ratio of the number of photons emitted to the
number of photons absorbed and is given by [12]

n= -2 x100 (3.26)

Trad

Shielding parameters
The characteristic shielding properties for the as-prepared glasses has been computed using
the PSD/Phy-X software [13].
For the multi-component system, the mass attenuation coefficient (MAC) can be given by
the following equation [13]

L= ) (3.27)
where, (%)l- gives the mass attenuation coefficient, p is the density of the material and Wi; is

the weight fraction of the i element in the sample.
The Half VValue Layer (HVL) is defined [13]

HvL = 12 = 26% (3.28)
I I

Another parameter dependent on MAC is mean free path (MFP). It can be determined by
the following equation [13]

MFP :i (3.29)
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In order to specify atomic number at different energies for materials containing more than
one element, following equation is used [13]:

7 YifiAi (%)i
eff = — A
A

(3.30)

where, Z; and A, are the atomic number and atomic weight of the i element and f; is the
fractional abundance of the i™ element w.r.t number of total elements present in the
material. The error estimated in the values of MAC, HVL, MFP and Z is not more then
+2.5% .
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Effect of heat treatment on (70-x) TeO,-20B,05-10Zn0O-xEr,0;

Overview

The present chapter deals with the spectroscopic studies of erbium zinc
borotellurite glasses and glass ceramics. The as-prepared samples are prepared via melt-
quenching. Thermal studies are done to choose a temperature range for heat treatment. To
optimize time and temperature conditions, glass sample with 0.5 mol% Er,03 is given heat
treatment at 375, 400 and 450 °C for 2, 4 and 6h. Since the maximum PL intensity has
been found at 400 °C for 4h, all the glasses are given heat treatment at 400 °C for 4h. The
CIE chromaticity coordinates for prepared samples lies in green region. An increase in the

emission intensity, lifetime and up-conversion intensity is observed after ceramization.
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4.1 Introduction

The introduction of RE** ijons into different vitreous matrices is considered as a vital aspect
in the advancement of glass lasers [1-8]. One of the important approaches to obtain
stimulated emission in glass lasers is the use of up-conversion (UC) processes. The Up-
conversion in RE®* ions is possible due to the existence of metastable energy levels [9-16].
It is worth noting that optical properties of rare earth ions are environment dependent. In
other words, the neighboring ligand fields in any host matrix have an extensive influence
on the emission cross-section. Tellurite based glasses are known for their lowest phonon
energy amongst the oxides, which is favorable for Up-conversion [13-16]. Heat treatment
of the glasses is also a good option to achieve low phonon energies for UC [9,11]. Several
reports suggest that properties like luminescence quantum yields, broad bandwidths and
attenuation coefficients of the oxyfluoride glass systems get improved when nanocrystals
are present in the systems [2,5,6,14,29], hence, improving their potential as new functional
materials in the field of photonics. Jlassi et. al [3] and Jha et al. [14], prepared sodium
tellurite glasses and glass ceramics (GC). In their work, emission and the upconversion
emission intensity obtained from the glass ceramics was higher than that of the precursor
glass.

The aim of this chapter (i) to prepare zinc borotellurite glasses doped with Er,03 (TBZEry,
x =0,0.5,1.0,2.0,2.5) and glass ceramics (TBZErGC, x = 0,0.5,1.0,2.0,2.5) (ii) to explore
their structural properties through XRD and FESEM, (iii) to determine forbidden gap
energy and order of disorderedness (AE) through absorption spectroscopy, (iv) to calculate
Judd-Ofelt (JO) parameters, (v) Determining radiative properties and (vi) finally to study
the visible and NIR emission characteristics, up-conversion and lifetime characteristics of
the TBZEry and TBZErGC.

4.2 Physical studies

4.2.1 Appearance

The photographs of the present samples are given in Fig. 4.1 (a) and (b). It is apparent
from the photographs that the as-prepared glasses are transparent. However, the glass

ceramics become opaque after the heat treatment.
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Fig.4.1 (a): Photograph of Er,Os- doped zinc borotellurite glasses

i il 1.2cm 4 il 1.2cm Cmil 1.2cm
TBZEr,,GC TBZEr,;GC  TBZEr, (GC

lcm lcm

-I 1.2cm .l 1.2 cm
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Fig. 4.1 (b): Photograph of Er,O3- doped zinc borotellurite glass ceramics

4.2.2 Density

Table 4.1 gives the density of the prepared samples. It is clear that density increases with
increasing Er,O3 concentration. An increase in density with RE addition may be due to
addition of high molecular weight compound, Er,Os; (382.5g/mol) in place of
comparatively lighter compound, TeO, (159.6 g/mol). The RE*' ions goes into the
interstitial spaces within the glass network, increasing the packing density of the glass
structure and decreasing the molar volume [18].

Table 4.1: Density of prepared samples

Sample ID @ /Efnnsj'fz/%
TBZEr,, 4.72
TBZErgs 4.79
TBZEr: o 4.86
TBZEr,, 4,90
TBZEr,5 4,95
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Densit
Sample ID (glem®) tg%
TBZEr,(GC 4,87
TBZEro.5GC 4,92
TBZEr,(GC 497
TBZEr,,GC 4,99
TBZEr,sGC 5.04

It is also worth noting that the density of the glasses increases after heat treatment. This
may be because of increase in rigidity of samples after ceramization.

4.3 Thermal properties of the as-prepared glasses

To study the thermal temperatures of the as-prepared glasses differential thermal analysis
(DTA) was carried out. The DTA curves of TBZEr, glasses are given in Fig. 4.2. The
observed values of thermal temperatures are given in Table 4.2. It is found that Ty
increases from 364 to 378 °C, T.; from 424 to 449 °C and T, from 455 to 481 °C with an
increase in Er’* mol% from 0.0 to 2.5%. The trend of increase in the value of Ty, Ter and
T2 is in agreement with the earlier reported works [26,27].

This variation is because due to introduction of Er,O3, Te-O and B-O bonds are replaced
by Er-O bonds [26, 27]. Since the Te-O and B-O bonds are weaker (377kJ/mol and 536
kJ/mol, respectively) than Er-O bond (606kJ/mol), the network connectivity in the glass
matrix becomes stronger. Table 4.2 shows that with the increase in the Tg, Te1 and T
values, AT (Ty-Tc1) also increases, which further indicates an increase in glass stability
against devitrification.
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Fig. 4.2: DTA thermograph of as prepared glass samples

Table 4.2: Thermal parameters of TBZEry glasses

Sample Tgil Tclil Tczil AT=Tc]_'Tg
ID | () | (C) | (C) (°C)
TBZEroo | 364 | 424 | 455 60
TBZEros | 369 | 432 | 466 63
TBZEr o | 370 | 438 | 469 68
TBZEr,o | 375 | 444 | 479 69
TBZEr,s | 378 | 449 | 481 71
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4.4 Structural and morphological studies

4.4.1 X-ray diffraction (XRD)

4.4.1.1 XRD of as-prepared glass samples

The X-ray diffractograms of all TBZEr, samples are shown in the Fig. 4.3 (a). No bragg
peaks are observed in present glasses hence confirms the amorphous nature of all as-

prepared samples.
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st
20 30 40 50 60 70
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Fig. 4.3 (a): X-ray diffractograms of the as-prepared TBZEr, glasses

4.4.1.2 Optimization of time and temperature for producing glass ceramics

From the DTA studies which are presented in Fig. 4.1, the Ty has been observed in the
range of 364 to 378 °C and T in the range of 424 to 449 °C. In order to convert the
glasses into glass ceramics TBZErys glass is given heat treatment at 375, 400 and 450 °C
for 2, 4 and 6 h respectively. The obtained X-ray diffractograms are given in Fig. 4.3 (b —
d) respectively.

The XRD diffractograms of TBZErys glass heat treated at 375 °C for 2, 4 and 6h
respectively are shown in Fig. 4.3 (b). The heat treated TBZErys samples show
background due to the presence of residual amorphous phase. It was observed that the
prepared samples show some crystallization. The Bragg’s peaks are observed due to the

formation of a-TeO; (para-tellurite) phase.
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Fig. 4.3 (b): X-ray diffractograms of TBZErgs at 370 °C for 2, 4 and 6h
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Fig. 4.3 (c): X-ray diffractograms of TBZEr, 5 at 400 °C for 2, 4 and 6h

XRD diffractograms of TBZEr,s samples heat treated at 400°C for 2, 4 and 6h are shown
in Fig. 4.3(c). It is observed that along with a-TeO,, another phase at 20 = 28.14° due to
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monoclinic Ery(TeOs); appears. This indicates the presence of Er®*- ions has facilitated
formation of Er,(TeOs); phase. With an increase in time the intensity of Er,(TeOz3); phase

also increases.

+ a-TeO, (JCPDS no. 76-0679)
x QEr,(TeO,), (JCPDS no. 51-0285)
. *7-TeO,(JCPDS no. 52-1005)
*

TBZEr,
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g &
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8 le\} oAl t. asocen

_.Z‘ *** % ** ¥ ES

YN

(0]

£ iy M 450°C 4h
450°C 2h

15 20 25 30 35 40 45 50

20(degrees)
Fig. 4.3 (d): X-ray diffractograms of TBZEr s at 450 °C for 2, 4 and 6h

The TBZEr,s glass has been further heat treated at 450 °C for 2, 4 and 6h. The observed
XRD diffractograms of TBZEr,s glass heat treated are shown in Fig. 4.3 (d). From the
above results, it can be seen that samples heat treated at 450 °C for 2, 4 and 6h are highly
crystalline, with very small content of amorphous phase.

In the present study the focus is the radiative characteristics of the glasses and glass
ceramics. To optimize the conditions for heat treatment (temperature and time) the
emission spectra of all the above studied samples has been taken and shown in Fig. 4.3 (e).
It has been observed that out of all the trials, sample heat treated at 400 °C for 4h has
highest emission intensity. Therefore, in the order to prepare GC with crystalline phases
dispersed into amorphous matrix, all the RE-doped samples are given heat treatment at 400
°C for 4h.
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Fig. 4.3 (e): Visible emission observed in TBZEry s sample at 375, 400 and 450 °C for 2, 4
and 6h

4.4.1.3 Effect of heat treatment on glasses with increasing RE concentration

Fig. 4.3 (f) shows the XRD diffractograms of TBZEr, glasses after heat treatment at 400
°C for 4h. The JCPDS database has been referred for identifying crystalline phases of
observed peaks. The primary crystalline phase formed in TBZEr;,GC sample after heat
treatment is a-TeO, (paratellurite) phase (JCPDS file no. 76-0679) with tetragonal crystal
structure. Whereas, it is clear from Fig. 4.3 (f) that samples containing Er,O3 (> 0.5 mol%)
favors the formation of monoclinic Er,(TeO3); phase (JCPDS file no. 51-0285) along with
a-TeO, phase. This is clear evidence that incorporation of erbium ions has led to formation
of crystalline phases. The size of crystallites formed has been calculated with help of
Debye-Scherer formula [5]. The crystallite sizes for the optimized values of time and
temperature (400 °C, 4h) are given in Table 4.3. The average crystallite size in the
prepared TBZEr,GC has been found to be 24 nm.
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Fig. 4.3 (f) X-ray diffractograms of TBZEr,GC after heat treatment at 400 °C for 4h

Table 4.3: Average crystallite size (nm) + 5 nm in glass ceramics

Sample ID Crystallite Size
+5nm
TBZEroloGC 21
TBZErsGC 25
TBZEr; (GC 30
TBZEr, ,GC 34
TBZEr,5GC 42

4.4.2.1 Raman spectroscopy

The de-convoluted spectra of glass samples are shown in Fig. 4.4 (a). The de-convoluted
bands are found at around 614, 662, 716, and 764 cm™. The bands centered at
approximately 716 and 764 cm™ are due to TeOs,; trigonal pyramid (tp) unit’s symmetric
bending and stretching vibrations. The said units contain non-bridging oxygens (NBOs).

Other two bands centered at 614 and 662 cm™ are due to TeO, trigonal bipyramidal (tbp)
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Chapter 4

unit’s asymmetric bending and stretching vibrations. These units contain bridging oxygens
(BOs) respectively [25, 26, 56]. Fig. 4.4 (b) shows the variation in the structural units with
increasing RE- content. With increasing RE content, intensity of peaks at 614 and 662 cm™
decreases w. . t. to the peak at 716 and 764 cm™ (Fig. 4.4 (b)). This indicates that addition
of rare earth ions to TeO; glass results in breakage of Te-O-Te bond linkages and thus
leads to systematic conversion of Q*,to Q3 structural groups via formation of TeOs.1 units
[47]. Thus, there is a decrease of TeO,4 polyhedra structural units with BO and increase in
TeO, structural units with NBOs [25].

Raman spectra of glass ceramics are shown in Fig. 4.4 (c). The Raman bands get narrower
due to heat treatment of the samples. The Raman bands at about 653, 614, 415 and 801 cm’
! are ascribed to o-TeO, [47]. No significant change is observed in the spectra after heat

treatment with changing rare earth content.
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Fig. 4.4 (a): Raman spectra of Er**-doped zinc borotellurite glasses
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Fig. 4.4 (b): Normalized intensities of the raman bands after de-convolution at different
RE- concentrations
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Fig. 4.4 (c): Raman spectra of glass ceramics
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4.4.4.2 Fourier Transform Infrared Spectroscopy (FTIR):

Absorbance (arbt. units)

[TBZEr, ,

1 1 1 1 1
400 600 800 1000 1200 1400

Wavenumber (cm™)

Fig.4.5 (a): Infrared Absorbance Spectra of the prepared glass system

Fig.4.5 (a) gives the FTIR spectra of Er** -doped zinc borotellurite glasses. The vibrational
modes associated are divided into three distinct wavenumber regions 1500-1200 cm™,
1100-800 cm™ and 800-680 cm™ respectively. The vibrational bands in 800-680 cm™
wavenumber are due to structural units consist of TeO3 and TeO, units. The band observed
at 770cm™ is attributed to vibrations of tetraborate and TeO and TeO™ bonds of trigonal
pyramidal TeOs units. The intermediate region (1100-800 cm™) is assigned to B-O
stretching vibrations of BO, tetrahedra of pentaborate, tetraborate and diborate structural
units. The higher (1500-1200 cm™) wavenumber region belongs to stretching vibrations of
B-O bond in BO; units. Bands centered at 1350 cm™ becomes prominent for high content
of Er**. The structural units observed for the present glasses are tabulated in Table 4.4.
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Table 4.4: Functional vibration groups (in cm™) of Er®* doped zinc borotellurite glasses at

different molar fractions

S.No.

TBZErgg

TBZErgs

TBZEr,

TBZEr,

TBZEr;,5

Assignment of bands

1.

770 cm™

770 cm™

770cm™

770cm™

770cm™

TeO and TeO bonds of
TeOs3 units

2.

870-1180 cm™

870-1180
cm?

870-1180
cm™

870-1180
cm?

870-1180
cm?

B-O stretching
vibrations of BO4
tetrahedra due to B-O
vibrations of
pentaborate, tetraborate
and diborate structural
units

1219-1258 cm*

1219-
1258 cm™

1219-
1258 cm™*

1219-
1258 cm™*

1219-
1258 cm™

Stretching vibrations of
BO; tetrahedra due to
B-O involving mainly
the linkage of oxygen

connecting different
groups.

1271-1316 cm*

1271-
1316 cm™

1271-
1316 cm™

1271-
1316 cm™

1271-
1316 cm™

Assigned to stretching
vibrations of the B-O of
trigonal (BO3)* units in

metaborated,
pyroborates and
orthoborates

1350 cm™

1350 cm™

1350 cm™

1350 cm™

1350 cm™

Due to anti- symmetric
stretching vibrations
with three NBO’s of B-
O-B groups.

In order to understand the effect of rare earth concentration on the structural units

deconvolution of the present graphs has been done. Fig. 4.5 (b) shows the variation in

intensities with the increase in RE concentration. It is clear from Fig. that the addition of

Er®* at the cost TeO, leads to an increase in structural groups with NBO’s. Fig. 4.5(c)

represents the FTIR spectra of Er®* doped zinc borotellurite glass ceramics. It is to note

that after heat treatment there are significant number of changes observed in the FTIR

spectra. The formation of sharper and narrower vibrational bands observed after heat

treatment are due to the devrification of the glasses. Apart from this, formation of new

structural units at 1218 and 1335 cm™ is observed. Also, bands at 579 and 622 cm™ became

more prominent due to heat treatment.
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Fig. 4.5(b): Normalized FTIR intensities of the prepared glasses
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Fig. 4.5(c): Infrared absorbance spectra of the Er**-zinc borotellurite glass ceramics
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4.4.3 Field emission scanning electron microscopy (FESEM):
The micrographs of glasses are given in Fig. 4.6 (a). These micrographs show that the

surface of the glasses is clean. There is no crystalline phase present in the matrix of glass.

Fig. 4.6 (a): FESEM micrographs (i) TBZErg,, (ii) TBZErgs, (iii) TBZEry, (iv) TBZEr,
and (v) TBZEr;s

FESEM micrographs of the glass-ceramics are given in Fig. 4.6 (b). It is apparent from
these micrographs that glasses have been converted to glass ceramics as crystalline phases
have appeared in the matrix of glasses. These crystalline phases are uniformly distributed
in the matrix of glasses. Their size is in the nano range. The uniform distribution of these

nano-size precipitates will give isotropic properties of the glass-ceramics.
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(i)

Fig. 4.6 (b): FESEM micrographs (i) TBZEroGC, (ii) TBZErysGC, (iii) TBZEr,oGC, (iv)
TBZEr,, GC and (v) TBZEr,sGC

The size of nano-particles is found to be in the rage of 35-40 nm. Table 4.5 gives particle

size observed for all glass ceramic samples.
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Table 4.5: Particle size (nm) £5 nm in glass ceramics

Sample ID

Particle Size

TBZEryoGC

33

TBZErysGC

35

TBZEr (GC

38

TBZEr,,GC

40

TBZEr,sGC

42

4.5 Absorption studies- Judd Ofelt (JO) analysis
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Fig. 4.7 (a): Absorption spectra of prepared samples in UV-Vis —NIR region

Fig. 4.7 (a) shows the absorption spectra of the prepared glasses and glass ceramics. It is

evident from Fig. 4.7 (a), there are total 11 absorption peaks observed in UV-Vis-NIR

region. The absorption peaks are independent of the RE concentration but shows gradual

change in the relative intensities. Absorption cross-section for the transition hypersensitive

transition (*l1s:2 to *Hasp) is determined according to:

Oq W =

2.303xabsorbance (1) (4 1)

Nt
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Where N is the concentration of Er** jons and ‘t’ is the thickness (2.1+0.35 mm) of the
sample. It is found that the absorption coefficient is increasing with the increase in rare
earth concentration from 11.32 x 10 cm? (TBZErs) to 13.11 x 10! cm? (TBZEr,s).
This may be due to the increase in the concentration of dopant which in turn increases the
defect centers. It is also worth noting that in comparison to glasses, the absorption
coefficient of nano-glass-ceramics decreases from 12.98 x 10 cm? (TBZEr,,) to 12.01 x
10! cm? (TBZEr,,0GC) which in-turn is a clear indication of change in the environs of
Er® ions after ceramization. The said change in environs is due to the incorporation of Er**
ions in the TeO, crystals.

Table 4.6 gives the calculated (f.a) and experimental (fexp) oscillator strengths for different
transitions of prepared samples. A good agreement between two said values is observed.
The JO theory links the total absorbance of a transition and oscillator strength [32-34]. It
has been observed that the values of oscillator strengths increase for all transitions from
glass to glass-ceramics in the UV-Vis-NIR region. It is probably due to the low-phonon
energy environment formed after ceramization. The JO parameters of the prepared samples
(Table 4.7) follows the trend, Q,>Q4>Qg. Higher values of Q, signify the high asymmetry
in the surroundings of Er** ions. The Q, of prepared samples is significantly higher than
those of TZNEL [3], TZNE2 [3], TZNE3 [3], PKAPbNEr 10 [35], SWNBEr [36],
Er®*:germanosilicate [37], germanate [38] and lower than those of Er** : Li,B4O; [39],
Er®*: CPZS [40], Er**:ZSP [41] and Er®":SFP [42] glasses. After heat treatment a decrease
is observed in Q, value which is due to the introduction of Ln*" ions into the tellurite
nanocrystals.

Table 4.6: Oscillator strengths (x10°°), RMS deviation (8;ms) and absorption cross-section

of TBZEr, and TBZEr,GC
Transition | TBZErps | TBZEr, | TBZEr,, | TBZEr,s TBZE“*”G TBZ(E:WG TBZ(E:“'OG TBZ(E:“*"G
4
|
12 fcal fexp fexp fcal fcal fexp fcal fexp fcal fexp fexp fcal fexp fcal fexp fcal
13 099 | 0.67 | 1.12 | 0.85 Oég 086 | 125 | 112 | 056 | 054 | 099 | 0.68 | 0.41 | 0.69 | 0.58 | 0.66
112 109 | 037|125 | 1.09 1i0 067 | 101 | 086 |059| 056 |1.01 | 0.25 | 0.76 | 0.40 | 0.86 | 0.21
Lo 0.71 | 094 | 0.58 | 0.52 054 081|086 | 056 |011| 052 |1.08| 099 | 1.07 | 1.21 | 045 | 0.56
*For 0.76 | 0.18 | 0.67 | 0.11 156 0.08 | 028 | 058 |[059| 056 | 021 | 0.11 | 0.24 | 058 | 0.25 | 0.56
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Tzansmon TBZEr,s TBZEr,, TBZEr,, TBZEr,: TBZErysG | TBZEr, oG | TBZEr,,G | TBZEr,5G
li5— C C C C
fcal fexp fexp 1:cal fcal fexo 1:cal fexp fcal fexp fexp fcal fexp fcal fexp fcal
S5 0.63 | 0.58 | 0.38 | 0.62 125 1.01 | 025 | 0.23 | 056 | 048 | 0.23 | 0.58 | 0.67 | 0.69 | 0.18 | 0.19
2Hiip 0.84 | 0.22 | 0.13 | 0.26 OéG 044 1029 | 031 | 071 0.18 | 0.08 | 0.14 | 0.14 | 0.23 | 0.15 | 0.26
= 404 | 3.03 | 432 | 3.99 463 456 | 299 | 365 |6.96| 565 | 495 | 429 | 5.19 | 517 | 3.14 | 4.98
= 417 | 439 | 3.25 | 3.58 458 424 | 498 | 458 | 519 | 456 | 428 | 398 | 599 | 5.06 | 5.87 | 5.26
4 11.2 | 106 | 105 | 11. | 11.2 | 105 109 | 10.6 | 10.2 | 10.1 | 10.0 | 10.2 | 10.8 | 105
Guz | 1130 ) 7 1 "9 | T | o1 |5 | 6 |06 | g |1 | 1 |8 | 8 |6 | 0
Gy, | 121 | 175 | 112 | 1.68 160 123 | 1.54 | 1.45 | 1.86 | 1.95 | 1.93 | 1.99 | 1.48 | 2.56 | 1.68 | 1.65
*Gon 3.17 | 339 | 225 | 2.58 358 3.24 | 398 | 358 | 419 | 356 | 3.28 | 298 | 499 | 406 | 4.87 | 4.26
Orms 0.60 0.56 0.65 0.32 0.35 0.48 0.16 0.24
Absorption
Cross-
section
15 tO 11.12+1.21 12.45+0.98 | 12.01+1.24 13.05+1.98 11.32+1.99 | 12.87+2.12 | 12.98+2.22 | 13.11+2.37
Hazp
(X 10-21
cm?)

Table 4.7: JO intensity parameters (x 102° cm?) and their trend

Sample ID Q, Q, Qg Trend
TBZErgs 10.02+1.02 4.84+0.5 2.70£0.1 Q> Q> Qg
TBZEr, 9.204+0.99 2.74+0.5 2.5540.2 Q> Q> Qg
TBZEr,, 7.69£1.01 2.4610.1 1.19+0.1 Q> Q> Qg
TBZEr,5 6.17+0.98 4.32+0.3 3.27+0.3 Q> Q> Qg

TBZEr,sGC 9.50+1.10 2.5040.1 1.46x0.2 Q> Q> Qg

TBZEr,,GC 8.60+1.01 5.83+0.3 4.82+0.2 Q> Q> Qg

TBZEr,,GC 5.28+1.02 2.54+0.2 1.9740.1 Q> Q> Qg

TBZEr,sGC 4.32+0.99 4.64+0.1 2.64+0.3 Q> Q> Qg

The energy gap (direct and indirect energy gap) values are determined by applying the
relation proposed by Davis and Mott method [28]. The direct and indirect band gap values
are given in Table 4.8.

Table 4.8: The optical properties of the prepared samples

;‘gsa Indirect lé;l;?Ch Refractive
9y energy gap 9y index
Sample ID gap = +051 +0.02 N
(()éf/l) V) (V) +0.87
TBZEr,,GC 3.21 3.25 0.09 2.31
TBZEr,sGC 3.10 3.15 0.17 2.34
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;‘gfg; Indirect lé;g?;;‘ Refractive

Sample ID gap enirgysgap i(0.0)Z lnﬁlex
0.51 N eV

(eV) (eV) +0.87

TBZEr, (GC 3.09 3.08 0.18 2.41

TBZEr,,GC 2.79 2.90 0.21 2.44

TBZEr,sGC 2.22 2.59 0.35 2.58

TBZErg, 3.42 3.32 0.19 2.29

TBZErgs 3.28 3.24 0.20 2.32

TBZEr; 3.19 3.21 0.21 2.38

TBZEr,, 2.89 3.18 0.36 2.42

TBZEr, 5 2.34 2.79 0.59 2.56

Fig. 4.7 (b) and (c) gives the Tauc plots used to calculate the direct and indirect band gaps
of the prepared glasses. The energy gap (direct and indirect) is observed to be in decreasing
order with increase in the RE content. It may be due to the fact that concentration of Er®*
ion increases the number of TeOs:; and BOs4y units. Thus, there is reduction in average
bond energy by the creation of NBOs and results in decrease of energy gap. [23,29].
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Fig. 4.7 (b) Tauc plot for direct band gap
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Fig. 4.7 (c) Tauc plot for indirect band gap

It is to note that the energy gap of present samples decreased after heat treatment. The
decrease observed is due to the formation of new energy states in forbidden gap. The
Urbach energy indicates the width of the band tails of the localized states and measures

disorderness in materials. The absorption and the Urbach energy are related as following:

hd

a(¥) = ayesE (4.2)

An increase in the Urbach energy is observed (Table 4.8) with increasing RE- content due
to increase in the NBOs in the system lead to increase in the disorderedness. The decrease
in the values of AE is observed due to the heat treatment.

4.6 Spectroscopic properties

4.6.1 Visible emssion studies

Fig. 4.8 shows excitation spectra of present glasses at 552 nm emission wavelength. Five
bands are observed with bary-centers at 367, 380, 410, 457 and 488 nm [35]. The

excitation intensity increases after the heat treatment. Maximum intensity has been found
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for TBZEr,,GC. Since, the most prominent emission is observed at 380 nm hence, all the
samples are excited at this wavelength for taking emission spectra.

Fig. 4.9 shows that visible emission spectrum of prepared samples in the range of 400-650
nm. The prominent green emission is observed at around 553 nm for all TBZErk and
TBZEr,GC which is assigned to transition from Sz, to *l1sp. It is observed that when Er**
is excited with 380 nm excitation wavelength and because of this the ions go to the %Gy,
excited state. These excited ions then go to either “Ss;, or ?Hiy, energy level via non-
radiative transition [43]. Finally these ions come back to ground state by giving off green

emission.

4, — e

o TBZEr, ,GC
. — TBZEr,,

ﬂ G11/2 TBZEr, .GC
— TBZEr,,

—— TBZEr, GC
— Te7E

TBZEr, .GC

— _TB7Er.. |4

Aem=552nm

Intensity (arbt. units)

350 400 450
Wavelength (nm)

Fig. 4.8: Excitation spectra of TBZEry glasses (Aem=552 nm)

The appearance of two green peaks (Fig. 4.9) gives the evidence of thermal pairing
between the levels (*Ss, and 2Hiy,). Due to the less energy gap between these levels,

63



Chapter 4 Results and Discussion |
Effect of heat treatment on (70-x) Te02-20B203-10Zn0-xEr203 glasses

thermal disturbance rises the population of the *H;1; level leading to appearance of a band
at 528 nm. A weaker red band due to *Fg;, — *l1s/, is also found in the range of 623 nm —
648 nm. The emission intensity increases with increase in RE upto 2.0 mol %. Then
decreases with further increase of RE (2.5 mol%) due to concentration quenching. It is
worth noting that the PL intensity of glass ceramics is more than that of corresponding
glasses. This is due to the decrease in the phonon energy with heat treatment as the Er®*
ions enter into the crystalline phases. This in turn decreases the non-radiative energy
transfer and hence leads to increase in emission intensity. These results are in accordance
with XRD results (Fig. 4.3 (f)).

4 4
S‘3/7’ |15/2
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—— TBZEr, .GC
—— TBZEr,,

2H1172’4|15/2
528 n

Intensity (arbt. units)
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Far=lis
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Fig. 4.9: Visible emission spectra (Aex=380 nm) of TBZEr, and TBZEr,GC
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The green emission of the samples is analyzed in terms of CIE chromaticity color

coordinates. Fig. 4.9 shows the CIE 1931 chromaticity diagram for prepared samples. The

said values are given in Table 4.9.

Table 4.9: CIE 1931 co-ordinates (X,y) of TBZEr, and TBZErGC (Aex=380 nm)

Concentration of Er** x) (xy)
(mol%o) of TBZEr, of TBZEr,GC
0.5 (0.331,0.580) (0.335,0.551)
1.0 (0.341,0.578) (0.332,0.533)
2.0 (0.340,0.581) (0.325, 0.550)
2.5 (0.351,0.611) (0.323,0.552)
BTBZEr U TBZEr, cGC
A_=380 nm 0o 0.5
0.8 \ QTBZEry 3 < TBZEry 4GC
: ®TBZEr, o O TBZEr, GC
@ $TBZEry 5 * TBZEr, 5GC
S 06 | K
S
E -
3 !
(&)
=
S 04 |-
©
= X
o
e
(&)
102}
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

x-chromaticity co-ordinate

Fig. 4.10: CIE 1931 chromaticity diagram for TBZEr, and TBZErGC, under 380 nm

excitation

It is clear from Table 4.8 that the prepared samples have chromaticity co-ordinates in the

green region. Hence, the prepared samples can be used as green light emitting diodes in the

display applications.
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4.6.2 NIR emission studies

The NIR spectra of prepared samples are shown in Fig. 4.11. Er** ions in *I;5,, level goes
into *111/, energy state when excited with 980 nm excitation wavelength. The excited Er**-
ions then decays to *l;13/; level giving NIR emission at 1543 nm. It is worth noting that the
PL intensity of glass ceramics is more than that of corresponding glasses. This is again due
to the decrease in the phonon energy with heat treatment. The broadening of the NIR
emission band is also observed which may be due to the local crystal-field generated in
higher Er** concentration samples. It is found that the NIR emission intensity increases
with increasing RE upto 2 mol% and then decreases for 2.5 mol% due to concentration

quenching.

4 ——=1

13/2 15/2 e ine ot
—— TBZEr, ,GC
___—TBZEHQGC
- TRZEr
i TBZETr, 5
—— TBZEr, ,GC
—— TBZEr, 4
—— TBZEr,;

rex =980 nm

Intensity (arbt. units)

1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Fig. 4.11: NIR emission spectra of TBZEr, and TBZEryGC (Aex=980 nm)

e i

1750

4.6.3 Radiative properties
Parameters like effective bandwidth (Akerr) [32,45], lifetime (Texp) [32] and emission cross-
section (Gemi(A)) [32,46,47] are calculated for the levels 4Sq0 and *lyap (Table 4.9). The

branching ratio (Bexp) [32] for these levels is found to be Pexp > 50%. It is observed from
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Table 4.10 that there is an improvement in bandwidth with an increase in RE-
concentration in prepared samples. It is due to the multiple interactions between the RE-
ions, which enhances the Stark splitting between the energy levels of Er** ion. The large
values of bandwidth observed for the prepared samples are favorable for wavelength
division multiplexing [48]. Low quantum efficiencies observed for the Sy, level are due to
less energy gap between *Sz;, and ?Hiy, electronic energy states. Because of this there is
loss of excited ions from “Ss, state to lower energy states (*Hiz, and “Fop) due to
thermalization effect and multi-phonon relaxation.

The stimulated emission cross-section is calculated for *Sz;,— 11552 transition with the help
of Fuchtbauer-Ladenburg (FL) theory [47]. From Table 4.9, it can be seen that values of
oemi(A) are more for TBZEr,GC than TBZErk samples. The increase in cemi(A) after heat
treatment indicates that there is an increase in effective area of emission for *Sz—"l15)2
transition. It is also found that the studied systems have higher cemi(A) values than that of
the Er**-doped TZNE1 (6.89x10%'cm?) [3] and PKSAEr10 (6.03x10% cm?) [35] glasses
for transition *Ssp—*l15. Hence, the prepared samples can be considered as an active
medium to achieve good lasing action in green region.

To estimate the emission cross-section of *l;3,—*l15, the McCumber (MC) theory [46]
and the Fuchtbauer-Ladenburg (FL) theory [47] are applied. The emission cross-section
derived from the FL theory (cg (1)) and MC theory (omc(L)) are maximum for TZEr; (GC,
and are found to be 8.74 x 10! cm? and 7.49 x 10%* cm?, respectively. A difference in the
two values (of (L) and oumc (L)) is observed due to the re-absorption [35]. This is because
of the spectral overlap of the emission and absorption bands of Er** ion (Fig. 4.12). The
omc(h) is found to be 7.49 x 10% cm? at 1543 nm which is more than the absorption
cross-section (6.89 x 102! cm?) at 1543 nm.

It is known that the large cemi(A) gives low threshold and in turn high gain operation. From

caps(A) and Gemi(A) values, the room temperature gain coefficient is studied [48].
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Effective bandwidth (Adefr, NM), Spontaneous emission probability (A, s7),

experimental (Bexp, %) and calculated branching ratios (Bca, %), emission
cross-section (o (A), x 102 cm?) and MC theory (omch(p), x 10 cm?),
lifetime and quantum

radiative (Traq, ms) and experimental (Texp, MS)

efficiency (1,%) of TBZErk and TBZEr,GC

Radiative TBZErgs TBZEr TBZEr,, TBZEr;5
parameters TBZEr0.5 TBZEI’LO TBZErzlo TBZEr2.5 GC GC GC GC
Aj‘eszli 13.82 1551 17.38 18.33 12.30 15.64 16.91 17.93
Axl2 570 221 320 264 292 372 264 154
o | Popt? 64 67 60 77 68 70 63 62
& [ Buz? 61 65 75 80 76 65 69 64
R 8.03 8.91 9.04 771 8.48 9.14 9.84
L .
o
% Too 0.56 0.46 0.39 0.12 0.77 0.53 0.45 0.25
Trag 1.85 1.56 1.23 0.95 2.56 201 159 1.26
ntd 30 25 21 19 39 35 29 20
A 8.58 10.25 11.54 12.36 9.35 12,55 14.16 15.86
At12 670 510 430 360 590 475 386 264
Boot 7 73 80 75 76 79 70 89 75
8 [ Pat? 70 81 70 71 81 75 85 72
:TH GME(%Z) 1 601 6.93 7,59 8.54 6.91 7.11 7.99 8.41
S “FZL(B 1 725 7.68 7.74 7.98 7.94 8.14 8.74 8.94
= .
Too® 0.48 0.39 0.26 0.10 0.56 0.50 0.42 0.13
frag 1.92 1.85 1.36 0.83 1.60 1.48 1.37 0.92
ntd 70 65 60 55 75 7 69 61

Fig. 4.13 shows the gain cross-section spectra for TBZEr,,GC with various population

inversion rates. It is to noted that the gain coefficient becomes positive when ‘p’ becomes

more than 0.4 which indicates that a low threshold is required for 1.54 pm laser operation
in the prepared samples. It is clear from Fig. 4.13 that the present samples have gain band-
width in the range of 1450-1650 nm. It contains C (1530-1565 nm) and L (1565-1625 nm)

communication bands. Hence a wide communication range of 1530-1650 nm is expected

from the present samples whenever the population inversion is > 40%.
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Fig. 4.12: The absorption and emission cross-section spectra of TZEr,,GC for transition
4 4 3+ .
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Fig. 4.13: The gain coefficient for transition “l13, to *I;5, of Er*" doped TBZEr,, GC.
Here, ‘P’ is the population inversion rate.
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4.6.4 Decay curves
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Fig. 4.14: Decay curve for the *Sg, level in TBZEr, and TBZEr,GC samples

Fig. 4.14 shows the decay curves for the “Sg, level obtained at emission wavelength of 553
nm and excitation wavelength of 380 nm. An increase in the non-exponential behavior is
seen with increasing RE concentration. It clearly indicates the energy transfer between
Er¥*-Er** ions is increasing thus decreasing the experimental lifetime.

It is to note that for the same RE concentration, an increase in the lifetime values are
observed from the amorphous to crystalline state. This trend can be due to the decrease in
non-radiative decay after the heat treatment of present glasses. The obtained lifetime
curves for the *l;3,, state of Er®* ions in TBZEr, and TBZEr,GC are shown in Fig. 4.15. It
has been again observed that the lifetime of the 11312 level decreases with an increase in
Er,05 concentration. When RE (Er®") ion goes to “I1s, (ground state) from “l13, (excited
state), the energy radiated by this ion is transferred to another RE ion in the ground state
which further goes to excited state [48]. This keeps on going until one Er®* ion finally loses

its energy to the quenching trap present in its close proximity [48].
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Fig. 4.15: Decay curve for the metastable state *ly3, in TBZEr, and TBZEr,GC

An increase in the lifetime values are observed after heat treatment. It indicates the

presence of Er** ions in the nano-crystals due to which the chances of non-radiative
transitions decreases which in-turn increases the lifetime [3]. The decrease in the non-
radiative transitions occurs because of the expulsion of hydroxyl groups from the nano-
crystals that are formed after heat treatment of glass and gives low phonon energy
environment to Er** ions.

4.6.5 Up- conversion luminescence

The room temperature UC spectrum of prepared samples is presented in Fig. 4.16. The UC
spectrum consists of three emission bands [49-51]. The partial energy diagram of Er** is
given in Fig. 4.17. The basic UC mechanism in prepared samples can be understood as
follows:

Step 1: With 980 nm near-infrared (NIR) excitation, the Er** ions present in the ground
state (*I1512) goes to the excited state (*111/,) through ground state absorption (GSA).

Step 2: The electrons gets excited to higher excited state (“F7/) by absorbing a photon via

excited state absorption (ESA) or by energy transfer up-conversion (ETU).
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After this the excited electrons can relax through two possible ways as described in Step 3:

4da A i,

33/2 |15!2 TBZEr, ,GC
—— TBZEr, ,GC
—— TBZEt, ,GC
—— TBZEr, GC
—— TBZET,,

4 4
Forz="l1s12

Intensity (arbt. units)

500 550 600 650 700
Wavelength (nm)

Fig. 4.16: Up-conversion spectra of Er**: TBZEr,, and TBZErGC under 980 nm
excitation

Step 3: As the Er** ions are unstable in the excited state (*F7), excited ions decay rapidly
to the “Ssp or 2Hyy, levels and eventually goes back to the ground state (4I15/2) via
Hy1//*S3 to *lusyo transitions, giving green emission.
Or

Step 3: The excited electrons in *F7, level relax rapidly to *Fg, level by multi-phonon
relaxation followed by the *Fg2 to *ly5p transition, giving red luminescence.

It is clear from the Fig. 4.16 that a significant increase in the UC intensity of TBZEr,GC
glass ceramics takes place. It is due to decrease in energy transfer between the two

neighboring RE ions which in turn is due to low phonon energy of the crystallites.
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Effect of heat treatment on (70-x) TeO,-20B,03-10Zn0O-xDy,04

Overview

The present chapter deals with the variation in the radiative paramters of zinc
borotellurite glasses and glass ceramics doped with Dy*". The optimization of the thermal
parameters in order to covert glasses into glass ceramics is done as explained in the
previous chapter. It has been observed that color co-ordinates of the glasses lie in the white
light region. An increase in non-exponential decay has been observed with increasing RE

concentration as well as after heat treatment.
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5.1 Introduction

Glasses and glass ceramics (GCs) are materials used in different industrial applications. GCs
are important functional materials formed by heat treatment of glasses. GCs have the
advantages of both glasses (easy production) and crystals (optical activity) [1-3]. It also
exhibits good chemical durability, mechanical strength and corrosion resistance. The doping
of RE elements in glasses is done to achieve better optical properties when it is converted to
glass ceramics. It offers several advantages such as excellent emission intensities and better
optical gain as compared to the parent glasses [4-6]. These properties make the glass
ceramics more efficient than the glasses for WLEDSs, sensors and medical display devices
[6,7].

Dysprosium ion (Dy**) is an efficient RE®*" ion for obtaining white light emission. It finds
applications in solid state lasers, Q-Switch devices, and fiber optics telecommunication
amplifiers [8-19]. Dy**-doped glasses show intense emissions in yellow (576 nm), blue (486
nm) and red (667 nm) region [20-22]. Tellurites are preferred as glass former because of its
wide transmission range, high linear refractive indices (1.8-2.3) [23], lower phonon energy
among oxide glass hosts (800 cm™), high solubility of dopant RE** ions [23-25], good
thermal and mechanical stability [26], and low melting point. These properties make tellurite
glasses promising materials for lasers, sensors, electronic devices, and optical amplifiers. As
discussed in the Chapter 2 TeO, is a conditional glass former and preparing pure tellurite
glasses requires special quenching techniques. But with the addition of certain oxides like
B,03, NaO, ZnO, etc., these glasses can be obtained through melt quenching technique also
[20-23]. The present composition of the tellurite glasses is chosen on the basis of literature
survey where glass and glass ceramics of low phonon energy without using heavy metal
fluorides like PbF, and CdF, can be easily obtained [5,6].

The present study deals with the structural and optical properties of the dysprosium doped
zinc borotellurite glasses (TBZDyy) and glass ceramics (TBZDyxGC). Another objective of
the present study is to optimize yellow/blue (Y/B) ratio for white light generation by varying
the rare earth concentration and by heat treating the prepared glass samples.
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5.2 Physical Properties

5.2.1 Appearance

Fig. 5.1 (a,b) shows the photographs of the glasses and glass ceramics with increasing Dy,03
content. It is clear from the Fig. 5.1 (a) that the prepared glasses are transparent. There is no
significant change in color with increasing rare earth concentration. However, glass ceramics
as shown in Fig. 5.1 (b) became yellowish white after heat treatment due to possible

ceramization.

1cm 1 cm

1cm

Jl 1.2 cm :l 1.2 cm L | 1.2 cm
TBZDYO.O ﬂTBZDYOS 1 crrT BZDy 1.0

|J| 1.2 cm Ll i
TBZDy,, TBZDy,

Fig. 5.1 (a): Phtograph of glasses with varying Dy,O3 content

1cm 1cm

. | 1.2cm il 1.2 cm .|1.2 cm
TBZDy,,GC TBZDy,,GC TBZDy,,GC

1cm

lcm

.l 1.2 cm -l 1.2cm
TBZDy, ,GC TBZDy,GC

Fig. 5.1 (b): Phtograph of glass ceramics with varying Dy,O3 content

5.2.2 Density
Table 5.1 gives the values of density of the present samples. It is observed that density
density increases with further increase of RE. It is due to addition of high molecular weight

compound, Er,03 (382.5g/mol) in place of comparatively lighter compound, TeO, (159.6
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g/mol). An increase in the density values is observed after heat treatment which indicates that
there is increase in the rigidity of the samples.

Table 5.1: Physical properties of the samples

Density (g/cm®)
Sample ID +904
TBZDyy 472
TBZDyos 479
TBZDy: 487
TBZDy, 491
TBZDy2_5 4,96
TBZDy,,GC 487
TBZDy,sGC 4.90
TBZDy,,GC 4,95
TBZDy,,GC 497
TBZDy,5GC 5.02

5.3 Thermal properties of the as-prepared glasses

Fig. 5.2 gives the DTA patterns of the as-prepared samples. The values of characteristics
temperatures (Tg, Tc, Tcz and AT) are given in Table 5.2. It is observed that there is an
increase in T, from 364 to 381 °C and T, from 424 to 458 °C with the increase in Dy** -
concentration. Whereas, T, does not show any particular trend. This may be because of
clustering of Dy** where clusters of different sizes may form during heating cycle.

The increase in the values of Ty and T is because with the addition of rare earth (Dy,0O3) in
glass system B-O and Te-O bonds are repalced by Dy-O bonds. Also Dy-O bond is relatively
stronger (615 kJ/mol), than B-O (536 kJ/mol) Te-O bond (377 kJ/mol). Therefore, the
network connectivity in the glass matrix becomes stronger. Thus there is an increase in mean
bond strength resulting in increase in Ty, and T¢; values [24]. The results are in agreement
with that of Ersundu et al. [24] and Jyothi et al. [26] on Dy,O3; doped titanium-tungstate-

tellurite glasses.
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Fig. 5.2: DTA thermograph of Dy*:TBZDy glass where Tq is the glass transition, T
and T, are the peak crystallization temperatures
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Table 5.2: Characteristic Thermal tempertaures (°C) of Dy**:TBZDy glasses

Sample | Tgtl | Teitl | Teotl | AT=T-Tgtl
code °C) | °C) | (°C) (°C)
TBZDyps | 371 | 437 | 546 66
TBZDyi1o | 374 | 441 | 528 67
TBZDy,o | 377 | 449 | 540 72
TBZDy,5 | 381 | 458 | 542 77

5.4  Structural and morphological studies:

5.4.1 X-Ray diffraction (XRD)
5.4.1.1 X-Ray diffraction (XRD) of as-prepared glasses

XRD patterns of TBZDy;y glasses is shown in Fig. 5.3 (a). A broad hump is observed in the

range of 20-35° in the case of glass. It confirms that there is no noticeable crystallization in

the glass matrix.
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Fig. 5.3 (a): X-ray diffractograms of the as-prepared TBZDyj glasses
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5.4.1.2 Optimization of temperature and time for preparing glass ceramics

The DTA studies which are shown in Fig. 5.2 suggests that the T4 and T, of the as-prepared
glasses lies in the range of 364 — 381 °C and 424 — 458 °C respectively. To prepare glass
ceramics TBZDygs glass is given heat treatment at 375, 400 and 430 °C for 2, 4 and 6h
respectively. The XRD patterns of the heat treated samples are shown in Fig. 5.3 (b-d).

TBZDy, s
a-TeO,: JCPDS Card No. 76-0679
@ a-TeO,
c
>
§ o-TeO,
S
>
‘»
o 375°C, 6h
= VA,
375°C, 4
375°C, 2h
20 25 30 35 40 45 50
20(degrees)

Fig. 5.3 (b): X-ray diffractograms of TBZDyjy s heat treated at 375 °C for 2, 4 and 6h

Fig. 5.3 (b) shows the XRD of the TBZDyjy s glass heat treated at 375 °C for 2, 4 and 6h
respectively. The heat treated TBZDyys samples show background due to presence of
amorphous phase. It was observed that the prepared samples show crystallization on heat
treatment at 375 °C. The observed Bragg’s peaks are due to the formation of a- TeO, (para-

tellurite) phase.
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Fig. 5.3 (c): X-ray diffractograms of TBZDyy s heat treated at 400 °C for 2, 4 and 6h

Fig. 5.3 (c) shows the XRD patterns of the TBZDyy 5 sample heat treated at 400 °C for 2, 4
and 6h. It is observed that, along with a- TeO; another phase due to orthorhombic y- TeO,
appears. With an increase in time the intensity of the crystalline phases also increases.
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Fig. 5.3 (d): X-ray diffractograms of TBZDyjs heat treated at 450 °C for 2, 4 and 6h

The TBZDyj; glass has been further heat treated at 450 °C for 2, 4 and 6h. The observed
XRD patterns are shown in Fig. 5.3 (d). From the above results, it is observed that samples
heat treated at 450 °C for 2, 4 and 6h are highly crystalline, with very small residual

amorphous phase.
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Fig. 5.3 (e): Photolumiescence spectra of the TBZDy,s sample heat treated at 375, 400 and
450°C for 2, 4 and 6h respectively

The present study aims at the photoluminescence characteristics of the glasses and glass
ceramics. In order to optimize the time and temperature conditions emission spectra has been
studied. Fig. 5.3 (e) shows the emission spectra of heat treated samples. It is observed that
the glass ceramics heat treated at 400 °C for 4h has highest emission intensity in Dy**- doped
glasses. Therefore, in the order to prepare GCs, all the undoped and doped samples are heat
treated at 400 °C for 4h in this study.

5.4.1.3 Effect of heat treatment on glasses with increasing Dy** concentration

The XRD patterns of all the RE-doped samples heat treated at 400 °C for 4h is shown in Fig.
5.3 (f). The presence of several sharp diffraction peaks in the case of glass ceramics reveals
presence of various phases. The JCPDS database has been used for phase identification of

observed phases.
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Fig. 5.3 (f): X-ray diffractograms pattern TBZDy,GC glass ceramics

The analysis of the XRD diffractograms of glass ceramics reveals presence of crystalline
phases induced in the glass matrix after their heat treatment at 400 °C for 4h. The primary
crystalline phase formed in the glass ceramics is tetragonal paratellurite a-TeO, phase
(JCPDS reference code 76-0679) [47]. Another phase obtained in the present study is
orthorhombic y-TeO, (JCPDS reference code 52-1005) having chain structure. It is worth
noting that at low rare earth concentration (upto 1mol%), y-TeO; is dominating than the a-
TeO, phase whereas with an increase in the RE content (upto 2.5 mol%) a-TeO; phase is
dominating the former. Thus it is clear that with an increase in the RE - concentration, more
stable a-TeO; is forming than metastable y -TeO,. The crystallite size has been found to be

in the range 24 - 43 nm £ 5 nm and is given in Table 5.3.
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Table 5.3: Average crystallite size (nm) £ 5 nm in glass ceramics after heat treatment

Sample ID Crystallite Size
+5 (hm)
TBZDy, ,GC 21
TBZDy,sGC 26
TBZDy; (GC 32
TBZDy,,GC 35
TBZDy,sGC 43

5.4.2.1 Raman spectroscopy

To study the structural modifications in the glasses and glass ceramics, Raman measurements
are carried out. To have detailed insight of glass structure, the de-convolution of the Raman
spectrum has been done. Fig. 5.4 (a) shows de-convoluted Raman spectra of glass samples.
The de-convoluted bands are centered at around 620, 664, 718, and 767 cm™ [25,26]. The
bands centered at 718 and 767 cm™ (Fig. 5.4 (a)) are due to symmetric bending and
stretching vibrations of TeOgs.; trigonal pyramid (tp) units having NBOs. The other two
bands centered at around 620 and 664 cm™ are ascribed to asymmetric bending and
stretching vibrations of TeO, trigonal bipyramidal (tbp) units having BOs [25,26,56]. With
an increase in Dy**-concentration, a decrease in Raman intensity of bands at 620 and 664 cm’
! relative to bands at 718 and 767 cm™ is observed. Fig. 5.4 (b) shows the variation in the
structural units with increasing RE- content. This indicates that increase in RE content in
glasses leads to rupture of Te-O-Te linkages and resuting into conversion of Q% to Q%
structural groups [47] as shown in Fig. 5.4 (c). Thus there is decrease of TeO, polyhedra
structural units with BO and increase in TeO, structural units with NBOs [25].

The Raman spectra of the Dy**- doped zinc borotellurite glass ceramics is shown in Fig.5.5.
The narrower bands in the heat treated sample are the consequence of the heat treatment of
glasses. The bands at 653, 614 and 415 cm™ are ascribed to a-TeO; at about 801 cm™ belongs
to y-TeO; [47]. Assignment of Raman bands observed in glass ceramics is tabulated in Table
5.4. The peaks observed in the low frequency region of glass ceramics are attributed to a-
TeO,. No significant change is observed in the spectra after heat treatment with increase in

RE content.
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Fig. 5.4 (a): De-convoluted Raman spectra of present glasses
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Fig. 5.4 (b): Normalized intensities of the raman bands after de-convolution at different RE-
concentrations
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Fig. 5.4 (c): Possible structural change induced in the glasses with the introduction of
Dy,03. Where in notation Q4" superscript gives the number of BOs and subscript
gives number of NBOs
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Fig. 5.5: Raman spectra of Dy**-doped zinc borotellurite glass ceramics

Table 5.4: Assignment of Raman bands in glass ceramics

Position (cm™) Assignment
119,142,173 TeO, unit’s vibrational modes [56].
415 Stretching vibrations of Te-O-Te bonds in a -TeO, [56].
614 Anti- symmetric stretching vibrations of Te-O-Te linkages in o -
TeO, [56].
653 Stretching vibrations of TeO,in a -TeO; [56].
801 y -TeO, [47].
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5.4.2.2 Fourier Transform Infrared spectroscopy (FTIR):

The changes in structure of BO3 and BO, units with increase in concentration of Dy** content
are analyzed with the FTIR. The fourier transform infrared spectra of prepared samples have
been recorded in the wave number range 600 to 1500 cm™ and shown in Fig. 5.6 (a). The
infrared vibrational bands are observed in 1500-1200 cm™, 1100-800 cm™ and 800-680 cm™
due to stretching vibrations of B-O bond in BOj3 units, B-O stretching vibrations of BO,

tetrahedra of pentaborate, tetraborate and diborate structural units.

Absorbance (arbt. units)

v T v
600 800 1000 1200 1400

Wavenumber (cm™)

Fig.5.6 (a): Infrared Absorbance Spectra of the prepared glass system

The variations in the intensities of various structural units observed are shown in Fig. 5.6 (b).
It is clear from Fig. 5.6 (b) that with the increase in the Dy,O3 concentration an increase in
the structural units having NBO’s is observed. This result is in accordance with the Raman
results which supports the formation of TeOs structural units.

Fig. 5.6 (c) represents the FTIR spectra of glass ceramics. It is worth noting that considerable
changes are observed in the FTIR spectra of prepared glasses after heat treatment. The

vibrational bands become sharper and narrower after the heat treatment. This may be due to
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the ceramization of the glasses after heat treatment. Formation of new structural units at 1218
and 1335 cm™ is observed. Also, bands at 579 and 622 cm™ became more prominent due to

heat treatment.
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Fig. 5.6 (b): Normalized FTIR intensities of the prepared glasses
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Fig. 5.6 (c): Infrared absorbance spectra of the Dy**-zinc borotellurite glass ceramics
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5.4.3 Field Emission Scanning Electron Microscope (FESEM)

Fig. 5.7 (a) shows the micrographs of (i) TBZDyys, (ii) TBZDygs, (iii) TBZDy1g, (iv)
TBZDy,, and (v) TBZDy,s glasses. The micrographs shows there is no crystalline phase
present in as-prepared glass matrix.

Fig. 5.7 (a): FESEM micrographs of Dy**-doped (i) TBZDyq,, (ii) TBZDYqs, (iii) TBZDy1.0,
(iv) TBZDy,, and (v) TBZDys, 5 glasses
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.
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Fig. 5.7 (b): FESEM micrograps of D3+-doped (i) TBZDy,0GC, (ii) TBZDyysGC, (iii)
TBZDy, 0GC, (iv) TBZDy,,GC and (v) TBZDy,sGC glass ceramics

Fig. 5.7 (b) shows the micrographs of glass ceramics. It is clear from these micrographs that
glasses got converted to glass ceramics as crystalline phases have appeared in the glass
matrix. These crystalline phases are like spherulite and are uniformally produced in the glass
matrix. The particle size lies in the nanometer range. The average size of the particles is in
the range of 33 - 45 nm as given in Table 5.5. The uniform distribution of these nano

particles in the glassy matrix will give isotropic properties of the glass ceramics.
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Table 5.5: Particle size (nm) in glass ceramics after heat treatment

Sample ID Particle Sizex5 nm
TBZDy,.0GC 33
TBZDy,sGC 36
TBZDy1,0GC 40
TBZDy,,GC 42
TBZDy,sGC 45

5.5 Absorption studies - Judd-Ofelt (JO) analysis

The absorption spectra of present glasses and the corresponding glass-ceramics in UV-Vis-
NIR (350-2000 nm) is shown in Fig. 5.8 (a and b). Ten absorption bands have been
identified from the ground state °Hs;, to excited states of Dy** [8,17,18,31].

(a) —— TBZDy, .GC
| — [BZDy, ,
. "o 6"'1%' — TBZDy, ,GC
% v — IBZDY, .
; f 4'11/2"'6'35/2 —— B2y, .
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= 1321 7
| 2 — TBZDy,
= Giir2 4 ' =
S Foo |—— TBZDy,GC| Fap
2\ =
e —
400— —500 7 6000 =700

Wavelength (nm)

Fig. 5.8 (a): Absorption spectra of present samples in UV-Vis region
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Fig. 5.8 (b): Absorption spectra of Dy*":TBZDy and TBZDy,GC systems in NIR region
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The absorption cross-section is calculated for the hypersensitive absorption peak at 1280 nm

using the following expression:

a(h9) = —In(2)

(5.1)

Where, ‘N’ is the concentration of rare earth,‘d’ is the thickness of the sample, ‘I, and ‘I’ are

the incident intensity and transmitted intensity. The thickness of the prepared samples is

2+0.3 mm. The concentration of rare earth in the prepared samples is 2.9x 10% ions per cm?,

5.8x 10%° jons per cm?, 11.5x 10% ions per cm® and 14.8x 10%° ions per cm*for 0.5, 1.0, 2.0

and 2.5 Dy**- mol%, respectively. It is found that the values of absorption coefficient

increases gradually with increase in RE ion concentration and with heat treatment (Table

95



Results and Discussion II
Effect of heat treatment on (70-x)Te02-20B203-10Zn0-xDy,03 glasses

Chapter 5

5.6). To find the oscillator strengths standard procedures are used [13,17,18]. The oscillator
strengths (x10°) of different transitions of Dy** for TBZDy and TBZDy,GC are given in
Table 5.6. As we know that the oscillator strengths are the measure of probability of a
absorption. It is found that the values of oscillator strengths decrease for all transitions from
glass to glass-ceramics in the UV-Vis region but increase in the NIR region except for
hypersensitive transition (*His— ®F112+°Hgp2). Similar results are reported for Dy**-doped
oxyflouride glass ceramics [4-6]. The JO parameters for TBZDy, and TBZDy,GC systems
along with some reported Dy*": glasses [19-21, 31-36] are given in Table 5.7 (a,b). The
decrease in the value of Q, after the crystallization of the precursor glass is observed. It
indicates a decrease of covalent character between the RE** ions and surrounding ligands.

Table 5.6: Oscillator strengths (x10°), RMS deviation (8;ms) between experimental and
calculated values and absorption cross-section for Dy**: TBZDy, and TBZDy,GC

systems

Transition TBZDyos | TBZDyio | TBZDY,o | TBZDy,s | TBZDyosG | TBZDy, oG | TBZDy,,G | TBZDy,sGC

*His— C C C
fexp f<:a\| fex f<:a\| 1:exp 1:cal 1:exp 1:cal 1:exp 1:cal 1:exp 1:cal 1:exp fcal fexp fcal

P

P, 09 {06 (11|08 |09 |086 125|111 (05 |054 |099|0.68 |041 | 0.69 |0.58 0.66
9 7 2 8 2 6

112+°Ps) 10 |03 |[12[1.09 |10 |[0.67 |1.01 |08 |05 [056 |1.01]025 |0.76 | 040 |0.86 |0.21
9 7 5 1 6 9

1130+ Fap 07 {09 [05|052 |04 |081 |08 |05 |01 |052 |1.08|0.99 |107 |1.21 |045 0.56
1 4 8 5 6 1

*Guu 07 (01 |[06)|011 |16 |0.08 |028 |05 |05 |056 |0.21|0.11 [0.24 |058 |0.25 0.56
6 8 7 5 8 9

“For 06 {05 (03062 |15 |101|025|02 (05 |048 |0.23|058 |0.67 |0.69 |0.18 0.19
3 8 8 2 3 6

*Fap 08 {02 (01026 |06 |044 (029 |03 (0.7 |0.18 |0.08 |0.14 |0.14 | 0.23 |0.15 0.26
4 2 3 2 1 1

°F.p 40 |30 |43|399 |43 456 (299 |36 |69 |565 |495 (429 |519 |517 |3.14 4.98
4 3 2 6 5 6

®Fg+°Hyp 41 |43 |32 |358 |48 (424 (498 |45 |51 |456 |4.28 398 |599 |5.06 |5.87 5.26
7 9 5 5 8 9

Sk, +Hy, | 11. | 11. | 10. [ 105 | 11. |11.2 | 105 | 10. | 10. | 10.6 | 10.2 | 10.1 | 10.0 | 10.2 | 10.86 | 10.50
3 2 69 | 6 01 |5 6 68 |98 |8 1 1 8 8

Hyp 12 |17 [11[168 |10 | 123|154 |14 |18 |1.95 |1.93 | 1.99 | 1.48 | 256 | 1.68 | 1.65
1 5 2 6 5 6

Orms +0.60 +0.56 +0.65 +0.32 +0.35 +0.48 +0.16 +0.24

Absorption 5.26 581 5.95 6.02 6.06 6.11 6.19 6.24

Cross-

section %

0.98 (x10%

cm?)
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Table 5.7 (a): JO intensity parameters in present Dy,O5 systems (x 10°%° cm?)

Q, Q| O
Sample ID +1.05 +09 | +0.04 Trend Reference
TBZDyos 1432 | 564 | 264 | Q> Q04 PreSFS\tN\/]Vork
TBZDy,, 1391 | 499 | 201 | O Qo0 [PW]
TBZDy,, 1366 | 3.84 | 217 | Q5 Qo0 [PW]
TBZDy,s 1473 | 372 | 2.08 | Q> Qo0 [PW]

TBZDy,sGC 1053 | 313 | 2.77 | Q> Qo0 [PW]

TBZDy, ,GC 905 | 330 | 219 | Q> Qo0 [PW]

TBZDy,,GC 10.66 | 344 | 227 | Q> Qo0 [PW]

TBZDy,sGC 873 | 372 | 218 | Q> Qo0 [PW]

Table 5.7 (b): JO intensity parameters in reported Dy,O3 systems (x 102° cm?)

Sample ID Q, Q, Qg Trend Reference
TCZNB 11.30 3.30 2.60 Q> Q,>Q [20]
CBTCdD 5.87 0.27 1.32 Q,> Q5> Qy [33]
BTKAO0.05D 3.34 0.20 0.68 Q,> Q5> Qy [31]
LSBP0.5Dy 5.73 2.19 1.92 Q> Q>0 [35]
DZCTFB 10.64 151 2.50 Q,> Q5> Qy [32]
0.5LBTPD 10.9 3.68 2.86 Q> Q,>Q [19]
0.5DZTFB 8.28 2.79 1.89 Q> Q,>Q [34]
BTLNO0.05D 7.13 2.16 1.44 Q> Q>0 [21]
Dy0.5 4.90 0.94 2.07 Q,> Q5> Qy [36]

Energy gap is used to obtain information about the modifications in the energy levels brought
by heat treatment and RE addition. The energy gap of the present glasses is calculated using
Mott and Davis formulation [42].

Table 5.8: The direct and indirect energy gap and refractive index of TBZDyy and

TBZDy,GC
Direct | Indirect Urbach .
Refractive
energy | energy Energy index
Sample ID gap £ gap +0.02 N
0.21 +0.32 (eV) +087
(eV) (eV) —
TBZDy,,GC 3.21 3.25 0.09 2.31
TBZDy,5GC 3.21 3.24 0.18 2.33
TBZDy, (GC 3.16 3.18 0.20 2.40
TBZDy,,GC 2.89 3.09 0.23 2.43
TBZDy,sGC 2.31 2.56 0.31 2.57
TBZDyy 3.42 3.32 0.19 2.29
TBZDyy5 3.32 3.26 0.21 2.31
TBZDy, o 3.25 3.22 0.23 2.37
TBZDy, ¢ 291 3.19 0.29 241
TBZDy,5 2.36 2.81 0.32 2.54
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Fig. 5.8 (c) Tauc plot for direct band gap

Fig. 5.8 (c) and (d) gives the graphs of direct and indirect energy band gap. The values of
energy gap and refractive index are tabulated in Table 5.8. A decrease in the energy gap of
the samples is observed with increasing RE concentration. It can be due to increase in the
number of NBOs. The refractive index values are calculated with the help of direct band gap.
It is worth noting that the refractive index increases with increasing RE content as given in
Table 5.8. The energy gap of the samples also decreases with heat treatment. The Urbach
energy indicates the width of the band tails of the localized states and measures disorderness

in materials. The absorption and the Urbach energy are related as following:

hY

a(¥) = agesE (5.2)
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An increase in the Urbach energy is observed (Table 5.8) with increasing RE- content due to

increase in the NBOs in the samples, whereas a decrease in the values of AE is observed due
to the heat treatment.
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Fig. 5.8 (d) Tauc plot for indirect band gap

5.6 Spectroscopic properties

5.6.1 Excitation and emission studies

The excitation spectra of present samples in range of 300-500 nm at 575nm is given in Fig.
5.9. A number of peaks are observed in the excitation spectra of the glasses. The transitions
are assigned from ground state °Hysy, t0 ®Psja, °Pri2. *Paiz, *lagra, *Guara, *lisi2 and *Foyp [9-12,19-
21]. Fig. 5.9 depicts that glasses can be excited by several wavelengths in the ultraviolet and
visible region. However, 383 nm is chosen as the excitation wavelength for the present study

because the maximum intensity is found at this excitation wavelength.
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Fig. 5.9: Excitation spectra of Dy**:TBZDyy glasses at 575 nm emission

Fig. 5.10 shows visible emission spectra taken in 450-700 nm range at 383 nm for glasses
and glass-ceramics. The Dy**-doped glasses show emission at 482 (blue) and 575 nm
(yellow) corresponding to the transitions *Forn —%His and *Fgp —°Hiap, respectively [32-
40]. A weak emission is observed around at 663 nm (red) which is attributed to the transition
*For —°Hu1/ [37-40]. For the present glasses and glass-ceramics, yellow band located at 575
nm is more intense than the blue band which suggests that the Dy** ion is located at a lower
symmetry local site [5].

It is worth noting that there is considerable variation in the emission intensities after heat

treatment. Hence, to quantify these variations in the emission intensities due to different
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concentration of Dy** in glasses and glass-ceramics a quantity is introduced. The Y/B ratio is
the ratio of emission intensities of two dominant bands, i.e., yellow (electric dipole
transition) and blue (magnetic dipole transition). The modifications in the Y/B ratio with
increasing Dy** content are given in Table 5.9. From Table 5.9 it is observed that there is a
decrease in the value of Y/B ratios from 5.5 (TBZDy,s) to 1.57 (TBZDy,sGC). A reduction
in the Y/B ratios of glass-ceramics can be understood by considering the structural changes
that occur locally because of Dy** ions additions in the TeO, nano-crystals. These results are
also supported by the decrease in the Q, values after heat treatment. Similar results are found
in Dy*" doped oxyfluoride glasses and glass ceramics [4-6].

The emission spectra is further analyzed with the help of CIE 1931 colour coordinates [41].
The quality of the light source is studied in terms of the CCT values. Fig. 5.10 depicts the
CIE chromaticity color co-ordinates of Dy-doped glasses and the glass-ceramics at 383 nm
excitation. Fig. 5.11 shows that the CIE coordinates for glasses and glass ceramics lies in
yellowish white and white light region respectively. The CIE —coordinate values along with
CCT values are given in Table 5.9. The colour coordinates of glass samples after heat
treatment are closer to Blue LED + YAG:Ce, HT-P278BPV (x = 0.32, y = 0.33), which is a
commercial pc-LED [51]. Thus, by changing the environment of RE ions, the tuning of color
co-ordinates can be done. The correlated color temperature values obtained for the glasses
are in the range of fluorescent tube and day light i.e. 3935-5500 K, whereas, the CCT values

of the glass-ceramics are closer to that of the cool sources.

Table 5.9: Yellow/Blue ratios, (x,y) and CCT, K at 383 nm excitation for Dy*":TBZDyy

and TBZDy,GC systems
Sample TBZDy,s | TBZDy,o | TBZDy,, | TBZDy;s
D —> TBZDy,s | TBZDy;, | TBZDy,, | TBZDy;5 GC GC GC GC
Y/B 3.7:1 3.8:1 4.1:1 5.5:1 1.40:1 1.43:1 1.49:1 157:1
(xy) (0.43,0.44) | (0.42,0.43) | (0.43,0.43) | (0.42,0.43) | (0.32,0.34) | (0.32,0.34) | (0.32,0.35) | (0.33,0.32)
CCT 4776 4608 4698 4702 5609 6037 6071 6001
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Fig. 5.10: Visible emission spectra of Dy*":TBZDy, and TBZDy,GC systems
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systems at 383 nm excitation
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5.6.2 Radiative properties

Radiative parameters have been determined for *Fo, — ®Hysp, transition with the help of
Fuchtbauer-Ladenburg (FL) theory [13,43,44]. The radiative paramters of the present
samples are given in Table 5.10.

Table 5.10: Radiative parameters of Dy**-doped glasses and glass-ceramics

Radiative TBZDy,s | TBZDy | TBZDy | TBZDy | TBZDy,s | TBZDy:o, | TBZDy,, | TBZDy,s

parameter 1.0 20 25 GC GC GC GC

Bexp (%) £ 7 76 80 74 61 57 59 75 57

Sl B (%) £7 64 78 60 53 58 69 67 65
% Adett umy £ 0.79 8.58 10.25 11.54 12.36 9.35 12.55 14.16 15.86
K Az (s £19 670 510 430 360 590 475 386 264
| Gemi (107 cm?) 67.25 67.94 68.91 70.53 36.13 37.21 38.25 39.35

+7.21

The effective line width (Alerr) of the emission transition is the measure of sharpness of a
transition. The values of A)es for glasses and glass-ceramics are found to be lower than
Dy**:CBTZnD (14.176 nm) [33], Dy**:TZPPN (14.81 nm) [52] and Dy**:1CdBiB (24.484
nm) [53] glasses, and higher than Dy**:1DZTFB (7.225 nm) [22] glass. The transition having
branching ratio, > 0.5, could be considered for the possible lasing action. Hence, Gem; IS
calculated and discussed for *Fg,—°Hi3, transition having p > 0.5. From Table 5.10, it can
be seen that the values of oemi decrease with the increasing in RE content as well as from
glass to glass-ceramics. It is observed from Table 5.10 that the oemi Of the prepared samples
is found to be higher than the reported Dy** doped 0.05DZTFB (6.275x10%? cm?) [22], Dy*'
doped CBTZnD (4.992x10 *cm?) [33], Dy** doped BaF,-B,03 (2.74x10 *cm?) [34], Dy**
doped TZPPN (6.09x10%* cm?) [52] and PKBAF10 (4.76x10 %cm?) [54] glasses. However,
it is lower than the Dy** doped 1CdBiB (24.38x10 *cm?) [53] and Dy** doped ZnO-PbO-
P,Os (8.80x10% cm?) [55] glasses. The higher gemi, P and lower Akess values of present
samples imply their potential for the fabrication of WLEDs.

5.6.3 Decay curve analysis

Lifetime measurements for the “Fo/, level of dysprosium are shown in shown Fig. 5.12. The
non-exponential nature of decay curves is observed for all the samples. It increases with

increase in RE content. This can be due to resonant energy transfer and cross-relaxations
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between RE-ions as shown in Fig. 5.13. With increase in the dysprosium content, increase in

the non-exponential behavior is also observed.

——TBZDy,, =732is
—— TBZDy, ,GC=723us
——TBZDy,, =384ys

TBZDy,, =350u8
—— TBZDy, ,GC=294us

0.1 —— TBZDy, ;GC=251yus
e \ W ——TBZDy,; =72ps
'v.,_'w'“.ﬁ wl"“’l —— TBZDy, ;GC =35us
Wi W b
0.01 |

Normalized Logarithmic Intensity

0 2000 4000 6000 8000
Lifetime (us)

Fig. 5.12: Decay curves of prepared glasses and glass-ceramics (Aex=383nm, Aegm= 575 nm).
Solid line IH fitting
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Fig. 5.13: Partial energy level diagram of Dy**:TBZDy, and TBZDy,GC systems
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The ion—-ion interaction and microscopic energy transfer mechanisms are studied with the
help of Inokuti—Hirayama (IH) model [46]. The experimental lifetime (texp) for the *For level
are found to be 732, 384, 350, 72 us of glasses and 723, 294, 251, 35 us of glass-ceramics for
the 0.5, 1.0, 2.0, 2.5 mol% of Dy**, respectively. It is worth noting that a there is a decrease
in the lifetime values with an increase in RE content as well as with heat treatment. The
decrease in the lifetime values is because of concentration quenching which inturn indicates
an increase in the energy transfer rates between RE**- ions.

The energy transfer between RE**-ions can be calculated from the energy transfer parameter
(Q) [46]. Results of the fitting for Dy**: TBZDy, and TBZDy,GC systems using IH model are
given in Table 5.11. A good fit is obtained with Q = 2.36 and 1o= 732 pus for TBZDyjgs glass
and Q= 1.70 and to= 723 pus for TBZDysGC glass-ceramic (Fig. 5.12). An increase in the
magnitude of Q from 2.36 (TBZDyys) to 6.05 (TBZDys,5) and 2.70 (TBZDy,s GC) to 8.33
(TBZDy,sGC) with an increase in the rare earth content and heat treatment, respectively, is

observed.
Table 5.11: Lifetime, quantum efficiency, and IH fitting paramters of Dy**:TBZDy, and
TBZDy4GC systems
Sample ID | Traq% 45 | Teypt 32 nt2 Q+0.45 Rot15 | Cpax10% | Wyg
(us) (us) (%) (A) +1.25 +0.51
cm®s?

TBZDygs 1060 732 69 2.36 8.28 8.22 3.56

TBZDy:, 619 384 62 3.23 7.71 10.45 3.69

TBZDy;, 603 350 58 5.35 6.98 11.56 4.25

TBZDy;s 138 72 52 6.05 5.89 54.94 5.56

TBZDy,sGC | 1205 723 60 2.70 7.95 10.22 4.01

TBZDy,,GC | 498 294 59 3.90 6.25 13.52 4.25

TBZDy,,GC | 482 251 52 6.44 4.12 16.49 4.89

TBZDy,sGC 61 35 57 8.33 2.95 23.91 6.23

Table 5.11 shows that the non-radiative transitions rate also increases with increasing RE
content and heat treatment. Quantum efficiencies (1) are calculated for all the prepared
samples as given in Table 5.11. The 4 are calculated with the help of JO parameters. The
Texp ANA 15q TOr *Fg12 level of Dy** glasses and glass-ceramics are reported in Table 5.11. An
inconsistency between the values of Texy and Traq has been observed. A decrease in the values
of 1 is observed with increasing RE content. The decrease can be because of enhanced
energy transfer between RE>* ions. The decrease in n is further supported by increase in the

non-exponential character of decay curves. The obtained quantum efficiency ‘n’ for the
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TBZDyy glass and glass ceramics is given in Table 5.11. The results suggests that present
glass samples have good lasing action. It is to noted that ‘n’ for the present glasses and glass-
ceramics is relatively higher than those reported for GC1 (41%) [4], GC2 (23%) [4],
BTLNO0.25D (45%) [21], BTLN2D (38%) [21], BTKA0.05D (34%) [31], BTKA0.5D (40%)
[31], BTKA2.0D (26%) [31], CBTZnD (44%) [33] LSBP0.5Dy (57%) [35], LSBP1Dy
(39%) [35] and is low compared to those reported for 0.5LBTPD (85%) [19], 0.25LBTPD
(89%) [19], 0.01DZCTFB (71%) [33], 0.05DZTFB (73%) [34], LSBP0.1Dy (74%) [35],
BTLNO.05D (74%) [21] glasses.
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Effect of gamma irradiation on (70-x)TeO,-20B,03-10Zn0O-XEr,0;

Overview

The present chapter deals with variations in thermal and spectroscopic properties of
the Er,O3 glasses after 50 kGy gamma irradiation. The structural analysis of the irradiated
glass samples showed some structural changes in terms of formation of new structural
units after irradiation. Emission intensity decreases after irradiation because of increase in
non-radiative transitions. The chapter also discusses about the characteristic shielding
properties of as- prepared TBZEr, samples in detail. It has been observed that the shielding

properties of the samples improved with the RE addition.
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6.1 Introduction

Influence of different types of harmful radiations on living bodies are of major concern to our
society [1-5]. These radiations originate from different sources like nuclear medicines,
nuclear power plants, space etc. According to a report by NASA, astronauts are exposed to
different ionizing radiation with effective doses in the range from 50 to 2 Sv. Such high
energy radiations with large penetration depth can cause threat to the living beings.
Therefore, researchers are trying to develop different types of shielding materials. The
shielding materials can reduce the penetration of such radiations, thereby decreasing its
harmful impact. The commonly used shielding materials are concrete, polymers, alloys,
bricks, etc. However, these materials are opaque. The present situation demands to develop
transparent shielding materials for reactors and medical applications.

Among various available shielding materials, glasses are the potential candidates for the
same. This is because of their cost effectiveness, homogeneity, good chemical stability,
transparency and high attenuation coefficients [6-15]. Glasses can also be fabricated in
different shapes and sizes. Hence, it enables researchers to tune their physical and optical
properties [16-27]. Many researchers are trying to improve the shielding properties of the
glasses. Sayeed et al. [7] studied tellurite glasses and found that these glasses possess good
shielding properties due to high mass attenuation coefficients. RE- doped glasses have also
gained interest for their shielding properties. In a study, Saidu et al. [4] incorporated terbium
ions into zinc lithium borate glasses which enhanced the dosimetry properties of the glasses
by many folds. Hegde et al. [6] studied bismuth borate glasses doped with Eu,O3 and
reported that rare earth ions cause shielding effect against the high dosage radiations.

Motive of this work is to analyze impact of 50 kGy gamma rays on structural and
spectroscopic properties of TBZEr, samples. The 50 kGy dosage is used for the reason that
according to various studies it is an optimized dosage that can be used to sterilize medical
instruments and pathogen inactivation [2,3]. Moreover, shielding properties like MAC, HVL

and Zg are studied and presented in this chapter.
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6.2 Physical Studies: Density

The effect of gamma irradiation on density has been analyzed to understand the extent of
modifications occurred in the glasses after gamma irradiation. It has been observed from
Table 6.1 that there is a decrease in density of the undoped sample after irradiation. It may
be because of the irradiation induced defects like generation of electron-hole pairs, breaking
of bonds present between already existing structural groups in matrix, etc. These defects
allow the glass structure to open up and hence decrease the density. It is also observed that
there is no significant effect of irradiation on density of glasses doped with rare earth. This
indicates that the doped samples are radiation resistant and can have better shielding

properties than the un-doped sample.

Table 6.1: Density of the as prepared and gamma irradiated glasses

Density (g/cm°)
Sample +904
TBZErg 4.72
TBZErgs 4,79
TBZEr 4.86
TBZEr, 4,90
TBZEr;s 4.95
TBZEr, 50kGy 4.67
TBZEr,s50kGy 4,76
TBZEr; ;50kGy 4.84
TBZEr,,050kGy 4.88
TBZEr,550kGy 4.93

6.3 Thermal studies of the gamma irradiated glasses

Fig. 6.1 shows DTA patterns of TBZEr,50kGy glasses. The transition (Tg), crystallization
temperatures (T¢; and T¢p) along with thermal stability are given in Table 6.2. A decrease in
the transition temperature of the as-prepared glasses is observed after gamma irradiation.
This decrease in the characteristic temperatures can be understood on the basis of number of
TeOs,1 and BOs,; units. Because of irradiation there is an increase in such units. It results
into opening up of glass structure. Also gamma irradiation creates large number of defects in

system which weakens the structure leading to decrease in the characteristic temperatures.
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Fig. 6.1: DTA graphs of gamma irradiated glasses

113



Chapter 6 Results and Discussion III
Effect of gamma irradiation on (70-x)Te02-20B203-10Zn0-xEr,03 glasses

Table 6.2: Thermal parameters of TBZEr, glasses before and after gamma irradiation

Sample Tyl Tl Teotl AT=T-Ty
code (°C) (°C) (°C) (°C)
Before | After | Before | After | Before | After | Before | After
TBZEryo | 364 355 424 418 455 450 60 54
TBZErgs | 369 361 432 420 466 461 63 59

TBZEr;o | 370 365 438 432 469 463 68 67

TBZEryo | 375 368 444 438 479 471 69 70

TBZEr,s | 378 372 449 443 481 478 71 71

6.4 Structural Studies

6.4.1 X-ray diffraction (XRD):

The XRD diffractograms of irradiated TBZEr,50kGy glasses are given in Fig. 6.2. All glass
samples exhibit similar XRD patterns. The absence of Bragg’s peaks confirms amorphous

nature of samples even after gamma irradiation.

TBZEr, , 50kG

TBZEr, , 50kGy

Lupprnsr P e omaiosbsion

i TBZEr, ; 50kGy
M TBZEr, , 50kGy

TBZEr,

Intensity (arbt. units)

20 30 40 50

20 (degrees)

Fig. 6.2: X-ray diffraction pattern of glasses after gamma irradiation. Bottom graph
shows XRD pattern of TBZEr,, before irradiation
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6.4.2 Raman Spectroscopy
The modifications in structure after irradiation are studied by Raman measurements. Fig.

6.3(a) shows the Raman spectra of the irradiated glasses. In order to have a detailed insight at
the Raman bands associated with TeO; structural units, the de-convolution of the spectrum
has been done. Fig. 6.3(b) shows the deconvoluted spectra of TBZErys 50kGy. No

significant effect of irradiation and RE doping on the number of band and band positions is

observed.

20000 —— TBZEr, ; 50kGy

TBZEr, , 50kGy

bending vibrartions TBZEr, ; S0kGy

of Te-O-Te (300-575 cm™) — TBZEr,,
TBZEr,  50kGy

TBZEr, , 50kGy
Streching vibrations in

15000

10000

Raman Intensity

\, Streching vibrations in
"\ TeOzand TeOg,,, units

5000

200 400 600 800 1000 1200

Wavenumber (cm™)

Fig. 6.3(a): Raman spectra of samples irradiated at 50 kGy
The 300-500 cm™ region belongs to stretching and bending vibrations of the Te—O—Te bonds
[29]. Bands centered at 615 and 666 cm™ are attributed to asymmetric bending and stretching
vibrations of TeO, units with BOs respectively [30]. Bands centered at 720 and 770 cm™ are

due to symmetric bending and stretching vibrations of TeO3; and TeOs.;trigonal pyramid (tp)
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units having NBOs [31]. Fig. 6.3 (c) gives the normalized intensities of the Raman bands

after de-convolution at different RE- concentrations.

1.0 H——Peak 1 (614 cm™)
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Fig. 6.3(b): De-convoluted Raman spectrum of TBZEr, , 50kGy after irradiation
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Fig. 6.3(c): Normalized intensities of the Raman bands after de-convolution at different RE-
concentrations

116



Chapter 6 Results and Discussion III
Effect of gamma irradiation on (70-x)Te02-20B203-10Zn0-xEr,03 glasses

It is observed that there is a decrease in the amplitude of the bands at 615 and 666 cm™ w.r.t.
bands at 720 and 770 cm™ after irradiation (Fig. 6.3 (c)). It may be due to the breakage of Te-
O-Te bonds which in turn leads to systematic conversion TeO, structural groups to TeOss1
units [15]. Thus there is increase in TeOg structural units with NBOs [15].

6.4.3Fourier Transform Infrared spectroscopy (FTIR):

The FTIR spectra of the present glasses (post and pre gamma irradiation) in the region 450—
1500 cm* are presented in Fig. 6.3 (d,e). The observed vibrational modes are divided into
three distinct frequency regions of 1500-1200 cm™, 1100-700 cm™ and 700-500 cm™. The
FTIR spectrum shows the presence of trigonal pyramidal TeO3z and TeOy4 units in the region
700-600 cm™ [28]. A band at 768 cm™ is attributed to TeO and TeO™ bonds of trigonal
pyramidal TeOs; units [29]. The intermediate region (1100-700 cm™) belongs to B-O
stretching vibrations of BO,, whereas the bands observed in the higher wavenumber region
i.e. 1500-1200 cm™ are due to stretching vibrations of B-O bond in BO; units [30,31]. Table
6.3 represents the observed functional vibration groups (in cm™) of Er**-doped zinc

borotellurite glasses.

—— TBZEr,,
—— TBZEr, 50kGy

Absorbance (arbt. units)

600 800 1000 1200 1400

Wavenumber (cm™)

Fig. 6.3(d): Infrared absorbance spectra of the base glass (TBZEro ) before and after gamma
irradiation
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Fig. 6.3 (e): Infrared absorbance spectra of TBZEr, before and after irradiation

Table 6.3: Assignment of IR bands present in the samples

S.No. | Band position Assignment of bands
1. 575-639 Trigonal bipyramidal TeO,4 units [28]
2. 762 TeO and TeO™ bonds of TeOj3 units [28]
3. 806-1152 B-O stretching vibrations of BO, tetrahedra due to

B-O vibrations of pentaborate, tetraborate and
diborate structural units [29]

1155-1258 Stretching vibrations of BO; tetrahedra due to B-O
involving mainly the linkage of oxygen connecting
different groups [29]

1260-1316 Assigned to stretching vibrations of the B-O of
trigonal (BO3)* units in metaborate, pyroborates
and orthoborates [30]

1353 Due to anti- symmetric stretching vibrations with
three NBOs of B-O-B groups [31]
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Fig. 6.3(f): The deconvoluted FTIR spectra of TBZEr,50kGy

Fig. 6.3(f) shows the deconvoluted graph of TBZEr,,50kGy. Fig. 6.3(g) gives the variations
in the intensity of Er**-doped zinc borotellurite glasses before and after gamma irradiation. It
is clear from Fig. 6.3(g) that the base glass shows distinct changes after the gamma ray
irradiation. The FTIR spectrum of the glasses is deconvoluted in order to see the structural
modifications. It is clear from the Fig. 6.3(g) that new bands appear at 845 and 897 cm™ for
the TBZEr,,50kGy. It may due to the fact that the energy transferred by gamma rays can
break some bonds in the glass network. This leads to the weakening of the already disordered
glass system. Another band at 1125 cm™ is observed after irradiation corresponds to B-O
vibrations of the BOs.4 structural units. On the other hand, it is observed from the Fig. 6.3(g)
that the glass samples containing Er®*- ion do not show the appearance of the new bands
except for some intensity variations. It has been observed that after gamma irradiation the
intensity of structural units having NBO’s has increased. This can be related to the increase
in the cross linking of the glass network with the RE addition. The FTIR results suggest that

the rare earth ions present in the system act as shielding materials.
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Fig. 6.3(g): Normalized intensities of the FTIR bands after de-convolution at different RE-
concentrations

6.5 Absorption Spectroscopy: Judd Ofelt (JO) studies
The absorption spectrum for the present samples is shown in Fig. 6.4. Bands observed are
due to absorption from of ground state of Er** (*15) to different excited states. The position

of absorption bands has been found to be independent of irradiation and increasing RE
concentration. The absorption cross-section a,(A) for the transitions from *l15 t0 *Hazp

(hypersensitive transition) has been calculated using following relation:

a,(4) =

Where, ‘N’ is the concentration of the Er** ions and t’ is the thickness of the samples. It is a

2.303 xabsorbance (A)
Nt

(6.1)

well known fact that some transitions in REs are sensitive to their local environment in the
matrix. Such transitions are known as hypersensitive transitions and follows the selection
rules AS = 0, |AL| = < 2 and |AJ| = < 2. The values of absorption cross-section for the
hypersensitive transition are tabulated in Table 6.4. It is clear from Table 6.4 that the
absorption cross-section has increased after gamma irradiation. This is because when glasses
are irradiated, the electrons and holes are produced which increases the absorption coefficient

of glasses.
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Fig. 6.4: Absorption spectra of TBZEr, samples after 50kGy at irradiation

Table 6.3 gives the energy gap and refractive index values of present samples. From Table
6.4 it can be seen that there is a decrease in the energy gap (direct and indirect) because of
irradiation due to modifications/induced defects in energy levels. These defects can generate
localized energy states in forbidden gap of materials. The electronic transitions between the

newly formed these states in turn reduce the energy gap.

Table 6.4: The band gap, Urbach energy, refractive index and absorption cross-section of the
present samples

. Urbach . Absorption
. Indirect Refractive X
Direct energy energy gap Energy index Cross-section
Sample ID gap £0.21 +032 +0.02 N i_z% ,
(eV) (eV) (eV) +0.87 (x 10 cm")
TBZEr,,50kGy 3.31 3.18 0.26 2.26 -
TBZEr,s50kGy 3.21 3.17 0.24 2.30 11.98
TBZEr, ,50kGy 3.11 3.15 0.26 2.36 12.96
TBZEr,,50kGy 2.85 3.09 0.40 2.40 13.12
TBZEr,s50kGy 2.29 2.68 0.63 2.53 13.24
TBZEr 3.42 3.32 0.19 2.29 -
TBZErs 3.28 3.24 0.20 2.32 11.32
TBZEr, 3.19 3.21 0.21 2.38 12.87
TBZEr,, 2.89 3.18 0.36 242 12.98
TBZEr,5 2.34 2.79 0.59 2.56 13.11
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The energy gap of irradiated samples further decreases with increase in RE concentration. It
is because with increasing RE content TeOs,; and BOs.1 units also increase. It is noted that
the energy gap values of glasses containing RE are less affected by gamma irradiation as
compare to base sample (TBZEr,(50kGy). This happens because REs acts as shielding
agents for the glass structure against irradiation. The refractive index calculated with the help
of Dimitriov and Sakka relation. Another important feature of amorphous materials is Urbach
energy also known as Urbach tail (AE). The increase observed in AE values (Table 6.4) of
the irradiated samples indicates the creation of defects in the glasses. The values of refractive
index follow opposite trend as that of energy gap. The changes are because of structural
changes. Table 6.5(a) gives the oscillator strengths of the samples after gamma irradiation. It
has been observed from Table 6.5(a) that the oscillator strengths increases after gamma
irradiation which in-turn predict a decrease in the emission intensities due to the local defects
generated due to gamma irradiation. The calculated (fc.) and experimental (fex,) oscillator
strengths prepared samples are given in Table 6.5 (a). The root mean square deviation (S;ms)
between two oscillator strengths is < 1. It suggests good agreement between calculated and
experimental f-values. The values of oscillator strength are found to be maximum for the
transition from “lis5, to Gy, in case of TBZErG50kGy which is also a hypersensitive

transition.

Table 6.5 (a): Oscillator strengths (x10°) and RMS deviation (8ms) for TBZErS0kGy

Transition | TBZEr,5 50kGy | TBZEr;(kGy | TBZEr,,kGy | TBZEr,skGy
¢ | 15/ fcal fexp 1:cal 1:exp fcal fexp fcal fexp
13 0.92 0.62 115 | 084 | 091 | 084 | 124 | 154
s 1.07 0.33 126 | 104 | 104 | 062 | 1.09 | 0.82
“loro 0.65 090 | 054 | 055 | 046 | 0.84 | 0.84 | 0.62
*Fop 0.71 049 | 064 | 036 | 062 | 029 | 024 | 0.21
*S3 0.68 054 | 034 | 064 | 154 | 1.04 | 021 | 0.19
"Hi1p 0.85 024 | 014 | 023 | 065 | 045 | 024 | 0.21
*Fu 4.01 301 | 434 | 346 | 435 | 458 | 212 | 1.65
Fe 4.14 432 | 325 | 352 | 484 | 425 | 491 | 2.89
*Giip 11.39 | 11.24 | 10.60 | 10.51 | 10.41 | 10.24 | 10.50 | 10.61
’Gip 1.24 1.79 115 | 166 | 1.04 | 1.25 | 151 | 1.48
"Gy 3.14 331 | 224 | 254 | 388 | 325 | 3.92 | 351
Srms 0.56 0.60 0.61 0.52
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To obtain additional information about site to site variations and symmetry around Er®* ions
in the host matrix, JO theory has been applied [33-36]. The calculated values of oscillator
strengths and JO parameters are given in Table 6.5 (b). The present glasses follow trend as
Q> Q> Qg (Table 6.5 (b)). It is noted that a marginal decrease in the value of Q; is
observed after irradiation. The decrease can be due to the decrease in the covalent character
after irradiation. It is observed that Q, values of present samples are higher than TZF35
(30.2x10% cm?) [37], ZBE1 (39.4x10%* cm?) [38], ZBZE2 (36.9x10%* cm?) [38], ZBZE3
(30.2x10%* cm?) [38], N3BEr (20.24x10% cm?) [39], BOTEr (38.43x10"** cm?) [40], Er:
NAPT (35.0x10%* cm?) [41].
Table 6.5 (b): JO parameters (x 102 cm?) and their trend

Sample Code Q,+102 | Q455 Qg+ 25 Trend
TBZErgs 100.2 48.4 27.0 Qo> Qu> Qg
TBZEr, o 92.0 27.4 25.5 Qo> Qs> Qg
TBZEr; 76.9 24.6 11.9 Qo> Qu> Qg
TBZEr;5 61.7 43.2 32.7 Qo> Qs> Qg

TBZEr;s 50Gy 99.1 45.0 23.6 Qo> Q> Qg

TBZEr; o 50kGy 91.7 26.5 17.2 Qo> Qu> Qg
TBZEr,,50kGy 75.8 23.4 11.9 Qo> Q> Qg
TBZEr,;550kGy 61.1 42.4 304 Qo> Qu> Qg

Higher Q, values of present samples indicate large asymmetry around Er**. The large values
of Q, in the present case are due to the large polarization of Te*" ions and asymmetry in the
vicinity of the Er-ions [16].

6.6 Spectroscopic Studies

6.6.1 Visible emission studies

Fig. 6.5 shows excitation spectrum of irradiated glass samples taken at 552 nm. The
excitation spectra of present samples exhibit many excitation bands [42]. The excitation
wavelength chosen for the present study is 380 nm because its corresponding band is most
pronounced. Fig. 6.6 (a) shows emission spectra for present samples. The three emission
bands at 528 nm, 552 nm and 660 nm are observed. The emission spectra (Fig. 6.6 (a)) give
green emission at 528 nm and 552 nm. The reasons for the appearance of these two bands are

already explained in Chapter 4.
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Fig. 6.5: Excitation spectra of Er**- doped zinc borotellurite glasses after irradiation

As explained in Chapter 4 samples with 2.0 mol% of Er** content has maximum emission
intensity, hence, TBZEr,, glass is used for comparison with the irradiated glasses in the
graphs. It can be seen from Fig. 6.6 (a) that after irradiation there is no significant variation
in position and shape of the bands except for changes in the intensity. The emission intensity
of the present glasses decreases after the gamma irradiation. This is because when the glasses
are irradiated there is generation of secondary electron and hole pairs. The secondary

electrons act as quenching traps and hence decrease the emission intensity.
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Fig. 6.6 (a): The visible emission spectra of Er**-zinc borotellurite glasses after irradiation

The maximum emission intensity is again found at 2.0 mol% of Er** after irradiation. A
decrease is observed with further increase in Er**- content. The decrease can be explained on
basis of concentration quenching. It happens because distance between the neighboring RE
ions also decreases as the RE concentration is increased. This in turn increases the energy

transfer between the ions and hence the emission intensity decreases.

Table 6.6: CIE co-ordinates for different concentrations of Er**-doped zinc borotellurite
glass after and before gamma irradiation at 380 nm excitation

Concentration CIE co-ordinates CIE co-ordinates
of Er** (x,y) (x,y)
(mol%) after irradiation before irradiation

0.5 (0.338,0.585) (0.331,0.580)
1.0 (0.343,0.583) (0.341,0.578)
2.0 (0.336, 0.586) (0.340,0.581)
25 (0.346,0.614) (0.351,0.611)
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Fig. 6.6 (b): CIE 1931 diagram of TBZEr, samples after irradiation

The observed visible emission is further studied in terms of CIE color coordinates [44]. Fig.
6 (b) represents the CIE 1931 color co-ordinates and the values of same are given in Table
6.6. It is clear from Fig 6.6 (b) that CIE co-ordinates of the irradiated samples also lie in the
green region.

6.6.2 NIR emission studies

The near-infrared emission at 1550 nm is seen for all irradiated samples when excited with
980 nm in 1350-1750 nm spectral range. Fig. 6.6 (c) shows the NIR emission in the glasses.
With 980 nm excitation ions goes to *l11, excited level through ground state absorption. The
excited ions relax via non-radiative emission to *l;3/, (meta stable level). These ions further
go back to the ground state (*I35:2) by giving NIR emission at 1.53um. It is observed that the

NIR emission also decreases after irradiation.
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Fig. 6.6 (c): NIR emission spectra of Er**-zinc borotellurite glass after irradiation

Table 6.7:

Effective bandwidth (Aler, NM), experimental

(Bexp, %) and calculated

branching ratios (Bea, %), stimulated emission cross-section from (omc(}), x 10% cm?) and
FL-theory (or AM(p), X 102 sz, experimental lifetime (Texp, Ms) for level 4Sa and *lysp, of
Er®*-doped zinc borotellurite glasses

Radiative TBZEr | TBZE | TBZEr | TBZEr
s Fio o v | TBZEros | TBZEr., | TBZEr,, | TBZEr,:
parameters | 5o Gy | 50kGy | 50kGy | 50kGy
Ahr | 1345 | 1526 | 1720 | 18.09 | 1382 | 1551 | 1738 | 1833
s | Poo 62 65 59 75 64 67 60 77
2 B 63 64 76 81 61 65 75 80
;u tep | 051 | 042 | 03L | 009 | 056 0.46 0.39 0.12
(7p]
7 TE(;I%) 751 | 795 | 884 | 894 | 764 8.03 8.91 9.04
Ahr | 854 | 1001 | 1151 | 1231 | 858 1025 | 1154 | 12.36
S P 71 79 75 77 73 80 75 76
o [ B 68 83 71 69 70 81 70 7
L ComcOy) | 522 | 599 | 639 | 713 | 601 6.93 7.59 8.54
Sl or(h) | 701 | 756 | 7.64 | 789 | 7.5 7.68 7.74 7.08
tow | 041 | 035 | 025 | 008 | 048 0.39 0.26 0.10
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6.6.3 Radiative Properties

Understanding of radiative parameters is essential to describe the functionality of a material
as a laser active medium. Table 6.7 gives radiative parameters of TBZEr, 50kGy samples.
The branching ratios of *Ss, and “l13, levels are found to be >50%. Hence, the radiative
parameters are calculated and analyzed for these two levels only. From Table 6.7, it is
observed that after y-irradiation there is small decrease in the effective bandwidth due to
radiation induced defects. On the other hand, an increase in same is observed with increasing
RE content. This is due to increase in the Stark splitting between the energy levels of Er**
with increase in its concentration.

The stimulated emission cross-section cemi(Ap) for level *l132 is calculated with the help
of McCumber (MC) [45] and Fichtbauer—Ladenburg (FL) theory [46]. The said values are
given in Table 6.7. The maximum value of emission cross-section derived from the FL
theory (or (L)) and MC theory (omc())) is found to be 7.64 x 102! and 6.39 x 10! cm?,
respectively. The difference in the two calculated values of omc(Ap) and o (Ap) is because of
reabsorption of the energy emitted by the excited Er**- ions. The reabsorption leads to
spectral overlap of emission and absorption bands as shown in Fig. 6.7. It has been seen that
omc(Ap) and o (Ap) decrease after irradiation. This is due to increase in factors like radiative
trapping, reabsorption etc. It is noted that o(A,) of present samples is higher than Al/P silica
(5.50x10% cm?) [47], ZrF4 (4.9 x10% cm?) [47], 46Te0,-9P,0s-15Zn0-30LiNbOs-
4000ppm Er,03 (0.494 x10%° cm?) [48] and PbO-PbF,-B,0; (4.6+0.7x10% cm?) [49]
glasses.

Fig. 6.8 shows calculated gain cross-section as a function of P, where P is the inversion rate.
It is worth noting that the gain cross-section becomes positive for P > 0.5. This suggests that
with population inversion above 50%, bandwidth in the range of 1450-1650 nm can be
obtained. As already known, the above mentioned spectral range covers optical
communication window from S- to L- bands. This allows present samples to find
applications in wavelength division multiplexing (WDM) networks even after gamma

irradiation.
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Fig. 6.8: The gain coefficient for transition *I13; to *l152 of Er** doped TBZEr,¢50kGy
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6.6.4 Decay Curves

It is a well known fact that lifetime an imperative parameter for light emitting devices. The
luminescence decay curves of levels giving green and NIR emissions are shown in Fig. 6.9
(a and b). Fig. 6.9 shows the non- exponential behavior of the decay curves of the samples
for all concentrations. The experimentally observed values of lifetime are given in Table 6.7.
Decay curves analysis suggests that lifetime values decrease after y-ray irradiation. This is
because of increase in energy transfer through non-radiative decays to quenching traps

(defects). Another decrease in the decay time is observed as content of RE ions increases.

1
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Fig. 6.9 (a): Decay curve for the 434, 10 115, transition of Er'* ions in zinc borotellurite
glasses after 50kGy gamma irradiation
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Fig. 6.9 (b): Decay curve for the metastable state “l;3, of Er** ions in zinc borotellurite
glasses after 50kGy gamma irradiation

6.6.5 Upconversion Luminescence
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Fig. 6.10: Upconversion spectra of Er**: TBZEr2, and TBZEr,50kGy samples at 980 nm
excitation
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Fig. 6.11: Possible partial energy level diagram for the Er®" at excitation of 380 nm and 980
nm

Fig. 6.10 shows UC observed in irradiated samples at 980 nm excitation. The upconversion
profile of the irradiated samples is similar to that of emission profile observed at 380 nm
excitation. The upconversion spectra of present samples consist of green (530 and 552 nm)
and red (660 nm) emission bands [50-52]. Fig. 6.10 shows the upconversion spectra observed
for TBZEr; ¢50kGy. The UC emission decreases after irradiation. It is interesting to see that
the red UC band is more prominent than red down conversion band observed with 380 nm
excitation. This indicates the presence of another efficient channel which populates the *Foy
level. All the energy transfer processes involved in the UC mentioned processes are also
shown in Fig. 6.11.

The green upconversion is observed when the energy level ?Hiy, or higher have necessary
population inversion. This is achieved by ESA and ETU processes. The process of UC is
already explained in Chapter 4.

6.7 Shielding Properties

The characteristic shielding properties e.g. mass attenuation coefficient (MAC) for the
TBZEr glasses has been computed using the PSD/Phy-X program [53]. The values of MAC

are graphically given in Fig.6.12. As observed from Fig. 6.12, the mass attenuation
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coefficient (MAC) decreases exponentially between 0.015 MeV to 0.03 MeV except for
0.004MeV. K-absorption edge of the tellurium element is observed at 0.004 MeV. The MAC
decreases due to photoelectric interactions between photons and matter in 0.015 MeV to 0.03
MeV range.

Another decrease in the 0.03 MeV to 0.2 MeV is observed which is due to the Compton
scattering. Finally the MAC values become almost constant from 0.2 MeV onwards due to
photoelectric production. It is also observed that the maximum value of MAC is found at
15keV and it increases from 38.02 + 1.05 cm?/g (TBZEr) to 43.01cm?/g + 1.05 cm?/g
(TBZEr,s). It is observed that the change in MAC of samples with increasing RE

concentration is more significant at lower energies than at higher photon energies.
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Fig. 6.12: The variations in MAC (cm?/g) of as-prepared samples with Photon energy (MeV)

In order to study the transmission of gamma photons in the absorber material half HVL and
MFP are studied. HVL is measure of the thickness the material which decreases intensity of
incident photon to half of its value, whereas MFP is distance travelled by photons between
two successive collisions. The error estimated in the HVL, MFP and Z values is +2%. The
HVL and MFP for all as-prepared samples are given in Fig 6.13 and 6.14. As seen from Fig.
6.13 and Fig. 6.14 the HVL and MFP values decrease with increase in the doping. Therefore,

if the TBZEr,5 sample is used as y- shielding material at higher energy, a thinner specimen
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of TBZEr,s will be used. It leads to conclusion that TBZEr,s will show better y radiation

shielding properties than the other present samples.
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Fig. 6.13: The variations in HVL (cm) of as-prepared samples with Photon energy (MeV)
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Chapter 6

Effective Atomic Number (Z_¢)

Fig. 6.15: The effective atomic number (Ze) with the photon energy (MeV)

Fig. 6.15 shows the Z. of the as-prepared samples with increasing RE concentration. It is
observed from the Fig. 6.15 that Ze decreases from 0.015 MeV - 4 MeV. Discontinuity is
observed at 0.004MeV and 0.0059 MeV due to absorption edge of Te and Er respectively.
On the other hand, an increase in the Ze values is observed from 4MeV to 15MeV due to the

pair production. It is noted that that Zg increases with increase in the RE content. Hence
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Effect of gamma irradiation on (70-x)TeO,-20B,0;-10Zn0O-xDy,0;

Overview

The present chapter discusses the effect of 50 kGy gamma irradiation on the
thermal, structural and spectroscopic properties of glasses doped with Dy,0s. Studies of
radiative properties reveal that the present samples can be used for optoelectronic purposes
even after subjected to heavy gamma dosage. The chapter further discusses about the effect
of increasing Dy,03; concentration on the shielding properties of the present glasses in
detail. The results suggested that the shielding properties improved with the increasing RE

concentration.
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7.1 Introduction

Recently the interest in radioactive materials is growing because of their applications in
industry, medicine, power plants etc [1-12]. It is imperative to develop materials that can
be safely used during high nuclear exposure and can act as shielding material [13-25].
Numerous conventional materials like concrete, bricks, polymers etc. are already in use
[26-30]. But these conventional materials suffer from drawbacks like toxicity,
transparency, durability etc. The scientists are trying to develop shielding materials which
have characteristics like minimal impact on environment, economical, easy preparation,
transparent, durable etc. Among the various materials, glasses fulfill the required
conditions which makes them good candidate for shielding materials. Several reports
suggest that glasses with REs as dopants are potential candidates for shielding materials
[31-36]. Monisha et al. [38] studied the Dy** doped SiO,-B,03-Al,0s-NaF-ZnF glasses
and stated that Dy** doped (1.5 mol%) sample showed good shielding properties. Wagh et
al. [39] found that the mass attenuation coefficient increases as the content of RE increases
in flouroborate glasses.

Present chapter deals with variation in thermal and spectroscopic properties of TBZDyyx
50kGy glasses after 50 kGy y-irradiation. It also includes theoretical studies of the various
shielding parameters of the as-prepared glasses. The theoretical calculations have been
done with the help of Phy-X/PSD software.
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7.2 Physical properties

Density is sensitive to the structural softening, compactness, cross-linking density and
interstitial spacing of the materials. Table 7.1 gives the density of present samples. It is
seen that there is a marginal decrease in the density values after gamma irradiation. It may
be due to increase in the defects like electron-hole pair, vacancies etc. [12].

Table 7.1: Density of the samples before and after irradiation

Density
Sample (glcm®) 2%
TBZDyo .0 4.72
TBZDyos 4.79
TBZDy:, 4.87
TBZDys, 491
TBZDy:s 4.96
TBZDy0,050kGy 4.67
TBZDy,550kGy 4.77
TBZDy; 050kGy 4.85
TBZDy,050kGy 4.89
TBZDy,s50kGy 4.94

7.3 Thermal studies

The DTA thermographs of TBZDy,50kGy glasses are shown in Fig. 7.1. Table 7.2 gives
the characteristic temperatures along with thermal stability of the present samples. A
decrease is observed in characteristic temperatures after gamma irradiation. It can be
understood on the basis of number of TeOz+1 and BO3+1 units.

Because of irradiation there may be an increase in the number of TeO3.; and BO3.1 units
containing non-bridging Oxygens (NBO’s) leading to opening up of the glass structure.
Another reason could be high energy gamma irradiation creates defects in the glasses. The
defects produced weaken the glass structure leading to decrease in the characteristic

temperatures.
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Tg=365°C
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Temperature (°C)
Fig. 7.1: DTA thermographs of Dy*":TBZDy glasses where Ty is the glass transition, T¢;
and T, are the peak crystallization temperatures

Table 7.2: Thermal parameters of TBZDyj glasses before and after gamma irradiation

Sample T+l Tatl Tootl AT=T¢-Ty
label (°C) (°C) (°C) (°C)
Before | After | Before | After | Before | After | Before | After
TBZDyos | 371 365 437 429 546 542 66 64
TBZDy1o | 374 369 441 436 528 520 67 67
TBZDy,o | 377 372 449 441 540 535 72 69

TBZDy,s | 381 375 458 451 542 539 77 76
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7.4 Structural studies

7.4.1 X-Ray Diffraction analysis

Fig. 7.2 shows the XRD diffractograms of irradiated samples. The XRD patterns of the un-
irradiated samples are given in Chapter 5. Broad humps obtained in the XRD are the
characteristics of the disorderness. Hence, it confirms absence of long range order and

presence of amorphous nature in glasses even after y-irradiation.

TBZDy, 5 50kG

TBZDy, , 50kG

TBZDy, , 50kG

TBZDy, 5 50kG

Intensity (arbt. units)

TBZDy, , 50kG

20 30 40 50

20 (degrees)
Fig 7.2: X-ray diffraction pattern of the irradiated glasses
7.4.2 Raman Spectroscopy
To study the modifications in structure of glasses after gamma irradiation, Raman
measurements have been carried out. Raman spectra of gamma irradiated TBZDyy samples
is given in Fig. 7.3(a). The Raman study of the as-prepared samples is given in Chapter 5.
Fig. 7.3 (b) shows the deconvoluted spectrum of TBZDy,s 50kGy. It has been observed

that even after irradiation the number of band and band positions remains un-altered.
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Fig. 7.3 (a): Raman spectra of irradiated glasses
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Fig. 7.3 (b): De-convoluted spectrum of TBZDy, 5 50kGy glass

The literature studies suggest that the 300-500 cm™ region corresponds to stretching and
bending vibrations of the Te-O-Te bonds [11,12,18,19]. The Raman bands centered at
approximately at 660 and 617 cm™ corresponds to TeO, units having BOs [11]. The
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Raman bands centered at approximately 760 and 715 cm™ corresponds to TeO3 and TeOs.;
units [18]. These units contain non-bridging oxygen atoms (NBQOSs). It has been observed
from Fig. 7.3 (c) that after irradiation there is a decrease in the amplitude of the bands at
617 and 667 cm™ w. r. t. Raman bands at 723 and 760 cm™.

1.0 + l:lTBZDYO.O _
[ TBZDy,050kGy| =l [ |
> [ 7BzDy,, .
G [_1TBZDy, ;50kGy
s08r [ 782Dy, ,
€ [_17BZDy, ,50kGy
= = [ TBZDy,,
@ 06 L o [ ]TBZDy, 50kGY)|
EV T [C1782Dy,,
o [ TBZDy, ;50kGy|
o
So4fr
©
£
o
ZO.Z_ m_m_H—H_‘
614 663 718 763

Raman Shift (cm™)

Fig. 7.3(c): Normalized intensities of the Raman bands after de-convolution at different
RE- concentrations

It can be due to breakage of Te-O-Te bond linkages and this leads to systematic
conversion TeOs structural groups to TeOs.1 unit because of irradiation [12]. Thus there is
an increase in TeOs,4 structural unit with NBOs.

7.4.3 Fourier Transform Infrared spectroscopy (FTIR):

The FTIR spectra of the present glasses (before and after gamma irradiation) in the region
400-1500 cm* are given in Fig. 7.3 (d). A band at around 695 cm™ belongs to TeO,
structural unit. Another band at around 768 cm™ is attributed to TeO and TeO™ bonds of
trigonal pyramidal TeOs units [29]. The intermediate region (1100-700 cm™) belongs to B-
O stretching vibrations of BO,. Whereas, the bands observed in the 1500-1200 cm™ are
due to stretching vibrations of B-O bond in BOj3 units [30,31]. Fig. 7.3(e) shows the
variations in the intensity of Dy**-doped zinc borotellurite glasses before and after gamma

irradiation. It is observed from the Fig. 7.3(e) that the glass samples containing Dy**- ion
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do not show the appearance of the new bands except for some intensity variations. The
FTIR results suggest that samples having RE ions show some resistance against gamma

irradiation.

1.80

—— TBZDy,,
—— TBZDy, ,50kGy

Absorbance (arbt. units)
8 s
3 o

Ly
o
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160 'l 'l 'l 'l 'l
400 600 800 1000 1200 1400
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Fig. 7.3 (d): Infrared absorbance spectra of TBDy, o before and after irradiation
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Fig. 7.3(e): Normalized intensities of the FTIR bands after de-convolution of the prepared
samples
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7.4 Absorption studies: Judd-Ofelt (JO) Analysis

The absorption spectrum of y-irradiated glasses doped with Dy,03 is shown in Fig. 7.4.
The absorption spectra of the y- irradiated samples with Dy,03 showed absorption bands of
Dy** [41]. For Dy,0; transition at 1280 nm is hypersensitive. Table 7.3 gives the values
of absorption cross-section, a(v) for the said transition. A marginal increase in the values
of a(v) after y-irradiation is observed. It can be attributed to the radiation induced defects
like NBOs, vacancies and increase in the number of free electron-hole pair. These defects
increase the absorption due to increase in collisions of free electron generated after
irradiation. The increase in intensities of absorption peaks is also reported by Marzouk and

Ghoneim et al. [41] on Dy*'- doped soda lime flourophospates in their recent report.

(a)
—— TBZDy, .50kGy
E — TBZDy1_050kGy
= —— TBZDy, 50kGy
= :
r —— TBZDy, ,50kGy
s
c
o
2
(@]
g 6F5I2
< BM
—_— N
] . 1 . I i t T ~—]
400 500 600 700 800

Wavelength (nm)

Fig.7.4 (a): Absorption spectra of TBZDyy 50kGy in UV-Vis
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N (b)
15/2 —— TBZDy, .50kGy
—— TBZDy, ,50kGy

C —— TBZDy, ,50kGy

P11zt Moz l—— TBZDy, 50kGy

Absorption (arbt. units)

1000 1200 1400 1600 1800 2000
Wavelength (nm)

Fig.7.4 (b): Absorption spectra of TBZDyy 50kGy in NIR region

Table 7.3: The absorption cross-section (o(v)) for peak at 1280 nm

Sample a(v) £0.54 c2m2 (x10%° | a(v) +0.54 cm? (x10%°
ID cm’) cm®) (After)
(Before)

TBZDyolo - -

TBZDyo 5.26 6.06

TBZDy1 5.81 6.11

TBZDy, 5.95 6.19

TBZDy; 5 6.02 6.24

The localized bonding and symmetry in surrounding of RE ions is studied with help of JO-
theory [43-46]. The variations in the JO-parameters indicate the structural modifications
surrounding the RE*- ions. JO values for the present samples and other Dy** -doped

samples are given in Table 7.4 (a,b).
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Table 7.4 (a): JO intensity parameters (x 102° cm?) of present glasses

Sample ID Q,+105 | Q;£0.05 | Qs+0.04 Trend Reference
TBZDyos Present

50KGy 14.23 5.59 2.52 Qo> Q> Work (PW)
TBZDy]__o

50kGy 13.80 4.88 1.98 Qo> Q> [PW]
TBZDyz_o

50kGy 13.59 3.81 2.09 Qo> Q> [PW]
TBZDy2_5

50kGy 14.61 3.67 2.01 Qo> Q> [PW]
TBZDyjy s 14.32 5.64 2.64 Qo> Q>0 [PW]
TBZDy; 13.91 4.99 2.01 Qo> Q> [PW]
TBZDy, 13.66 3.84 2.17 Qo> Q> [PW]
TBZDy; s 14.73 3.72 2.08 Qo> Q>0 [PW]

Table 7.4 (b): JO intensity parameters (x 10% cm?) of reported glasses

Sample ID Q, Q, Qg Trend Reference
TSWD15 11.359 3.087 2.663 Q> Q>0 [48]
TTWD20 3.39 0.27 1.05 Qo> Qe>Qy [50]
Dy: KLTB 9.86 3.31 241 Q> Q>0 [49]
TWLD2 116023 * | 17084026 | 2.664+032 | Q> Qs> [47]

It is observed that the y-irradiated samples follows trend Q,>Q4>Qg Which is same as that
of the glasses. A decrease in Q, after irradiation indicates decrease in the covalency. The
Q, values of the present samples are higher as compared to that of some cases reported in
the literature [47-50].

Table 7.5 gives the energy gap (direct and indirect) and refractive index. It is worth noting
that RE- doped irradiated samples have comparable values of energy gap with that of un-
irradiated doped samples. It suggests that the doped samples have some resistance against
y- irradiation. In a study Maheshwari et al. [43] reported similar results in gamma
irradiated Er**-doped phosphate glasses. Authors suggested that it may be because of the
capturing of released electron-hole pairs by the RE-ions. The Urbach energy is calculated
for the present samples and the values are given in Table 7.5. A small increase in the
Urbach energy values is observed with y- irradiation. It suggests that there is increase in

the degree of disorderness in the glass system after irradiation. The small increase in
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disorderness is may be due to increase in the imperfections in the localized states with
irradiation. Another increase is observed with increasing RE concentration, suggesting
increase in the number of NBOs in the glass matrix. The refractive index values are
calculated with the help of Dimitriov and Sakka relation [42]. The refractive index values
follows opposite trend as that of energy gap (Table 7.5).

Table 7.5: The Energy gap and refractive index of glass samples

Direct energy gap Indirect energy gap Urbaf% 52 €r9Y | Refractive index

Sample ID +0.21 +0.32 V) N
(eV) (eV) +0.87
TBZDy(050kGy 3.31 3.18 0.26 2.26
TBZDy, 550kGy 3.28 3.21 0.28 2.30
TBZDy, 050kGy 3.19 3.18 0.31 2.35
TBZDy, 050kGy 2.89 3.11 0.42 2.39
TBZDy, s50kGy 2.31 2.69 0.56 2.52
TBZDyoo 3.42 3.32 0.19 2.29
TBZDyg 5 3.32 3.26 0.25 2.31
TBZDy; o 3.25 3.18 0.29 2.37
TBZDy, 2.91 3.09 0.37 2.41
TBZDy, 5 2.36 2.56 0.51 2.54

7.5  Spectroscopic properties

7.5.3 Excitation and emission studies

The excitation spectra of irradiated glasses with varying Dy*'- content at emission
wavelength of 575nm are shown in Fig.7.5. The excitation band at 383 nm wavelength is
chosen for exciting the samples to take emission spectra as corresponding excitation band

is most prominent.

The emission spectra of the irradiated samples are shown in Fig. 7.6. Emission spectra
show three bands at 482, 575 and 663 nm. It is observed that the emission characteristics
such as shape of the bands and band positions are unaltered even after gamma irradiation.
The emission spectra of the irradiated samples have more intense yellow band than the
blue band.
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Fig.7.5: Excitation spectra of irradiated Dy**: TBZDy, glasses
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Fig 7.6: Emission Spectra of irradiated TBZDyy samples

Change in emission intensity is observed and analyzed in terms of Y/B values. Table 7.6

gives Y/B values of present and as-prepared samples. Reduction in the Y/B values is
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observed after gamma irradiation. It can be understood that the structural changes occur

locally because of the gamma irradiation.
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Fig. 7.7: CIE 1931 co-ordinates diagram of irradiated TBZDyjx glasses
In the present study the emission is varied by changing the environment around RE ions.
The emission of TBZDy 50kGy is studied in terms of CIE color-coordinates [47]. Fig. 7.7
depicts the CIE color co-ordinates of Dy-doped glasses at 383 nm excitation. Table 7.6
gives the CIE coordinates for the present samples. The color coordinates for the present
glasses falls in yellowish white region (Fig. 7.7).

Table 7.6: Y/B, CIE color co-ordinates and characteristic radiative parameters of TBZDy

glasses
Radiative TBZDyys | TBZDy:, TBZDy,, TBZDy;s
parameters 50kGy 50kGy 050kGy 50kGy TBZDyos | TBZDyio | TBZDy,o | TBZDy;s
Y/B (3.4:1) (3.6:1) (3.9:1) (5:1) 3.7:1 3.8:1 4.1:1 5.5:1
(x,y) (0.43,0.42) | (0.43,0.41) | (0.42,0.43) | (0.41,0.43) | (0.43,0.44) | (0.42,0.43) | (0.43,0.43) | (0.42,0.43)
M‘eoff%‘)i 8.61 10.29 11.59 12.41 8.58 10.25 11.54 12.36
| Ar(sh) £ 19 668 508 427 358 670 510 430 360
1| Bexp (%) £ 7 76 80 75 62 76 80 74 61
O Bear (%) £ 7 64 79 62 55 64 78 60 53
v Gemj (10_22
ey £ 7.2 65.6 66.7 67.9 68.9 67.2 67.9 68.9 70.5
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7.6.2 Radiative properties

The radiative parameters are determined with the help of Fuchbauer- Ladenburg (FL)
theory [51]. Table 7.6 gives radiative parameters of TBZDy, 50kGy. The branching ratio
characterizes lasing power of particular transition [52-54]. In present case, p > 50% for
yellow transition. Hence the radiative parameters are calculated for *Fg, — °Hiap
transition. The Al¢s IS measure of the sharpness of the transition. Linewidth Akes of
present samples is found to be lower than the Dy*": P,Os—Al,05-Na,O (16 nm) [52],
Dy**:NAP (15.71 nm) [53] and Dy*": PKBAFD10 (13 nm) [54] glasses, and higher than
Dy**: BTLNO.5D (4.09 nm) glasses [55]. The materials having large cemi requires low-
threshold and have high gain. From Table 7.6, it is observed that values of cey; decrease
after irradiation. It is due to the defects induced by irradiation which in turn increases in
the non-radiative decay. It can be observed from Table 7.6 that TBZDy,s50kGy has the
highest cemi for TBZDyy, 50kGy glasses. The oemi, Of the irradiated samples is found to be
higher than NAP (4.4x10?cm?) [53], PKBAFD10 (4.76x10%* cm?) [54], Dy*" doped 2D
ZTFB (5.284x10 %cm?) [56], 1D ZTFB (5.628x10%* cm?) [56] and 0.5D ZTFB
(5.483%x10 %cm?) [56] glasses. However, it is lower than the Dy** doped TSWD15 (47.01
x10"*’cm?) [48] glass.

7.6.3 Decay curves

The decay time are observed at 575 nm emission and 383 nm excitation wavelength [11].
The decay curves for all irradiated samples are given in Fig. 7.8. Non-exponential behavior
is because of due to cross relaxation (CR) channels and resonant energy transfer (RET).
The CR channels which are responsible for non-radiative relaxations are shown in Fig.7.9
[11].

The lifetime curves are fitted with the help of IH model by taking dipole-dipole
interactions into consideration. Table 7.7 gives the fitting parameters. The value of 1 is
taken from TBZDyy s 50kGy glass sample. A decrease in the decay time is obtained with
gamma irradiation as well as increase in RE- content. The results indicated an energy
transfer between the RE- increases via CR channels as indicated by energy transfer
parameter (Q) [50]. Decrease observed in critical transfer distance (R,) also suggest

increase in RET and IH parameters.
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Fig. 7.8: Decay curves for prepared glasses (Aex=383nm and Ae,= 575 nm).
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Table 7.7: Lifetime and IH fitting parameters of Dy**: TBZDy,50kGy systems

sample Label | " | 0 | o | OO0 | MR° | ik | Sm
cm®s?t
TBZDy,550kGy | 1051 725 68 2.39 8.26 8.23 3.57
TBZDy,50kGy | 601 379 62 3.21 7.69 10.48 3.69
TBZDy,50kGy | 591 345 58 5.36 6.95 11.59 4.27
TBZDy,s50kGy | 132 69 52 6.08 5.86 54.94 5.59
TBZDyg s 1060 732 69 2.36 8.28 8.22 3.56
TBZDy1 619 384 62 3.23 7.71 10.45 3.69
TBZDy> 603 350 58 5.35 6.98 11.56 4.25
TBZDy;s 138 72 52 6.05 5.89 54.94 5.56

The 1159 Values are calculated with the help of JO parameters. An increase in the Wy is
observed after gamma irradiation due to irradiation induced defects. The values of 1,4 for
TBZDy«50kGy glasses are reported in Table 7.7. A variation between the two values has
been observed because of relaxations through non-radiative transitions. The quantum
efficiency (n) of the present irradiated samples is calculated [47] and given in Table 7.7. A
decrease in the values of ‘n’ is observed after irradiation and with increasing RE content.
The decrease in 1 values is expalined by increase of non-exponential behavior. The n value
is found to be maximum for TBZDy,s 50kGy (68%) (Table7). It is noted that n for the
irradiated glasses is higher than those reported for TWLDO1 (12%) [47], TWLDO025 (29%)
[47], TWLDO5 (47%) [47], TSWD10 (39%) [48], TSWD20 (32%) [48], 2wt% Dy,0s-
doped NAP glass (55%) [53], and is low compared to those reported for TWLD1 (88%)
[47], TTWD10 (90%) [50], 1 wt% Dy,0O3-doped NAP glass (93%) [53], glasses.

7.6  Shielding Properties

The gamma ray shielding properties of the as-prepared samples were obtained via Phy-
X/PSD software [58]. The Mass Attenuation Coefficient (MAC) profile of TeO,-B,0s-
ZnO glasses is given in Fig. 7.10.
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Fig. 7.10: The mass attenuation coefficient (MAC, cm?/g) of the samples with Photon
energy (MeV)

It is observed that The MAC profiles for all the samples shows similar behavior at all the
energies. The MAC decreases when energy increases with increase in the photon energy
0.015MeV to 0.8MeV. This sharp decrease is due to the photoelectric absorption. A
discontinuity in this trend is observed at 0.004 MeV. This happens because of the K-
absoprtion edge of the tellurium (Te). The MAC values remains almost constant in the
energy range 0.8MeV to 3MeV due to Compton Scattering (CS). It is because CS is
independent of the chemical composition. The maximum MAC value has been obtained at
0.015 MeV. The MAC values increased with increasing RE from 38.34 +.1.05 cm?/g
(TBZDyqgo) to 41.65 + 1.05 cm?/g (TBZDys,5) at 0.015 MeV.
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Fig. 7.11: The HVL (cm) of samples with Photon energy (MeV)

The gamma ray transmission in the samples is further analyzed with the help of HVL and

MFP. Fig. 7.11 shows that HVL increases with increasing photon energy. HVL values

decreases at high photon energies as RE content increases. It suggests that the higher

energy photons will lose their energy at smaller distance in TBZDys, s than in TBZDyq.
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Fig. 7.12: The MFP (cm) in samples with Photon energy (MeV)
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Fig. 7.12 shows the MFP results of the present samples. MFP values follow similar trend
as that of HVL values. It is noted that better shielding properties are observed when these
two factors (HVL and MFP) are small.
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Fig. 7.13: The effective atomic number (Ze;) with the photon energy (MeV)
Another important quantity in the radiation physics is Zer. The large values of Z are
required for the shielding materials. This is due to the fact that for higher Z, higher is the
collision probability and better is the attenuation. Fig. 7.13 shows the Zg of the as-
prepared samples with increasing RE concentration. It is observed from the Fig. 7.13 that
Zes decreases from 0.015 MeV - 4 MeV. Discontinuity is observed at 0.004MeV and 0.006
MeV due to absorption edge of Te and Dy respectively. On the other hand, an increase in
the Zqs values is observed from 4MeV to 15MeV due to the pair production. It is noted that
that Zes increases with increase in the RE content. Hence TBZDy, s will be able to absorb
more photon than TBZDyj . The estimated error in the HVL, MFP and Z is £ 2%.
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Chapter 8 Conclusions and Future Perspectives

Conclusions and Future Perspectives

Overview
This chapter deals with the conclusions drawn from Chapter 4, 5, 6 and 7. The
effect of different processing conditions like gamma irradiation and heat treatment on the

spectroscopic properties of glasses Er,03/Dy,03; is discussed in detail. Also the

suggestions to carry out future work in this research are given in the chapter.
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8.1 Conclusions

In the present work glasses doped with Er,O3/Dy,O3 were synthesized with the help of melt-
quenching. The effect of gamma irradiation and heat treatment on the spectroscopic
properties of as-prepared glasses was studied.

The amorphous nature of zinc borotellurite glasses doped with Er,O3 was confirmed with the
help of XRD results. The structural analysis revealed presence of TeOs.; and TeOs structural
units in the glass system. The absorption spectra consisted of f-f transitions of Er** ions from
ground state “I;5;, to different excited states. The decrease observed in Q, parameter with
increase in the Er®* content may be because of increase in the asymmetry around the Er®*
ions. It was further observed that the doping of Er®* ions into borotellurite glasses resulted
into the decrease in band gap and increase in refractive index. The visible and NIR emission
intensity of the glasses increased with increasing RE concentration from 0.5 to 2.0 mol% and
then decreased due to concentration quenching. The stimulated emission cross-section
decreased with increase in RE concentration. The CIE coordinates of the glasses lie in the
green region. The decay time of the as-prepared samples decreased from 0.56 ms to 0.12 ms
with increase in the RE concentration.

The Differential thermal analysis (DTA) of the Er®* doped glasses suggested that the Ty lies
in the range of 364 - 378°C and T 424 - 449°C. So in order to optimize the time and
temperature conditions for the heat treatment, sample containing 0.5 mol% of Er®* was heat
treated at 375, 400 and 450 °C for 2, 4 and 6h. It was observed that the optimized time and
temperature condition was 400 °C for 4h. Hence, in order to convert glasses into glass-
ceramics all as-prepared glass samples were heat treated at 400 °C for 4h. After heating of
the glasses at 400 °C for 4h, the XRD results confirmed the presence of a- TeO, and
Er,(TeOs3); phase. FESEM results confirmed induction of nano-particles having size of
around 33 - 40 + 5 nm after heat treatment. The JO parameters of the heat treated samples
showed deviation with respect to as prepared glasses, due to structural changes occurred in
the vicinity of Er®" ions. It was observed that the lifetime of the samples increases after heat
treatment. An increase in the photoluminescence emission and up-conversion intensity was
observed after ceramization. The aforementioned results suggest that the prepared glass

ceramics act as good active medium for laser fabrication.
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A broad hump obtained in the Dy**- doped glasses confirmed the absence of noticeable
crystallization in the glass matrix. The structural and optical studies confirmed an increase in
the NBOs with increasing Dy*'- content. The absorption spectra of the samples showed the
presence of bands due to different electronic transitions of Dy**. The JO parameters of the
present samples followed the trend as Q, > Q4 > Q. The Q, deceased with increase in the
RE- concentration. It could attribute to decrease in the covalency between the Dy** and their
ligands. The band gap and refractive index values showed similar trend as that of Er**-doped
glasses. The emission spectra showed luminescence at 482, 575 and 663 nm. Emission
intensity of samples increases with the Dy**-content. The changes in the emission intensities
were quantified with the help of Y/B ratios. The CIE-coordinates of doped glasses with
Dy,0; lie in the yellowish- white region. Decay time shows non-exponential character.

In continuation, the DTA results suggested the characteristic temperatures of TBZDyy glasses
lies in 364 - 381°C and T 424 — 458 °C as there is increase in rare earth content. For
optimization of time and temperature conditions, sample containing 0.5 mol% of Dy** was
heat treatment at 375 °C for 2, 4 and 6h and same was repeated at 400 and 450 °C. It was
observed that in the present case the optimized time and temperature condition were 400 °C
for 4h. Hence, to convert glasses into glass-ceramics Dy**-doped as-prepared glass samples
were heat treated at 400 °C for 4h. The XRD results of glass-ceramics revealed the presence
of a- and y- TeO, phases with a-TeO, as the major phase. FESEM confirmed the formation
of 33-45nm + 5nm sized nano-particles. The Judd—Ofelt parameters of Dy*" ions in glass-
ceramics, showed large deviation with respect to glass. It clearly indicates that there was
structural change in the local environment of the Dy** ions from covalent glassy to more
ionic oxide nanocrystals. This effect was also observed on the Y/B values of glass-ceramics.
CIE coordinates of glass-ceramics were found to be closer to that of commercial pc-LED.
The CCT values of glass-ceramics were closer to that of the cool sources.

The as-prepared glasses were given 50 kGy vy- irradiation to study its effect on physical,
optical and spectroscopic properties. XRD diffractograms represent the absence of long range
order even after 50kGy gamma irradiation. The Raman results of glass sample showed some
structural changes in terms of formation of new structural units after irradiation. The
irradiation had small effect on energy gap and Urbach energy values of the samples doped

with rare earth. The radiative properties revealed that the prepared samples can be used for
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optoelectronic purposes even after subjected to heavy gamma dosage. The CIE values
suggested that the present glass samples emit green light after irradiation also. The shielding
properties of present samples glasses were analyzed with Phy-X/PSD software. The shielding
properties of the glass samples were improved after RE doping. The present study shows that
the prepared doped samples can be used as possible entrant in nuclear field.
Further, the effect of 50 kGy y-rays on the spectroscopic of Dy**-zinc borotellurite glasses
was studied. The samples retained their amorphous character even after irradiation.
Absorption coefficient increased after gamma irradiation. The band gap and refractive index
values of the doped samples showed small effect of irradiation. The radiative properties
revealed that the present samples can be used for optoelectronic purposes even after being
subjected to heavy dosage. The values of MAC and Ze increased with RE concentration.
Moreover, the values of HVL and MFP decreased with the increase in RE amount. The
shielding properties of the glasses get improved with increase in RE concentration. The
present study showed that the prepared doped samples can be used in optoelectronic devices
even in presence of heavy gamma dosage.
8.1.1 Comparison of different properties between Erbium and Dysprosium zinc
borotellurite glasses under different processing conditions:
The studies done show that studied compositions provide low- phonon energy environment
to REs even in the absence of toxic materials like PbF,. This section contains a comparison
between the physical, optical and spectroscopic properties of the dysprosium and erbium
doped glasses and glass ceramics.

a) Density
A comparison between density values of the prepared samples at different rare earth
concentrations is given in Fig. 8.1. It is worth noting that there is very less or no variation in
the density values of the two systems (Dy** and Er**-doped samples). It may be due to their
lesser quantity and similar electronic configuration of Dy ([Xe] 4f °) and Er ([Xe] 4f ).
Along with that, the two systems (Dy-doped and Er-doped) follow similar trends after heat
treatment and gamma irradiation. It may be because the rare earth ions effect the structural
properties of the host systems in a similar manner. It is worth noting that the density
increases with increase in RE concentration and heat treatment. An increase in density with

RE addition may be due to addition of high molecular weight compound, Er,03 (382.5g/mol)
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in place of comparatively lighter compound, TeO, (159.6 g/mol). The non- linear increase in
the density observed at 1.0mol% and 2.5 mol% may be due to the clustering of the RE ions.
The RE*- ions goes into the interstitial spaces within the glass network, increasing the
packing density of the glass structure and decreasing the molar volume [18]. An increase in
density with heat treatment may be due to increase in the rigidity of the samples after
ceramization. A small variation in the density with heat treatment and gamma irradiation is

observed because of same experimental conditions.
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Fig. 8.1: Comparison between observed densities of the prepared samples

b) Refractive Index:

Fig. 8.2 gives a comparison between the refractive index values of the prepared glasses and
glass ceramics. It is to be noted that there is small difference in the refractive index values
observed for both the glasses containing rare earth ions. It is probably due to similar density
values. It is worth noting that the refractive index increases with the RE addition and heat
treatment. It may be due increase in the compactness of the prepared samples. However, the

refractive index decreases after gamma irradiation probably due to decrease in the number of
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non-bridging oxygens. Overall studies indicate that the refractive index increases linearly (in
general) upto 2 mol% doping. However, a higher increment is observed for 2.5 mol% doping.
This may be due to the non-linear increase in the density due to the clustering of the RE ions.
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Fig. 8.2: Comparison between refractive index of the prepared samples
c) Stimulated emission cross-section:

Stimulated emission cross-section (o) IS an important parameter from spectroscopic view-
point. Fig. 8.3 gives a comparison between stimulated emission cross-sections observed for
two different rare earth containing glasses. It is worth noting that value of o, for dysprosium
doped samples lie in the range of 102 cm? (*Fe.—°Hi3s) on the other hand it lies in the
range of 10! cm? in case of Er** doped samples. It is due to the presence of metastable level
(*“l13o—"l1512) in Er** which has large emission cross-section. It is also worth noting that the
stimulated emission cross-section do not follow any particular trend as the rare earth content
is increased in case of Er**-doped samples. It may be because of an overlap between the

emission and absorption bands of Er** ions.
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Fig. 8.3: Comparison between stimulated emission cross-section of the prepared samples

d) Time Decay:

Fig. 8.4 gives a comparison between the decay times observed for the lifetime values for
Dy** - doped samples for ®Hiz, level that lies in ps - range. Moreover, for Er**- doped
samples it lies in ms range which is again due *I13;, level present in case of Er** is the meta-
stable level. Hence the corresponding glasses show higher decay time. It is also worth noting
that the lifetime values after heat treatment increases in case of Er®'- doped samples.
However, it decreases in case of Dy**- doped samples. It is because of increase in the

radiative losses which is shown by the increase in the non-exponential nature of the decay

curves.
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Fig. 8.4: Comparison between decay time of the prepared samples
e) CIE- coordinates

Table 8.1: CIE co-ordinates prepared samples.

Concentrati (xy) (xy) (xy) (x,y) (x,y) (xy)

on of RE-ion | of TBZEr of of TBZEr, of of of

(Er**IDy*") TBZEr,G | 50kGy | TBZDy, | TBZDy,G | TBZDyy
(mol%) C C 50kGy

(0.331,0.58 | (0.335,0.55 | (0.338,0.58 | (0.43,0.4 (0.43,0.4

0.5 0) 0 5) 2) (0.32,0.34) 2)
(0.341,0.57 | (0.332,0.53 | (0.343,0.58 | (0.42,0.4 (0.43,0.4

1.0 g) 3) 3) 3) (0.32,0.34) 0
(0.340,0.58 | (0.325, (0.336, | (0.43,0.4 (0.42,0.4

2.0 1) 0.550) 0.586) g) | (032035 7
’5 (0.351,0.61 | (0.323,0.55 | (0.346,0.61 | (0.42,0.4 | (0.33,0.32) | (0.41,0.4

' 1) 2) 4) 3) 3)

Table 8.1 gives the CIE-coordinates obtained for both the glass systems. It is observed that

there is marginal variation in the (x,y) for the Er**-doped samples but after heat treatment and
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gamma irradiation the chromaticity co-ordinates lie in the green region. Hence, the prepared
samples can be used as green light emitting diodes in the display applications. However, it is
worth noting that the CIE-coordinates of Dy**-doped samples moved from yellowish white
region to white region after heat treatment. Hence, it can be said that the present Dy**- doped
glass ceramics are good host materials for white light emitting phosphors.

8.2 Future Perspectives

In the present thesis various parameters were optimized to achieve high emission cross-
sections and decay time under different conditions like heat treatment and irradiation with
high energy gamma radiations. On the basis of present work the future possible study that
can be undertaken could be directed towards manufacturing high performance phosphors and
optical fibers. Since the tellurite glasses have excellent non-linear optical properties, doping
in these glasses with metal nano particles can make them suitable for various optical devices.
As the study deals with only one modifier (i.e. zinc oxide) attempts should be made by
varying the modifiers. Since the present glasses show radiation shielding properties even
without the addition of heavy metal ions like Pb and Bi, there is scope to study these samples

as radiation shielding windows.
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