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CHAPTER |
INTRODUCTION

1.1  Motivation

Glass is a very important amorphous solid that has been utilized in various
structural applications over centuries. Nevertheless, it was not until the twentieth
century that the significance of g¢lass was redefined, with the introduction of modern
electronics like the radio, television, and smartphones. This also encouraged scientists
to investigate novel glass compositions in order to achieve higher electrical
characteristics while meeting present commercial demand. Oxide- based glasses
including SiO, (Mohan et al., 2013), GeO, (Guniji et al., 2020; Khalid et al., 2020), TeO,
(Stambouli et al., 2013), P,Os (Kaura et al., 2019; Shoaib et al., 2019) are characteristics
of extensively used glass compositions today. Rare-earth (RE) doped glasses are
another prominent glass composition that has attracted the interests of many scientists
and engineers. The 4f (Karl et al., 2001) electronic configuration of rare earth ions in
different glass substrates makes it possible to emit from ultraviolet to infrared, which
has spread to many potential applications, including display equipment, fiber
amplifiers, high- intensity optical equipment, optical information processing,
optoelectronic equipment, non-invasive temperature sensor and solar cell. In laser
technology, the RE- doped sglasses have been considered as good luminescent
materials for their application in solid-state lasers due to their visible emissions, facile
manufacturing processes, and good thermal stability (Elbatal et al., 2007).

This is of a particular interest especially borate glasses systems, which belong
to rare earth doped glasses and play a major role due to their applications for
scintillating material, in terms of their visible emissions, luminescent and photonic
applications (Wantana et al., 2019; Rajaramakrishna et al., 2019) such as color displays,

mercury-free fluorescent lamps, infrared solid-state lasers, LEDs. Borate glass is a good



choice because it has high thermal stability, good strength, low melting point, various
coordination numbers and excellent transparency (Vijayakumar et al., 2014). However,
borate glass has some poor properties such as hygroscopic character (Park et al., 2013)
and their performance is adversely affected absorption of moisture without being
stable. Therefore, it is possible to improve many properties of multicomponent borate
glasses and change the hygroscopic property of their glass network. As for the glass
composition, Li,O, Al,O3, Gd,0s, and B,O5; host glasses systems have been extensively
studied in the literature because of its high stability, clear transparent and enhancing
the intensity of emission spectra, especially Li containing materials are also considered
as ideal scintillators for neutron detection (Zaman et al., 2016; Rittisut et al., 2021).
Currently, the largest global market for lithium is its use in glass for high
temperature applications, where thermal shock resistance, lowering viscosity and
melting temperature offering higher performance, energy savings and molding
advantages are important. Moreover, lithium in borate glass contributes to the
conversion of sp’ planar BO5 units into more stable sp” tetrahedral BO, units and non-
bridging oxygen (NBO) can be generated. The addition of AL,Os is important in this
structure and mainly confers thermal stability and durability superior to most other
elements. On the other hand, Gd,O5 (Onderisinova et al., 2015) could act as a network
modifier and could enhance the emission for the oxide glass, but further improvement
of fast and efficient energy transfer from host to luminescence core is required.
Accordingly, borate host glasses such as lithium aluminum gadolinium borate system
glasses have some significant properties such as high transparency, high thermal
stability, high bond strength, low melting point, high refractive index, good Ln**
solubility and low energy gap. Moreover, adding some rare earth elements, e.g., cerium,
samarium, europium, terbium, dysprosium and erbium into the host glass would
improve the optical properties of the glass. The luminescence studies of trivalent rare
earth ions in glasses can provide information on transition probabilities, lifetimes,
excited state, increase in density, hardness, refractive index, bond strength, lowering
of melting point, and reduction of softening mark of glass, which are very important

for the design and development of various optical and luminescent devices. This could



be achieved by integrating borate glasses doubly doped with rare earth ions with
overlapping emission absorption levels. For this reason, the type and level of
lanthanides in the host must be tailored. By utilizing the lanthanide-encoded borate
host matrix, one can deliver an organization with improved luminescence efficiency.
Mainstream researchers have so far concluded that the only means to deliver glasses
with fast and improved energy transfer, and thus efficient luminescence, is to use a
glass scaffold co-doped with lanthanides, as the co-doped organization has an

advantage over the singly doped scaffold.

1.2  Research objectives
In this work, main of borate glass with composition of 25Li,0-5A,03- XGd,O5-

(69-X)B,05-1.0R,05 (where X= 0-10.0 mol% and R is trivalent rare-earth ions: Cerium,
Samarium, Europium, Terbium and Dysprosium) were prepared for the study of their
physical, chemical group, optical, photoluminescence and radioluminescence
properties. The main objectives of this thesis are as follows:

1.Synthesis of 25Li,0-5AL,05-XGd,05-(69-X)B,05-1.0R,05 glass series (R stands for
trivalent rare earths: Cerium, Samarium, Europium, Terbium and Dysprosium) by
conventional melt quenching technique.

2.Find the best concentration of Gd,O; doped with trivalent rare earth ions in
borate glass as host matrix in term of this structural, physical, group chemical, optical,
photoluminescence and radioluminescence properties.

3.To choose suitable pair of Ln’* for the present matrix to enhance luminescence.

4 Determine the influence of concentration and type of dopants, such as trivalent
rare earth ions, in improving the luminescence properties of the glass.

5.Investigate the influence of dual trivalent rare earths doped borate glasses as
potential candidates for photonic applications.

6.To study the luminescence and scintillation properties of dual trivalent rare
earths doped borate glasses by conventional photoluminescence and X-ray

luminescence.



7.Analysis of mechanical properties and characteristic structure of 25Li,O-5A1,0s-
2.5Gd,05-(67.5-X)B,05- XR,05 glasses using XRD, FTIR, XAS, decay time, and UV-Vis

techniques.

1.3 Expected objectives

1.The series of 25Li,O- 5AL,05- XGd,0s- (69-X)B,05- 1.0R,05 ¢lasses can be
prepared by the melt-quenching technique.

2.To understand the role of Cerium, Samarium, Europium, Terbium and
Dysprosium in borate glasses systems.

3.At least two papers carrying out in this work will be published in the

international Journals.

1.4  Scope and Limitations of the Study

In this study, series of lithium aluminum borate glasses singly and doubly
doped with Gd** and trivalent rare earth ions were prepared by mixing and melting
appropriate amounts of 25Li,0-5A1,05-XGd,05-(69-X)B,0s-1.0R,05 glasses, where X 0,
2.5,5.0, 7.5, and 10.0 mol%. The trivalent rare earth oxide (R,Os) was inserted as a
transition into the borate to improve the host organization, and Li,O, Al,Os, Gd,0s, and
B,Os; were used as modifiers to reduce the hygroscopic properties. The rare earth
oxides of trivalent series (Cerium, Samarium, Europium, Terbium and Dysprosium) were
selected as dopants in order to investigate their effect on the structural, physical,
chemical, optical, photo-luminescent and radio-luminescent properties of the glasses.
The densities were first measured using a simple Archimedes method. The structure
of the prepared samples was confirmed by X- Ray Diffraction (XRD) measurement. The
optical properties of the glass series were resolved using the UV- Visible- NIR
spectrometer, then the band gap was calculated from the UV-Visible-NIR spectra. The
primary highlights for doped and undoped assays were monitored by Fourier transform
infrared spectroscopy (FTIR). Their luminescence properties were determined by
photoluminescence and X-ray luminescence spectrometers. The oxidation state of the

rare earth oxide doped borate glasses was evaluated by X-ray absorption near edge



structure spectroscopy (XANES). This research will be valuable for further basic studies
in the glass science particularly the application of the rare earth doped glass for optical
applications. Additionally, this dissertation can lead and encourage other fields of
improvement in photonics (photonics: includes the generation, emission, transmission,

modulation, signal processing, switching, amplification, detection, and sensing of light).
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CHAPTER Il
REVIEW OF LITERATURES

This chapter present relevant literature with a focus on glass materials and
describes different host systems. The chapter also gives a brief look at doping optical
glasses with trivalent rare-earth (RE) ions and luminescence, as well as their role in the
development of new materials. It also gives an overview of glass that shows both

photoluminescence and X-ray luminescence.

2.1 Glass

Glass is one of the oldest materials known to mankind. Glass has been used to
create a wide range of utilitarian and ornamental items over the years. Glass's history
as a creative craft has been partly influenced by technological developments in its
fabrication and decorating, and in part by the history of taste and fashion. However, it
is believed that the first glass was obtained about 400 BC. It was discovered by accident
when calcium carbonate stones and sand were heated together (Schubert et al., 1997).
A successful process for molding them was discovered approximately 300 years after
the first registration, and this technique has been utilized ever since. The next
progression in the history of glass occurred in the 15th century in Venice. Murano, the
Venetian-island, became a center for glassmaking as early as the 13th century. Initially,
Venetian glassmakers used numerous antique and medieval artistic techniques to
create brightly colored and ornate pieces with themes typical of the Italian
Renaissance. During the 1600s, Newton and Galileo encouraged optical research, and
glasses have grown in importance because they are necessary in optical investigations.
It is vital to recall that clear glasses were required at the time, and colorless glasses
were still difficult to procure. Early in the 17th century, Bohemia became a significant

glass-producing region, and it remained there until the early twentieth century. By the



17th century, England began producing glass in the Venetian tradition, which was
distinguished by its simplicity. In 1675, glassmaker George Ravenscroft reported that
adding lead oxide to Venetian-type glass produced a solid, heavier glass. Lead crystal,
as it was afterwards known, became a popular variety of glass for fine dinnerware.
Around 1800, different chemicals were used to make glass. As a result of the industrial
revolution in 1850, the first glass plant opened in Jena in 1884 (Zacharias et al., 1932).
Following that, the s¢lasses were regularly investigated, from preparation to
applications. "Glass is an amorphous solid with complete absence of long-range order
and periodicity (Figure 2.1), displaying a glass transition area" according to the most

widely recognized definition.
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Figure 2.1 The Crystal and glass of silica (SiO,) in two dimensions.

Glass, according to Zanotto and Mauro, is a nonequilibrium, non-crystalline
condensed state of matter having a glass transition. Glasses have a structure that is
similar to that of their supercooled liquid parents, and they naturally relax toward that
state. Their ultimate fate is to crystallize in the face of infinite time (Zanotto et al,,
2017). According to Zanotto and Mauro, one of the most well-known diagrams in glass
science is the enthalpy and temperature diagram, which ranges from above the melting
point to absolute zero, as seen in Figure 2.2. The concept that glass flows to a
significant extent over long periods of time is not substantiated by empirical or

theoretical research. From a more practical standpoint, glass should be regarded a



solid because it is rigid in everyday life. Owing to the unavailability of a first-order phase
transition, some individuals believe glass to be a liquid. Volume, entropy, and enthalpy
have all proven discontinuous throughout the glass transition range. However, the glass
transition could be represented as related to a second-order phase transition in which
the basic thermodynamic variables including such thermal expansivity and heat
capacity are continuous (Stolkey et al., 1949) and the glass transition indicated in Figure
2.2. Notwithstanding this, the equilibrium theory of phase transformations in solids
does not totally apply to glass, and thus the glass transition cannot be classified as
one of the classical equilibrium phase transformations in solids. Even though the
atomic structure of glass is similar to that of a super-cooled liquid, glass prefers to
behave as a solid below the glass transition temperature (between T,, and T, the
super-cooled liquids (SCL)). A super-cooled liquid behaves like a liquid, but it is below
the freezing point of the material and will crystallize relatively fast if a crystal is

introduced as a core.
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Figure 2.2 illustrates a schematic enthalpy versus temperature plot for a glass-forming
material with four different states: liquid (L), supercooled liquid (SCL), glass (G), and
crystal (O). T, indicates the melting point or liquidus temperature, whereas T,

represents the glass transition temperature.

The difference in heat capacity during a glass transition and a melting transition

of comparable materials is often of the same order of magnitude, indicating that the
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change in active degrees of freedom is equivalent as well. In both a glass and a crystal,
only the vibrational degrees of freedom remain active, while rotational and
translational motion is halted. This explains why crystalline and non-crystalline
materials display rigidity on most experimental time scales (Fedorov et al,, 2015;

Holand et al., 2012).

They can be found naturally (for example, obsidian) or obtained scientifically.
The initial glasses created were not fully pure, but they exhibited some combinations
of crystalline minerals and were deemed to be of low transparency quality. However,
in the 1950s, researcher (Stolkey et al., 1949) modified his mind on glass with some
crystalline phase. Although his study was unintentional, Stolkey discovered that after
warming his glass, it had lost its transparency but gained greater mechanical resistance.
From that moment forward, research into this new material was started, and it was
discovered that glass-ceramics must be created under regulated, highly specific
conditions. However, Stolkey’s discovery was kept secret for over a decade, but after
that, corning glass works publicized the discovery of Stolkey’s substance, motivating
other researchers to pursue this study route. Since the 1980s, scientists have been
studying glass-ceramics, which includes a combination of glass and crystals, and
focused on their production to acquire transparent materials with nanocrystals, which
are important for photonic applications such as rare earth doped materials used in
optical amplifiers, fibers based on the up-conversion process, and infrared solid-state

lasers.

Sublimation ¥

4Z Deposition
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Figure 2.3 Phase transition of general materials.
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The phase transition of the general materials is displayed in Figure 2.3. Glass is
an amorphous (non-crystalline) solid substance, and its structure is given in Figure 2.3.
Glasses are often brittle and often optically clear. Glass is often used for windows,
bottles, and eyeglasses. The term "glass" originated in the late Roman Empire. The late-
Latin name glesum is said to have arisen in the Roman glassmaking capital of Trier,
situated in modern Germany, from a Germanic word for a translucent, shiny material.
A glass is strictly defined as an inorganic fusion product that has been cooled through
its glass transition to the solid state without crystallizing. Many glasses incorporate silica
as their main component and glass forming. Moreover, the term glass is frequently
used to refer to any amorphous solids (including melts that easily produce amorphous
solids, polymers, resins, and other silica-free amorphous solids). Furthermore, in
addition to typical melting processes, any additional method of preparation is
examined, such as ion implantation and the sol-gel approach. Glass science and
physics often exclusively deal with inorganic amorphous solids, whereas polymer

science, biology, and other scientific fields deal with plastics and comparable organics.

2.2 Ingredients for making glass

Zachariasen group published the first study on these components in 1932,
which is regarded as a landmark in glass research. In this research, he presents his
beliefs on glass and categorizes the four main categories of cations that glass networks
are composed of network formers, network modifiers, intermediates and minor
ingredients.

2.2.1 Glass formers or network formers

Glass formers may be considered of as the glass's backbone, and modifying this
element or compound would profoundly modify the ultimate material's
characteristics. Some common cations that are in network formers are SiO,, B,Os, GeO,,
P30s, V,0s, and AS,05. These oxides are essential in the creation of glass because they
build the foundation of the random three-dimensional network of glass. They have a
high valence state (a surplus or shortage of electrons that allows them to bind easily

with other atoms) and will covalently bond with oxygen. To achieve specific
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characteristics in the glass, network ions that change the glass network and
intermediates are introduced. For example, boron oxide, B,Os, is a glass-forming oxide
formed of flat triangles with boron atoms slightly out of the plane of the oxygen atoms.
Boron oxide is a key component of various commercial glass kinds, notably borosilicate

and aluminum-borosilicate glasses (Shelby et al., 1979).

Figure 2.4 Schematic representation of structural units that build up an oxide glass

network.

2.2.2 Network Modifiers

Additivity relationships essentially characterize the features of adjusted slass
because glass typically behaves like a solution, which means that each element
contributes to the bulk properties of the glass in an amount about proportionate to
its concentration. Glass modifiers, which have a loose link with oxygen atoms, disrupt
the typical bonding between glass-forming components and oxygen. The formation of
"non-bridging oxygens" diminishes the relative quantity of strong bonding inside the
glass. This implies that glass modifiers often have a major impact on glass
characteristics. As a result of poorer overall bonding within the material, such effects
as a decrease in melting point, surface tension, and viscosity might occur. Glass
modifiers influence the coefficient of thermal expansion, chemical durability, and
refractive index, making glass simpler to work with at lower temperatures while having
no effect on transparency. Some examples include lithium oxide (Shelby et al., 1987),
calcium oxide, potassium oxide, lead oxide, sodium oxide and zinc oxide have been
used to fine-tune the features of glass to suit a variety of specialized advanced

applications (Uhlmann et al., 1969).
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Figure 2.5 Schematic two-dimensional representation of the random structure of

network modifiers (lithium) in borate glass.

2.2.3 Network Intermediates

Depending on the glass composition, the intermediates oxide in glasses include
(titanium, aluminum, zirconium, beryllium, magnesium, and zinc) can perform as both
network formers and modifiers. These oxides are provided in high concentrations to
maintain structural continuity by connecting to the fundamental glass network.

2.2.4 Minor ingredients

A variety of additional chemicals are added to adjust the properties of the
produced glass to meet the specifications. Here are several examples:

- Boron: The inclusion of boron affects the thermal and electrical

characteristics of the ¢lass, allowing Pyrex glassware to endure severe temperatures.

- Lead: To manufacture crystal glasses, lead is added. Because of its good
reflecting characteristics, the glass generated thus looks to sparkle, and it is used to

form decorative patterns on conventional glass.
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Figure 2.6 Schematic two-dimensional representation of the random network Interme-

diates in borate glass.

- Lanthium Oxide: It is utilized to manufacture high-quality lenses in glasses
because of its excellent light-reflective characteristics. Thorium oxide was once utilized
however, it is no longer used owing to its radioactive features.

- The addition of a wide range of chemicals can be used to color the glass. A
clear glass is extremely tough to create. Glass is also colored using metals and oxides.
For examples iron oxide: blue green, iron oxide and chromium: richer green, Sulphur

and iron salts: amber, yellow, etc.

2.3 Luminescence

The emission of optical radiation (infrared, visible, or ultraviolet light) by matter
is referred to as luminescence (Ying et al., 2019). It signifies the transformation of
converted from one object to another, in this example, light. This occurrence is distinct
from illumination, which is the emission of radiation by a material due to its high
temperature (>500°C). Luminescence may happen in a variety of materials and under
a variety of conditions. Atoms, various types of chemicals, polymers, organic or
inorganic crystals, amorphous structures, and even living organisms will luminesce
under the best conditions. The emission of luminescence in a solid material (phosphor)
is caused by a radiative electronic transition in which an electron jumps from a higher
energy level to a lower energy state, with the amount of energy released as photons

(light emission). Nonetheless, for such a process to occur, the electron should first be
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excited into a higher energy state by an external source of energy. There are two ways
to return to the ground state, radiative decay and non-radiative decay. When an excited
electron decays by producing photons, a process known as luminescence emission, it
is referred to as radiative decay. When an excited electron decays to the ground state
via producing phonons, this is referred to as non-radiative decay. In this scenario, the
absorbed energy is lost as heat in the system, resulting in no emission. These two
processes are antagonistic to one another. An efficient phosphor, but at the other
hand, suppresses non-radiative decay and transforms the majority of the absorbed
excitation energy into photons. These processes are depicted in Figure 7, which depicts
the interactions of photons, electrons, and phonons in rare earth activated phosphors.
In most rare earth-based phosphors, the luminescence process begins with electron
absorption of energy on the 4f-4f transition. Due to losses that occur during the
relaxation process, most phosphor materials emit at a lower energy than the absorbed
energy. The difference between the maximums of the lowest excitation band and the
emission band is referred to as the stokes shift. Most elements' atoms have a varying
number of electrons distributed throughout multiple shells and orbitals. Electrons are
a fundamental particle. The luminescence is caused by electronic transitions. When
the system absorbs energy, electrons are activated and raised to a higher energy level.
Some electrons in the ground state are in the so-called HOMO state prior to stimulation
(Highest Occupied Molecular Orbital). They are in the LUMO (Lowest Unoccupied
Molecular Orbital) = after reaching an excited state in Figure 2.7. Using

photoluminescence as an illustration, the specifics of this works will be described.
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Figure 2.7 Electronic excitation.

The various energetic states of an atom or molecule are referred to as "energy
levels". Because energy is quantized, electrons can only occupy discrete energy levels
depending on the molecule or atom, which means that energy can only be received
and released in specified proportions. Equation 2.1 could be used to compute the
difference between two levels (where E, is the higher energy level and E; the lower
one).

AE = EZ—El (21)

Photons, the particles that make up electromagnetic radiation or light,
must have a particular energy value in order to excite electrons. Equation 2 may be
used to determine the energy of a photon, where h is the Planck constant and v is the

frequency of the light.
Ephoton =hv (2.2)

The difference in energy levels equals the required excitation energy for
electrons. Only light with a certain energy, as well as a specific frequency and
wavelength, is possible to excitably. The appropriate frequency and wavelength may
be determined by equalizing equations 2.1 and 2.2 and using equation 2.3 (where ¢

stands for the speed of light) (see eq. 4). UV-radiation is frequently used to excitation.

A=c/u (2.3)
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AE = Epoton < E; — E; = hy (2.0)
vV = (E2 - El)/h and )\ = hC/(EZ - El)

Electrically excited states of this kind are unstable. Electrons return to their
ground states. At the same time, the excitation energy can be released again. Radiative
decay processes and non-radiative decay processes are the two types of decay
processes. Non-radiative decay mechanisms include vibrational relaxation, quenching
with surrounding molecules, and internal conversion. These methods will be covered
in more detail later. Radiative decay can sometimes take the form of fluorescence and
phosphorescence. The energy released in the form of electromagnetic radiation, which
is commonly referred to as photons. Because part of the energy is already released by
non-radiative decay, the light emitted has a longer wavelength and a lower energy
than the absorbed light. This is why excitation with non-visible UV-radiation can result
in visible emission. This change toward a longer wavelength is referred to as the Stokes

shift.

There are many types of luminescence that may be classified based on the
energy source that initiates the luminescence process. Figure 2.8 displays a summary
of several types of luminescence and their energy sources. Most of these luminescence
mechanisms  have significant  scientific and industrial applications, like
electroluminescence, which is the basic working principle of light-emitting diodes and
is induced by the recombination of electrons and holes after applying an electric field
across a material, and chemiluminescence, which is induced by a chemical process
and is responsible for glow sticks glowing. Nonetheless, the focus of this article is on
photoluminescence, which is the basis of the powerful non-destructive spectroscopic
technique, photoluminescence spectroscopy, which is extensively used in both
academia and industry. The emission of light from a material as a result of light
absorption is referred to as photoluminescence. The name is noteworthy because it
combines the Latin term "luminescence" with the Greek prefix "photo," which means

"light". Any light induced by photon absorption is referred to as photoluminescence.
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Figure 2.8 Types of luminescence and their energy sources.

2.4 Comparison of the fluorescence and phosphorescence phenomena

The phenomenon known as luminescence happens when a substance absorbs
energy and then, as a result of that absorption, emits radiation in the visible or near-
visible spectrum (excitation). Fluorescence and phosphorescence are the two types of
luminescence that may be classified based on the typical time scale (T) between
excitation and radiation emission. The time scales involved in fluorescence are very
fast, in the order of 10® s, which is almost the same as the relaxation time of an
isolated gaseous ion, but phosphorescence it is in milliseconds. In the case of
phosphorescence, the emission continues even after the excitation has ceased, which
is known as afterglow. Because of the metastable state transition leading to light
emission, the phosphorescence decay period increases. Photoluminescence or
fluorescence occurs when a photon-excited activator emits electromagnetic radiation
from the ground state. Radiative decay describes the process through which light is
emitted as a result of the relaxing of an excited state. Non-radiative decay describes

the process of de-excitation to the ground state without the emission of photons. The
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radiative lifetime of excited states depends on the radiative state and the ion. It can
be from a few hundred picoseconds to a few hundred milliseconds. The most
interesting part is that the fluorescent emission occurs in a part of the spectrum where
the glass can't absorb light. The fluorescence of an active ion in a material is affected
by the way the binding forces in the region are not the same. The luminescence
process is illustrated in Figure 9. A luminescent material, often known as a phosphor,
is mainly composed of a host lattice that has been purposefully doped with defects.
Phosphors are typically powders, but in certain cases, thin films. The impurities that
are intentionally doped into the host matrix are designated as activator ions. Excitation
energy is absorbed in phosphors through either the host lattice or activator ions. Energy
can also be transferred through the host matrix. In most occurrences, the emission in
phosphors (Gupta et al.,, 2021) is caused by activator ions. The activator ions have
energy levels that can be populated either directly or indirectly through energy
transfer. Additionally, the host matrix ought to be transparent enough to allow visible
light to pass through to the phosphor's surface. The performance of devices that use
phosphor materials made from rare earth ions has been greatly improved by using a

wide range of these materials.
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Figure 2.9 Illustration of a simple model for Photoluminescence.



20

2.5 Basics of trivalent rare earth

The optical absorption and emission spectra of trivalent lanthanide ions are
induced by intra-shell 4f electronic structure among various energy levels associated
with the 4f orbitals. The elements with Z ranging from 57 to 71 (La to Lu) in the periodic
table are called lanthanides (Ln). The rare earth elements of particular interests for this
thesis are highlighted in Figure 2.10. The ground-state electronic configuration of
neutral lanthanide is [Xe] 4f" 6s” and the first excited configuration is [Xe] 4f"" 5d" 657,
where [Xe] represents the ground-state electronic configuration of Xe, n represents the
number of n=4 in the 4f subshell. As a result, comprehending the photoluminescence
emissions of Ln>* ions require a more in-depth investigation of their electrical structure.
The lanthanide atoms tend to lose two electrons from their 6s shell followed by losing
a 5d electron (or perhaps a 4f electron) by successive ionization to obtain their stable
oxidation state as trivalent ions (Ln>*). Among the 4f" configuration lanthanum (4f%),
gadolinium (4f") and lutetium (4f'*) are having empty, half-filled and fully filled 4f shell,
respectively, and are most stable ones. Apart from trivalent, some of the RE ions can
exist in divalent or tetravalent state in a matrix depending on the preparation method.
There is similarity between the spectra of Ln>* compounds and those of the atoms:
both types of spectra are sharp. The distinctive property of the Ln*" spectra is because
of the fact that the filled 5s and 5p shells of the ligand shield the 4f" electrons from
the ligand environment. The 4f" electrons slightly feel the vibrational motions within
the ligand environment. Photoemission experiments of the trivalent lanthanide
compounds have shown that the 4f state lies lower than the valence band at least 5
eV. Hence, such states behave like free atoms. The f—>d inter-configurational optical
transitions and the transitions of trivalent ions are of major interest. The interaction
between the 5d electrons and ligand ions alters the bond strength when the 4f-5d

excitation occurs, resulting in broad, rather than sharp, absorption and emission bands.
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Figure 2.10 Rare-earth ions of focus in this thesis.

Figure 2.11 show the energy level diagrams of all Ln>* ion whose 4f orbitals are
partially filled: n=1 (cerium) to n=13 (ytterbium). The radiative transitions, crucial for
technology, are labeled. The shielding effect implies that the Ln>* ion energy levels
are not function of the host, the levels are, however, broadened by the Stark effect
thanks to the applied crystal field. Stark splitting is caused by the low-point symmetries
of the rare-earth (RE) sites in amorphous matrices. In order to obtain a strong emission

in the visible and near-infrared (NIR) regions, the ion may be carefully selected.
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Figure 2.11 Energy levels of Ln>" and technologically crucial radiative transitions.
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Figure 2.11 (continuous) Energy levels of Ln>* and technologically crucial radiative

transitions.

2.6  Rare earth ion -doped glasses

The research of rare earth ions began towards the end of the nineteenth
century, when scientists like Sir Crookes, Lecoq de Bioburden, and Demarcay used
lanthanide optical spectroscopy to evaluate the quality of their crystallizations. Most
rare earth ion emission is caused by optical transitions inside the 4f" configuration for
examples Tb>* (4f ®) (Zanella et al., 1995) and Eu’* (4f ) (Vijaya et al., 2012). Because
the 4f orbital is within the ion, it is highly insulated from the surroundings by the filled
5s” and 5p° orbitals, hence the 4f electrons are less impacted by the lanthanide ion's
environment. As a consequence, the f-f emission spectra are characterized by sharp
and thin lines. A number of rare earth ions e.g,, Ce® (Kim et al., 2015) have also shown
broad emission bands. Emission corresponds to 5d-4f optical transitions in this situation
(Chewpraditkul et al., 2011; Raja Ramakrishna et al., 2020; Masai et al., 2015). This
research made use of four trivalent rare earth ions. Paul-Emile Lecoq de Bioburden
discovered gallium, samarium, and dysprosium attributable to the characteristic
luminescence spectra of lanthanide ions. Demarcay identified europium from a tainted
samarium sample years down the line. Van Vleck investigated the physical principles
involved in the absorption and emission transitions of Ln>"ions in crystalline materials

in 1937 in attempt to explain the experimental results. The main property of Ln** ions
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is that they absorb and emit light in a wide range of wavelengths, from ultraviolet
Gd**(Xu et al., 2018; Sun et al., 2013; Chun et al., 2004) through visible (e.g., Sm**, Eu*",
Pr**, Tb>*, Dy**, Tm>*, Er’*, etc.) and infrared (e.g., Ho®*, Nd**, Er*, Yb®*, etc.). In this
research, nine trivalent rare earth ions were investigated (some of the basic properties
of the rare earths in Table 2. Pr’* is a trivalent rare earth ion with a complicated energy
level diagram composed of many metastable multiples (i.e., 3Po,1,z, D, and 'Gy) that
allow for multiple emissions in the blue, green, orange, red, and infrared areas
depending on the host matrix (Rai et al., 2007). The predominant emission lines in Eu>*
(Khan et al., 2018) occur between the °D, level and the 'F; multiples, while the main
emission lines in Tb>* (Fu et al., 2018) occur between the °D, level and the F,
multiples. Blue fluorescence from this ion has been seen from the °D; level to the 'F,
multiples. Ce** (Bahadur et al., 2013) on the other hand is a broad band emitter whose
4f configuration consists of only two multiples, the ground state (%Fs,,) and the excited
state (%F5,,). Furthermore, the properties of their emissions are substantially influenced
by the material in which they are located.

Ln-doped glasses have attracted a lot of attention because of their promising
optical characteristics, which alter noticeably when a host is significantly doped with
Ln**, such as by ~1 wt% (Samek et al., 1992). In some cases, depending on the quality
of the dopant, the difference might be rather apparent. The Ln*" ions are important
for studying glasses' fluorescence because they are used the most. In some cases,
depending on the grade of the dopant, the difference might be rather noticeable. The
Ln** ions are important for studying glasses' fluorescence because they are used the
most. The splitting of the multiple terms of Ln>" ions, leading to a fine structure,
depends on the strength of the crystal-field and the symmetry of the site
accommodating the Ln** ions. It affects the optical spectra of Ln* ions in glasses to
be unevenly widened. The optical absorption and emission spectra are in-
homogeneously enhanced, and the radiative transition probability was shown by non-
exponential radiative decays to change from site to site as a function of the in-place

network modifier. With multi-phonon emission, the probability of non-radiative decay
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is computed by the vibrations of high frequencies caused by the network former of

the ¢lass (Reisfeld et al., 1980).

Table 2.1 Some of the basic properties of the trivalent rare earth.

Electronic structure Color caused
Atomic lonic radius
Element (outer electrons only) by Ln**
number Ln**
Ln Ln%* absorption

Lanthanum: La 57 5d'6s? [Xe] Colorless 1.061
Cerium: Ce 58 4f'5026s> 4ft Colorless 1.034
Praseodymium: Pr 59 4652 4f? Green 1.013
Neodymium: Nd 60  4f'6s? af? Reddish 0.995
Promethium: Pm 61  4f6s? af* Pink/ yellow 0.979
Samarium: Sm 62 4f°6s> af Yellow 0.964
Europium: Eu 63 4f'6s? 4f° Nearly colorless 0.950
Gadolinium: Gd 64 4f'5d'6s” af’ Colorless 0.938
Terbium: Tb 65 465> 418 Nearly colorless 0.923
Dysprosium: Dy 66 HfiGea af Yellow 0.908
Holmium: Ho 67  4f'les? aft? Pink/ yellow 0.894
Erbium: Er 68  4f'%6s? gt Pink 0.881
Thulium: Tm 69  4f'36s? af'2 Pale green 0.869
Ytterbium: Yb 70 af6s? aft? Colorless 0.858
Lutetium: Lu 71 aft%sdles?  aftt Colorless 0.848

2.7 Fundamentals of borate glasses

There are a variety of chemical compositions that may be used to create
different types of glasses. Oxide glasses outperform their non-oxide counterparts due
to the ease with which they react with ambient oxygen. When cooled from their

molten state, oxide minerals such as SiO,, B,Os, GeO,, and P,Os create ¢glasses on their
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own, without the incorporation of various chemicals. This oxide glass has a lot of
interest because of its interesting characteristics, including excellent solid solubility for
RE dopants and strong thermal stability, as well as a lower melting point than most
other oxide glasses. On the other hand, some borate ¢lass matrixes have been
criticized for being fragile, chemically unstable, and having a high phonon energy
(~1300-1500 cm™). These disadvantages decrease the luminescence and scintillation
properties of the material, which in turn reduces the material's efficiency. This is a
barrier to the material's use in applications using lightning devices. This challenge has
been significantly resolved by adding alkali elements such as Li, Na, and K'into a borate
matrix, in which they are influences in oxide glass. Researchers are working to improve
un-doped borate glasses' optical characteristics. As a result, the glasses doped with
Ln*" have intrigued the scientific community. It is possible to modify the properties
and structures of the Ln>" dopant by using an optimized network matrix (borate host)
and dopant. Chemical stability, structural and compositional variation, reduced
toxicity, biocompatibility and increased luminosity for lightning devices make Borate
glasses with Ln®" dopants the ideal choices. The borate glasses doped with a single
lanthanide have shown improved emissions, but the challenges are fast and effective
energy transfer (ET) from the host to the luminescence center and quenching caused
by dopant activation. This problem can be resolved by methods like as co-doping,
which offer great performance parameters for lishtning applications such as UV light
transparency, remarkable optical damage thresholds, ereat thermal and chemical
durability, and increased luminescence efficiency. The non-radiative resonant ET from
Ln>" donor to Ln* acceptor can increase the luminescence of Ln*" ions doped in glass.
The donor's emission should overlap the acceptor's absorption for an effective ET,
which is completely reliant on the host and dopants. Because luminescence and
scintillation can be exploited in photonic devices, the primary goal is to find a suitable
borate host and a combination of Ln>" (donor and acceptor). The luminescence and
scintillation of the glass matrices may be studied utilizing glasses incorporating dopant
oxides, especially rare-earth oxides. Depending on the quantitative features of the

dopants and the glass host, a certain amount of dopant ions with different valence
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levels can be found in the glass. Consequently, the incorporation of Ln>" into the glass
matrix is expected to enhance and extend the applications of the glass matrix in
photonic devices, and this work is considered to be extremely significant. The materials
with controlled properties are of great interest for scientific and technological reasons.
The investigation of borate glasses, driven by scientific curiosity and technological
applications, have led to a detailed understanding of their structure and unique
features. Despite the fact that traditional glasses, such as silicates and borosilicate, are
capable of meeting a wide range of technological requirements, they are occasionally
limited in their abilities. On the other hand, the borate glasses may offer an advantage
over other glasses.

2.7.1 Borate glass formation

In general, the production of glass depends on the cooling rate of the process,
the tendency of the materials to form glass, their chemical composition, and their
structure. Borate glasses are manufactured by cooling from a molten state without
fulfilling the requisite for crystallization. There is one or more than one element
functioning as a primary source for the production of every glass; these elements are
collectively referred to as a glass former or network former. Borates, when cooled from
their molten state, are known to form glasses on their own (without combining with
other chemicals), and as a result, is believed to be an effective glass forming.

2.7.2 Structure features of borate glass

Borate glasses play a significant role in technology and contribute to a better
understanding of the correlation between the structure and the physical characteristics
of the glasses. The structures of boron-based glasses can be investigated using IR, NMR
and Raman spectroscopy techniques, simplified structural models and statistical
thermodynamic model. Krogh-Moe discovered that borate glasses and borate crystals
all share the same well-defined and stable poly-borate groupings. Some of these poly-

borate groupings are depicted in Figure 2.12.
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Figure 2.12 Polyborate groupings.

Youngman and Zwanziger have reported while using the boron NMR spectra
that the structure for vitreous B,0; comprises 1:1 ratio of boroxol rings to B,O5 units.
Gooding and Turner's plot on the alkali-dependent thermal expansion coefficient of
sodium borate glasses demonstrated a marked reduction in expansion coefficient with
the increasing density. According to several studies, B,O5 ¢lass is typically composed
of three coordinated boron, with the BO; triangle serving as the basic structural unit
and boron positioned slightly above the plane of three O ions. The boron atoms in
various structural units in several borate glasses are represented in Figure 2.13,
coordinating with three (or four) O atoms. Both crystalline and vitreous glassy B,O;
have planar [BOs/,] triangles in their structures. The B-O-B angle in amorphous B,0Os5 is
found to be between 120° and 130°, with the majority of the triangles arranged in
boroxol rings containing three oxygens within and three outside the ring. In Figure 2.13,
boroxol rings are randomly interconnected with loose [BO3,] triangles in the glass.

When alkali and alkaline earth cations are added, the structure of borates
changes in the following ways:

- O” breaks boron-oxygen-boron bonds to form one NBO. Boron's coordination

was still three.
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- The B coordination changes from 3 to 4, leading to the creation of the BO,

tetrahedron.
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Figure 2.13 Structure of both crystalline and vitreous B,0Os.

Wong et al., 1976 and Jellison et al., 1978 found the alkali oxide conversion of
[BO5,,] to [BO4/,]1°. Because there are four bonds between the BO, groups and the
remainder of the structure, they are responsible for the structure's compactness and
strength. The scientific community is interested in borate glasses because of the boron
anomaly. According to Biscoe and Warren (Biscoe et al., 1938), increasing Na,O from 0
to 16 mol% reduces thermal expansion coefficient owing to the replacement of boric
oxide by sodium oxide. This was caused by the conversion of B from a 3-fold boron
(B3) coordination to a 4-fold boron (B4) coordination, as well as the creation of NBOs.
The boron anomaly happens when the concentration of alkali is higher than 16 mol%
and the thermal expansion coefficient (TEC) goes up while the viscosity goes down.

This happens because adding more alkali oxide makes NBOs form.
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2.8 Previous study of glass system

2.8.1 Previous Study on borate glasses

In order to determine the structure of Li,O-MgO-B,05 (LMB) glasses. Glass has
excellent structural characteristics, according to several reports (Rao et al.,, 2004).
(Oprea et al., 2004) investigated the optical characteristics of Bi,0;—B,0; glasses and
reported that the UV absorption edge and refractive index are significantly affected by
the glass composition. It has been shown that the presence of mixed alkali in
manganese-doped borate glasses has a big effect on a number of physical properties.

(Shailajha et al., 2015) investigated the excellent structural and optical
properties of sodium-calcium-phosphor borate glasses containing CuO. Additionally,
the glass's direct optical band gap has been found to decrease with the addition of
CuO. (Dalal et al., 2005) have looked into how adding iron to lithium borate glasses
changes their structure and how they conduct electricity. The results show that iron
doping increased density and molar volume. (Saddeek et al., 2011) researched the
optical properties of xB,05-25Li,0-(75-x)Bi,O; glasses. They determined that the optical
basicity and refractive index decreased when bismuth content was added, but the
optical energy gap increased. (Saeed et al.,, 2018) studied the physical and optical
characteristics, including density, polaron radius, optical basicity, optical band gap,
Urbach energy, electronic polarizability, and refractive index of the barium-doped
borate glasses. They found that as barium content increases, density increases while
polaron radius decreases. Subhadra et al., 2011 investigated vanadium-doped lithium-
potassium-bismuth-borate glasses, in which the optical band gap was reduced as the
Bi,O3; concentration increased. Shaban et al., 2017 prepared and examined lithium-
borate glasses (Li,O-MoO;-Al,0s-B,0s), obtaining the indirect optical band gap,
density, molar volume, and refractive index. Rao et al., 2011 found that the physical
properties of zinc-lithium-sodium-borate glasses with different concentrations of CuO
dopant changed in ways like density, refractive index, ionic concentration, molar
refractivity, polaron radii and inter-ionic distance, and electronic polarizability.

Recent studies have shown that boron and aluminum speciation depend on the

modifier type and content as well as the AUB ratio. It has been demonstrated that
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adding AlL,O5 to sodium borate glasses can result in improvements in the mechanical
properties such as hardness and, more importantly, fracture resistance. In fact,
replacing Na,O with Li,O led to the discovery of a 24Li,0-21A,05-55B,05 glass, which
has the best crack resistance of any oxide glass of alumina to borate glasses leads to
significant changes in the boron speciation, as 4-coordinated aluminum also requires
charge stabilization, either through alkali cations or through the formation of 5- and 6-
fold coordinated aluminum.

The alkali oxide in aluminum-borate glasses is selectively consumed to charge
compensate the four-coordinated aluminum (with the presence or absence of a minor
concentration of increased coordinated aluminum species relying on the ionic field
strength of the network modifying cation (Rao et al., 2002), and the remaining part is
consumed to charge compensate the four-coordinated boron, which indicates that the
content of ALO5; will affect the relative fraction of BO, and BOs groups. This structural
was confirmed to be valid in our study on 25Na,0O-xAl,05-(75-x)B,03 (x = 0-30 mol%)
glasses, where it was observed that the glass transition temperature (T,) decreased
almost linearly as the Na,O/AlL,O5 ratio decreased from 5 to 1, leading to a rise of 5
with further decrease in Na,O/Al,O; ratio (Januchta et al., 2017). As demonstrated by
all of these investigations, there is a wide range of structural possibilities in borate
glass. Optical and physical properties may be adjusted by incorporating various
elements and oxides. In addition, and most importantly, it is confirmed to be cost-

effective when compared to the other glasses.
2.8.2 Previous study on single Ln**-doped borate glasses

Single Ln3+-doped borate compounds have attracted attention since 1967,
when the first calcium-borate polycrystalline red phosphors activated by dysprosium
were published (Kazanskayaet et al., 1974), demonstrating radio thermo luminescence
detecting characteristics. The studies of Ln**-doped borate glasses began in 1975. Since
then, technological interest in these glasses has increased. Over the last few decades,
researchers have focused on researching single RE-doped borate glasses. The
functional glasses Li,O-MgO-B,05; doped with a series of REs such as Gd, Dy, Pr, Ce,

Eu, and Tb are reported to have thermoluminescence characteristics.
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Rajesh et al.,, 2012 studied the luminescence properties of Dy>* ion strontium
lithium bismuth borate (SLBIB) glasses, confirming the increased white light emission
by assessing oscillator strength, transition probabilities, branching ratios, and emission
cross section. Balakrishna et al. 2012 investigated the structural and
photoluminescence properties of the different modifier-containing oxides on Li-B
glasses with Dy content addition. The goal of this study was to find out what Dy dopant
does, especially if it only changes the shape or also makes the material more
photoluminescent.

The optical and luminescent properties of Dy** contained in (65-x)B,05-10Ca0-
25Na,0:xDy,05 were investigated by F. Zaman (Zaman et al.,, 2019) and colleagues
using two complementary spectroscopic methods (UV-Vis-NIR and PL). Luminescence
and scintillating glasses characteristics of Dy**-added silico borate glasses were studied
by J. Kaewkhao (Kaewkhao et al., 2016). The luminescence effect has been
demonstrated by photoluminescence excitation. Deopa et al.,, 2017 demonstrated the
photoluminescence and ET characteristics of glasses with lithium-lead- aluminum-
borate and Dy’* content added used for white light emitting diode (W-LED) and laser
applications. The intensity characteristics of the life-time decay parameters were
calculated in order to validate the energy transfer and photoluminescence. Kaewnuam
et al,, 2017 reported scintillation, W-LEDs, and laser applications of Dy>*-doped lithium
yttrium borate glass (60Li,O-10Y,05-(30-x)B,05), where yellow and blue emissions were
found, the Y/B ratio was measured, and CIE chromicity was analyzed Zaman et al,,
2019 performed comparative studies of gadolinium-based borate glasses doped with
Dy>* for white light applications. The research demonstrated that Ba-borate glasses are
more efficient than Bi-borate glasses. Alajerami et al., 2012 synthesized samarium and
Dy-activated borate glasses via melt-quenching method and analyzed luminescence
excitation and emission spectra. Venkateswarlu and coworkers (Venkateswarlu et al.,
2014) published a spectral study of Sm>" and dysprosium in B,05-ZnO-MgO glasses. In
this work, the energy-level diagram of the emission mechanism involved in Sm?*
glasses were thoroughly explained. According to studies published by D.D. Ramteke,

the structural and luminescent characteristics of lithium borate glasses are affected by
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the concentration of Sm>* ions. The physical and optical properties, such as density,
molar volume, and optical band gap, have been calculated and analyzed. The LGBi/Ba
Sm**-doped borate glasses have a strong optical absorption spectrum, outstanding
photoluminescence properties, and transparency; these characteristics make them a
suitable candidate for luminescence applications. Wantana et al., 2017 reported good
luminescence and scintillation applications of calcium gadolinium borate glass doped
with Sm>* ion using rapid melt quenching. Rani et al., 2019 previously investigated the
lasing uses of samarium-doped barium lead alumino fluoro borate glasses. The reddish-
light emission and spectroscopic studies of alkaline-earth chloro borate glasses doped
with Sm?** for visible photonic applications were reported in this study. On the basis of
these findings, it is concluded that the trivalent Ln>* activators drastically modify the
structure and hence improve the luminescence properties of borate glasses.

2.8.3 Previous study on Co Ln**-doped borate glasses

Borate glasses containing Ln**co-doping have the potential to be used in
luminescence applications. Co-doping these glasses with a particular Ln>" dramatically
improves both their luminescence and scintillation properties. It is consequently
important to determine the important conditions where enhanced luminescence
occurs, and the energy transfer as a function of the dopants and their composition.
The selection of Ln** ions and the proportions of those ions, as well as an
understanding of the energy transfer mechanisms among those ions and to the
luminescence centers, may be quite challenging to investigate. Keeping in mind these
important properties, we present the synthesis and characterization of co-doped Ln**
borate glasses, driven by scientific curiosity and technological applications. The
standard melt-quenching technique was used to create the transparent luminescent
LMgGBDy and LMgGBSm glasses with 0.5 mol% optimized Gd** and varying content of
Ln** (Dy** and Sm?*) borate glasses. The melt quenching process was used to create
transparent luminescent LMgGBDy and LMgGBSm glasses with 0.5 mol% optimum Gd**
and variable Ln** (Dy’* and Sm®*) content. The density and molar volume of the
indicated glasses increased as a consequence of rising Dy,0; and Sm,05; caused by the

production of NBOs. The photoluminescence excitation and emission spectra proved
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that the Dy®" dopant concentration quenches at 0.5 mol%. In LMgGBDy glasses, and
0.3 mol% Sm>* dopant in LMgGBSm glasses. The energy transfer in the glasses has
been determined by the decreased emission of Gd** at )\exc = 275 nm and the
increased emission of Dy** and Sm>" in LMgGBDy and LMgGBSm glasses, respectively.
Using the J-O theory, the radiative emission parameters, total radiative transition
probabilities, emission cross section, experimental branching ratio, and radiative
lifetimes were computed for samples doped with 0.5 mol% Dy>* and 0.3 mol% Sm>*
in LMgGBDy and LMgGBSm sglasses, respectively. The energy transfer efficiency from
Gd** to Dy”* in LMgGBDy and Gd’* to Sm’* in LMgGBSm glasses was found to be
increasing with the decreasing lifetime of the samples. Moreover, it was demonstrated
that electric dipole-dipole interaction is an effective energy transfer mechanism in both
glass systems. The CIE chromaticity coordinates calculated from the emission spectra
also indicated the presence of white-lisht emission in LMgGBDy and orange
luminescence in LMgGBSm glasses. So Dy**-doped slasses could be applied as white-
light emitters and Sm**-doped glasses as orange-visible lasers. Borate glasses co-doped
with an appropriate pair of donor-acceptor, sensitizers, and activators have been
created in a variety of forms, making them ideal for a wide range of applications,
including nonlinear optics, lasers, solar energy, photodetectors, light-emitting diodes,
and radiation dosimeters.

Zhou et al.,, 2019 investigated the luminescent properties of mono- and bi-
doped Dy**/Eu** calcium borosilicate synthesized using the standard high temperature
melt-quenching process. Co-doping with rare earths changes the network in ways like
changing BO; to BO,, sending out white light, and causing Dy** to break down, even

though the CIE color coordinates change from cyan to white.

Pisarska et al., 2014 investigated the energy transfer from Dy* to Tb®" ions as
well as the luminescence properties of melt-synthesized Dy**-Tb** co-doped glasses
72Pb0-18B,05-(6.5%)AL,05-3W05-0.5Dy,05-xTb,05.  Prior  to  melting at  high
temperatures, glass components were preheated in an argon-free atmosphere. The

energy transfer notion has been confirmed by the yellow transition of Dy** and the
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green transition of Tb®" at 543 nm. The efficiency of energy transfer via nonradioactive
decay was measured to be 16%.

Yang et al,, 2014 have researched the visible photon multiplication process in
Ce®-Tb’* bi-doped borate glasses manufactured by high temperature melting for
improved solar cells. It is demonstrated that the excitation wavelength range widened
from the long wavelength region (UVA) to the medium wavelength region (visible and
UVB), consequently increasing emission intensity. So, the glass system could play an
active role as an effective layer for UV to Vis spectrum radiation to improve the
performance of solar cells.

Sontakke et al., 2015 investigated the case of the energy transfer processes that
take place between Ce®*and Yb®" in borate glass that was melted using the melt
quenching method. It was found how to distinguish between the electron transfer and
the energy transfer phenomenon that occurs between dopants in glass matrix. This is
especially helpful when taking into consideration the recent developments on Ln>*-
doped materials for spectral modification, sustained luminescence, and potential
applications.

The optical and physical characteristics of co-doped Dy**-Pr** bi-doped
27.5Li,0: (72.5-X) B,Os: 0.5Dy,05: XPrsO;; glasses are prepared and studied using melt
quenching technique by Pawar et al., 2016 The amorphous nature of glass samples, as
well as the presence of functional groups, were determined using XRD and FTIR
investigations. UV-VIS-NIR optical absorption spectra indicate direct and indirect
transitions, as well as seven absorption bands at various wavelength ranges. The energy
transfer phenomenon from praseodymium to dysprosium is demonstrated by an
increase in luminescence at 663 nm. The CIE chromaticity confirms that these glasses
may be used in W-LED applications.

Lakshminarayana et al., 2017 investigated optical absorption, luminescence,
and the energy transfer phenomena in Dy**/Tb**-co-doped borate glasses synthesized
using the melt quenching techniques. The non-exponential life time decay curves from
the Inokuti-Hirayama (IH) model were examined, and the non-radiative ET from

dysprosium and terbium with an efficiency of 45% is owing to an electric dipole-dipole
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mechanism. The measured color coordinates (x, y) and CCT show a yellowish green
region and might be used to make meaningful luminescent display devices and state-
lisht emitting diodes.

Loos et al., 2017 studied the luminescence as a function of temperature and
the energy transfer properties of single- and double-doped melted terbium and
europium 51ZrF,-20BaF,-20NaF-3.5LaF5-3AlF5-0.5InF5-2Ln**(Th:Eu)F5. The glass samples
have good temperature stability from 15 K to 700 K, and the rate of energy transfer
from Tb* to Eu’* increases as temperature increases. As the temperature is raised, the
color changes from orange to red (15 K to 350 K) and from red to yellow (350 K to 700
K). Loos et al., 2017 investigated the luminescence as a function of concentration and
energy transfer in 51ZrF4-20BaF,-20NaF-3.5LaF5-3AIF5-0.5InF5-2Ln>*(Th:Eu)F; glasses
doped with Tb*"/Eu’*. Energy transfer from excited Tb>* at 485 nm to improved Eu®*
emissions has been confirmed. Dipole-dipole interactions are responsible for the
energy transfer. There is also a faster radiative decay rate and a chromaticity shift from
green to orange/red.

C.R. Kesavulu (Kesavulu et al., 2017) researched the non-radiative energy
transfer process in gadolinium calcium silica borate glasses from Gd** to Nd**. These
glasses can be used advantageously in NIR lasers at 1059 nm, according to structural,
thermal, absorption, emission, and decay time analyses. Yao et al., 2017 studied the
structural, optical, and energy transfer characteristics of Tb>*-Sm*" bi-doped Na,0-CaO-
P,05-B,05-2r0, glasses produced by high temperature melting. It was observed that as
the Sm>" increased, thus increased the energy transfer efficiency from Tb>*/Sm>* and
the probability of energy transfer. Electric quadrupole-quadrupole interaction, color
coordinate, and CCT from yellow to yellow have all been confirmed. This finding
demonstrated great potential of these glasses in UV-modified WLEDs and photonic
devices.

Wantana et al., 2018 studied the strong energy transfer emission from Gd** to
Eu®* produced by UV irradiation in calcium silico borate glasses. According to the
photoluminescence, X-ray scintillation, and fluorescence lifetime analyses, these

glasses may be used in laser systems with a sufficient lasing threshold and energy
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performance gain. Mohammed et al.,, 2018 investigated the optical and dielectric
characteristics of borate glasses doped with samarium and terbium. In comparison to
the other chosen compositions, the glass with co-dopant content (Tb0.5-Sm0.5)
exhibits enhanced emission, i.e., five emission bands. CIE chromicity has confirmed the

yellow emission.

2.9 Composition of the present glass

In order to make this certain glass, the following components were combined:
borate (B,O5), lithium oxides (Li,O), aluminum oxides (Al,O5), gadolinium oxides (Gd,05),
cerium trifluoride (CeFs), terbium oxides (Tb,0s), Europium oxides (Eu,Os), dysprosium
oxides (Dy,05), and samarium oxides (Sm,0;). The properties of the present materials
are explained below.

2.9.1 Borate (B,03)

In the present glass components, borate is an essential component that is
operating primarily as a glass former and partially as a fluxer. Borate's dual role in the
manufacturing and producing process may be summarized as follows: In the current
investigation, borate was chosen as the material of choice for a number of apparent
reasons, including its ease of availability, its low processing temperature glass-forming
temperature, and, most significantly, its inexpensive cost. It has the privilege of being
able to tolerate enormous concentrations of Ln>*, however the drawback of having a
very high phonon energies, which brings the luminous efficiency of the material down.
It is expected that borate, when mixed with other components in a stoichiometrically
appropriate ratio, will function as an excellent host for Ln** activators.

2.9.2 Lithium oxides (Li,O)

Lithium oxide is considered as appropriate modifiers therefore, it is
incorporated to improve the mechanical stability of the host. It also functions as a
fluxer, significantly lowering the temperature at which glass melts. Once lithium oxide
is added to the glass host, a number of NBOs are produced. The creation of color

(luminescence) centers is enhanced by the ionic bonds formed as a result of NBOs
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with excitation (Alajerami, et al., 2012). Furthermore, due to the production of borate
rings when Li* ions are added, two BO,4 units are swapped with one mono BO, unit.

2.9.3  Aluminum oxides (AL,O3)

Aluminum oxide is a good glass structure modifier. It has high field strength and
might result in a strongly-bonded slass structure. In borate glasses, it generates more
NBOs. When aluminum was added to the borate system, the luminescence intensity
increased and the glass network improved throughout the excitation (Ichoja et al,,
2018).

2.9.4 Gadolinium oxides (Gd,05)

Among the Ln** series, Gd is of particular importance because it may facilitate
energy transfer from host to activators to luminescence centers. Moreover, in the
existing glasses, it may perform as a modifier as well as an efficient sensitizer for the
dopant Ln**. Its excitation (°S;—°G)) and emission (°P7,—>%S;/,) are in the UV region
and exhibit no visible emission, but it can be sensitized by another Ln>* dopant or
modified in a host network to show visible emission through spectrum conversion. It
possesses a higher permittivity, improved thermal stability, and a large energy band
gap (5.4 eV).

2.9.5 Cerium trifluoride (CeF;)

The cerium ions (Ce®") can act as a dynamic sensitizer for certain rare earth
ions. Further, Ce* ions exhibit intense and broad f-d absorption and emission bands
varying from ultraviolet to visible region due to the large energy gap between their
ground state (4f) and excited state (5d). The cerium ions are mainly used as the
activators in different halides or oxide-based scintillators as the emission centre due
to its high light yield and short luminescence decay time. Glass Scintillators doped with
Ce®"can be used in the fields such as medical imaging, nuclear and high-energy physics
experiments, astrophysics, homeland security, neutron detection, radiochemistry etc.

2.9.6 Samarium oxides (Sm,05)

Existing usually in trivalent state, samarium is the only transition element in
lanthanide series and may act as an efficient activator in the present glasses. Triply

ionized Sm>* is given significant importance in Ln** family due to its closely spaced
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energy states. It has ®Hs,,, “Gs/, and °Fy1/, as ground, lowest excited, and highest ground
states, respectively. These are separated at approximately 7200 cm™. There is almost
no chance of multiphonon relaxation and limited chance of nonradiative decay
between these states in the hosts having more phonon energy (1400 cm™) such as
borates. It gives an intense orange emission due to “Gs,—>°Hs,, while light blue,
orange-red and red due to ®Hs,, ®Hop, ®Hiiptransitions. In the enhancement of
luminescence of inorganic materials Sm>" is considered as important activator. In the
current decade Sm>* doped glasses draw considerable interest in the field of dense
optical storage, color displays and in deep water communication.

2.9.7 Europium oxides (Eu,0O5)

Europium (atomic number 63: [Xe] 4f" 65%) is anion in the class of lanthanide
which have the electron configuration, [Xe]-4F°. Eu®* ion is special among the
lanthanides (RE**) ions to investigate the local ion symmetry of RE** ions in different
glass matrices. The Eu®" emission spectrum is composed of several multiple transitions
Dy—>'F, = 0, 1, 2, 3 and 4 for EU’* ion. The most intense emission of Eu** is placed at
wavelength around 610 nm which is red color emitting and can be attributed to
>Dy—>'F, hypersensitive transition, which shows red emission (613 nm) emitted due to

hypersensitive °Dy—>'F, Europium (Eu’"

ions have been doped into glasses for
development of a laser gain medium in a red laser device. The index, characterizing
the spectral changes in the glasses containing Eu®" ions, is the red-to-orange
fluorescence intensity ratio R/O. It is the ratio of the intensity of the >Dy—>F, (red) to
>Dy—>'F, (orange) transition and allows to determine the degree of asymmetry in the
environment of Eu** ions in the matrix.

2.9.8 Terbium oxides (Tb,05)

In oxide-based glasses activated by Tb>* ions have been demonstrated to be
delightful candidates for gain medium in the green region at 543 nm, since the °D,
—'F transition of Tb*"-doped materials provides a four-level laser system with a
lower threshold pump power to obtain strong green pulsed laser operation at 543 nm.

Bjorklund were demonstrated for the first time for green laser action at 547 nm and

correspond to D, — 'Fs transition from Th3p-doped chelate in solution at room
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temperature. Moreover, the experimental branching ratios of the >D, —'Fs (543 nm)
transition are usually more than 50%, which makes the Tb’*-doped materials a
promising ion for green laser applications.

2.9.9 Dysprosium oxides (Dy,05)

In lanthanides series, Dy is regarded a useful element as a glass dopant and
functions as an efficient activator in the existing glasses. In modification of glass and,
consequently, in its luminescence, Dy plays a key function. The investigation of Dy
doped sglass luminescence is extremely important in the visible and NIR regimes.
Previously, the understanding of dysprosium spectra was viewed as critical due to
complicated electronic structure’s configuration and closely lying energy levels.
Consequently, little research has been paid to luminescence from dysprosium.
However, the basic “Fg,—>°H;s/, and *Fg, — ®Hys, transitions from dysprosium may
be obtained by choosing an appropriate host. Although a considerable portion of work
on spectrum analyses of Dy>" ion doped materials has been carried out, still, its
promising optical properties (profound emission) still attract growing interest in solid
state laser. Research effort has been carried out to examine the luminescence of
crystals and glasses doped with Dy>*. All this research confirmed the role of dysprosium

as an activator for enhancement of the luminescence.
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CHAPTER Il
RESEARCH METHODOLOGY

3.1 Research procedure
3.1.1 Characterization and Instrumentation
« The Center for Scientific and Technological Equipment, SUT:
- Power X-ray diffraction: PXRD (Bruker D2 diffractometer with Cu-Kg, radiation)
- Fourier-transform infrared spectroscopy (FTIR)
» Synchrotron Light Research Institute (Public Organization):
- X-ray absorption spectroscopy (XAS)
« Center of Excellence in Glass Technology and Materials Science
- 4-digit sensitive microbalance (AND, HR 200)
- UV-Visible spectrophotometer (UV-VIS: Shimadzu UV-3600)
- Photoluminescence (PL: Cary-Eclipse with a Xenon flash lamp)
- X-ray luminescence (XL: Ocean Optics QE65 Pro spectrometer)
3.1.2 Population/Samplings/ Location of research
- The Center for Scientific and Technological Equipment (Suranaree University
of Technology)
- Synchrotron Light Research Institute (Public Organization)
- Center of Excellence in Glass Technology and Materials Science (Nakhon
Pathom Rajabhat University)
3.1.3 Materials use
- Lithium carbonate: Li,CO5
- Aluminum oxide: Al,Os
- Gadolinium (Ill) oxide: Gd,0O5
- Boric acid: H;BO;
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- Cerium (Ill) fluoride: CeF;

- Samarium (lll) oxide: Sm,04
- Terbium (Ill) oxide: Tb,04

- Europium (IIl) oxide: Eu,0s

- Dysprosium (Ill) oxide: Dy,O3

3.2 Sample preparation

3.2.1 Preparation of Gd,O5- doped (host glass)

Series of single and double doped borate glasses with Gd,03 and trivalent rare-
earth oxide were prepared by mixing and melting appropriate amounts of high purity
Li,COs, H3BO3, Gd,05, Al,O5, and R,O5 (R is trivalent rare-earth oxide: Cerium, Samarium,
Europium, Terbium and Dysprosium) as starting materials. A series of 25Li,O- 5AL,05-
XGd,05-(69-X)B,05-1.0R,05 glasses with difference compositions (where X are 0, 2.5,
5.0, 7.5, and 10.0 mol%) is called the LAGAxBR1.0 glasses series are listed in Table 3.1.

Table 3.1 Chemical composition of LAGAXBR1.0 series.

Sample name X (mol%) Composition (mol%)
LAGdOBR1.0 0 25Li,0-5A1,05-0Gd,05-69.0B,05-1.0R,054
LAGd2.5BR1.0 25 2501,0-5A1,05-2.5Gd,05-66.58,05-1.0R,05
LAGd5.0BR1.0 5.0 25Li,0-5A1,05-5.0Gd,05-64.0B,05-1.0R,054
LAGd7.5BR1.0 7.5 25Li,0-5A1,05-7.5Gd,05-61.5B,05-1.0R,05
LAG10.0BR1.0 10.0 25Li,0-5A1,05-10.0Gd,03-59.0B,05-1.0R,05

3.2.2 Preparation of R,0; doped

The best condition of the host glass was selected to fabricate for trivalent rare-
earth oxide dopant. The glass samples with chemical composition 25Li,O- 5AL,0s-
2.5Gd,05-(67.5-X)B,05- XR,05 were chosen (where 2.5 mol% of Gd,0Osis the best
condition for the luminescence results and X is the varying R,O; composition of 0, 0.05,
0.1, 0.3, 0.5, 1.0, and 1.5 mol%). They were named as LAGd2.5BRx glasses with varying

concentration of trivalent rare-earth oxide (see Table 3.2).
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Table 3.2 Chemical composition of LAGd2.5BRx glasses series.

Sample name X (mol%) Composition (mol%)
LAGd2.5BRO 0 25Li,0-5A1,05-2.5Gd,04-67.5B,05-0R,0;
LAGd2.5BR0.05 0.05 25Li,0-5A1,05-2.5Gd,05-67.45 B,O5-0.05R,05
LAGd2.5BR0.1 0.1 25L1,0-5A1,05-2.5Gd,05-67.4 B,05-0.1R,05
LAGd2.5BR0.3 0.3 25L1,0-5A1,05-2.5Gd,05-67.2 B,05-0.3R,05
LAGd2.5BR0.5 0.5 25L1,0-5A1,05-2.5Gd,05-67.0 B,05-0.5R,05
LAGd2.5BR1.0 1.0 25Li,0-5A1,03-2.5Gd,04-66.5 B,03-1.0R,05
LAGd2.5BR1.5 1.5 25Li,0-5A1,05-2.5Gd,05-66.0 B,Os-1.5R,04

Figure 3.1 shows that both glasses systems were created utilizing a melt
quenching procedure and scientific grade great quality Li,COs, H;BO3, Gd,05, Al,05, and
R,Os; as precursor materials. Approximately 20 ¢ batches were homogenously
combined in an alumina crucible during the process. The powder was then melted in
an electrical furnace at 1200°C for 90 minutes. The molten glass was then placed onto
a graphite plate, annealed at 500°C for 3 hours, and gently cooled to ambient
temperature to reduce thermal stress. All glasses were cut and polished to a rectangle
shape of 1.0 x 1.5 x 0.3 cm”. The density of the glass samples was initially determined
by the basic Archimedes technique using water as an immersion liquid, and the molar
volumes were then measured using a 4-digit sensitive microbalance (AND, HR 200). The
molar volume (V) of the glasses was calculated using the V, = Mw/D relationship,
where Mw and D were the overall molecular weight of the glass composition and the
density of the glass samples respectively. In order to confirm that the glass samples

were completely amorphous and transparent, the PXRD (Bruker D2 diffractometer with

Cu-Kg radiation) analysis was performed. UV-vis and NIR (Shimadzu UV-3600)
spectrophotometers are used to analyze the optical absorption spectra (wavenumber
range 200-2500 nm). A Xenon flash lamp was used to record the excitation and
emission spectra and the decay data at room temperature were measured by a
spectrofluorophotometer (Cary-Eclipse). The measurements were carried out by an

experimental setup consisting of Cu target x-ray generator (Inel, XRG3D-E), fiber optic
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spectrum analyzer (Ocean Optics QE65 Pro), and brass sample holder. The X-ray
induced optical luminescence (XOL) spectra of the glasses were studied using an
Ocean Optics QE65 Pro spectrometer and a Cu target Xray generator, Inel XRG3D-E,
which was operated at 50 kV and 30 mA power. All measurements (in Figure 3.2) were
carried out at room temperature. X-ray absorption near-edge structure (XANES) method
was used to determine the oxidation state of the glass samples. The experimental
XANES data collected in fluorescence mode were compared with those of bent Ge

(220) crystals using a crystal analyzer spectrometer.

Li,O, ALO, Boricacd Gd203

Raw materials ‘

Electrical furnace for annealing Electrical furnace

Figure 3.1 Glass Manufacturing Process.
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3.3 Characterization techniques
The following properties of the prepared glasses were explored using
different characterizations techniques (Figure 3.2).

3.3.1 Flow chart for samples preparation and characterization

Fix trivalentoxide (R,0,)doped and vary Gd,O, host of glass

v

0,25,5.0,7.5, 10 mol% Gd,0,:1.0 mol% R,0,
| J

Characterization 1
y
Physical properties Density Refractive index Molar volume
Structure properties | x_ray diffraction Fourier-transform infrared spectroscopy
Optical properties UV -VIS Photoluminescence | | X-ray luminescence
‘ The best condition of host glass ‘
: Vary trivalent oxide doped and fixed host
‘ Characterization ‘
| |
Physical properties Density Refractive index Molar volume
Structure properties X-ray diffraction X-ray absorption spectroscopy
Optical properties UV -VIS Photoluminescence | | X-ray luminescence

The best condition of glass system

Figure 3.2 Flow chart for samples characterization.

3.4  Physical properties

3.4.1 The density & Molar volumes

The density of glass varies greatly because of the atoms that make up the glass.
Because different types of glass contain different combinations of metal oxides, they
have different densities. Importantly, the physical properties of glasses, such as their
density, Ln>* ion content in the glasses, and refractive index of the glasses doped with

Ln®*, have been calculated following the procedure given below. The density (P) of
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the glasses was determined using the Archimedes principle, where the immersion
liquid was taken as distilled water. Figure 3.3 shows density measurement equipment
with an accuracy of 0.0001¢. The sample was weighed in air and water using a balance

at room temperature and the density was computed by Eq. (3.1).

Wair_Wliq '

where is the weight of the glass sample in air while in liquid (water). The density

of water is 0.999 ¢/cm? at room temperature. Molar volumes (Vm) of the prepared

samples were determined by equation (3.2),
Vin =0 (3.2)
p

Where M is the total molecular weight of the glass.

Figure 3.3 Densitometer (Dietheim Limited, HR-200).
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3.4.2 Refractive index

The refractive indices (n) of the glasses were determined with an Abbe
refractometer with a measuring accuracy of 0.0001 as shown in Figure 3.4 at a
wavelength of 589.3 nm wusing a sodium lamp as a source with mono-
bromonaphthalene as a contact liquid between the glass and the prism of the

refractometer.

Monobromo naphthalen

Figure 3.4 Abbe refractometer (ATAGO) with a sodium vapor lamp as a light source

having wavelength of 589.3 nm (D line) with monobromonaphthalen as a contact layer.

3.5  Structural properties

X-RAY Diffraction, Fourier Transform Infrared spectroscopy and X-ray absorption
spectroscopy are used to find out about the structure of glass samples in this
dissertation.

3.5.1 X ray diffraction

X-ray diffraction is a standard technique for material characterization to obtain
microstructural information for crystalline and non-crystalline materials. This non-
destructive method could provide information such as crystal structure, lattice
parameter, crystal size, composition, etc., which are useful for ceramics, metal alloys,
semiconductors, polymers, nano-materials research. In this work, the structure of glass
was examined on a D2 Advance Bruker with Cu Kg and A = 0.15406 nm. The step size

of 0.02 and step time of 0.4 were used to record the XRD patterns in the 28 of 10° to
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80°. X-ray diffraction (XRD) is the principal technique used for phase identification of a
crystalline material and determining the unit-cell dimensions. X-ray diffraction depends
on the crystalline sample, and the constructive interference of X-rays is produced from
X-ray tubes. Then it is filtered to provide monochromatic X-rays and directed directly
to the sample. The interaction between the incident radiation and the sample leads
to constructive interference. The geometrical interpretation of the XRD phenomenon
(constructive interferences) has been given by W.L. Bragg (Bragg, 1929). Figure 3.5 shows
a photograph of an X-ray diffractometer.

Figure 3.5 Powder X-ray Diffraction (Bruker D2 PHASER).

3.5.2 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a high-efficiency technique for
determining the chemical and structural information in the local environment of the
absorber. The XAS spectrum consists of X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS). The XANES spectrum often gives
information on the coordination geometry (e.g., octahedral, tetrahedral coordination)
and oxidation state of the absorbing atom. XANES measurements can be carried out
in transmission or fluorescent modes. The samples are for the fluorescence mode

experiment. The photon hits the sample and it is absorbed by the core electron. After
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that, the core electron ejects from its core-shell, leading to the occurrence of a core
hole that is in a highly excited state. Then, the phenomenon of X-ray fluorescence or
Auger electron emission occurs to relax the core hole state. In terms of higher-energy
excitation, the primary relaxation process is X-ray fluorescence. The W(E) is calculated

using the equation (3.3)

F
uE) =C (=) (3.3)

Io
Where C is approximately constant, F is the intensity of the fluorescence X-
rays, and ly is the intensity of the incident X-ray beam. In this work, the oxidation states
of Ce, Sm, Th, Eu, and Dy (L3-edge) were collected in the fluorescence mode. XANES
measurement was conducted in the electron energy of 1.2 GeV and a beam current
of 80-150 mA at the SUT-NANOTEC-SLRI XAS (BL5.2), the Synchrotron Light Research
Institute (SLRI), Thailand (Figure 3.6).

it

Figure 3.6 X-ray absorption spectroscopy (SUT-NANOTEC-SLRI beamline setup (BL5.2).

3.6 Optical and spectral properties

3.6.1 Fourier-transform infrared spectroscopy

Fourier transform infrared analysis of glasses has been analyzed in order to
identify the spectral contribution of each component in the structure and to point out
the role of the lanthanide ions in the glass network. Fourier transform infrared

spectroscopy is one of the effective tools for resolving the structure of local
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arrangements in glasses. These non-destructive techniques provide extensive
information about the structure and vibrational properties of glasses. The quantitative
interpretation of the absorption bands of the IR spectra according to the value of the
stretching force constant and reduced mass of the vibrating cation-anion has been
discussed. Interpretation of the IR absorption curves shows that the co-ordination
number determines the nature of the spectra. Infrared spectroscopy exploits the fact
that molecules absorb specific frequencies that are characteristic of their structure.
These absorptions have resonant frequencies, i.e., the frequency of the absorbed
radiation matches the frequency of the bond or group that vibrates. The energies are
determined by the shape of the molecular potential energy surfaces, the masses of
the atoms, and the associated vibrionic coupling. In particular, in the Born-
Oppenheimer and harmonic approximations, i.e., when the molecular Hamiltonian
corresponding to the electronic ground state can be approximated by a harmonic
oscillator in the neighborhood of the equilibrium molecular gseometry, the resonant
frequencies are determined by the normal modes corresponding to the molecular
electronic ground state potential energy surface. Nonetheless, the resonant
frequencies can be related to the strength of the bond and the mass of the atoms at
either end of it in a first approach. Thus, the frequency of the vibrations can be

associated with a particular bond type.

Figure 3.7 Fourier-transform infrared spectroscopy.
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3.6.2 UV-Visible spectrophotometer

The UV-Vis NIR technique is used to identify the optical properties of the
sample in the wave length range of 200-2500 nm, with a measurement accuracy of 1
nm. This range of wave lengths covers the visible and infrared spectrums. When
monochromatic em radiations are made incident on the sample, it absorbs, scatters,
transmits, and reflects some part of the light, and the incident intensity of the light
can be determined with the help of a detector. This model has a radiation source, like
a deuterium or halogen lamp, a filter, a sample cell, a photo diode detector, and a
readout (computer system), as shown in block diagrams Figure 3.8 and Figure 3.9. Tauc
et al. and E.A. Davis et al. theoretically investigated the absorption edges of the
absorption spectra. They proposed a correlation between the absorption coefficient
and the band gap energy for direct and indirect allowed transitions. To determine the
optical band gap and the nature of direct and indirect transitions theoretically, the

formula proposed by Tauc is given by Eq. (3.4)
co= oo, (hV-E,)" (3.4)

where oo, is a constant, n =1/2, n = 2 for allowed direct and indirect transitions
respectively, E, is the optical energy gap between the valence and conduction band.
Tauc's formula holds true for glass host, therefore the indirect optical band gap (E)

can be evaluated by putting n = 2 in Eqg. (3.4) and drawing the absorption coefficient

(sohV)"? versus photon energy hV.

[ Em source J » »[ Sample holder J

\ 4
[ Readout J« [ Detector J

Figure 3.8 Block diagram of the UV-Vis NIR spectrometer.
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Figure 3.9 Shimadzu 3600 UV-Vis-NIR spectrophotometer.

3.6.3 Photoluminescence technique

A photoluminescence spectrometer with a measurement accuracy of 1 nm is
employed to study the spectral characteristics of the samples. The de-excitation of
electrons to the ground state causes the emission of light called luminescence or heat.
Luminescence spectra were recorded by adjusting the excitation monochromator at a
specific wavelength and scanning the emission monochromator over a range of
wavelengths. Excitation spectra are recorded by fixing the emission monochromator at
a chosen wavelength and the excitation monochromator is scanned over the desired
wavelength range. In the present work, an Agilent technology Cary Eclipse fluorescence
spectrometer capable of performing in the wavelength region of 200 to 900 nm with
a spectral resolution of 1.0 nm has been used. The block diagram of the luminescence

spectrometer is displayed in Figure 3.10.
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Excitation
Light Source 2 » Sample holder
Monochromator

Emission

Monochromator

Recorder Detector

Figure 3.10 Agilent technology Cary Eclipse fluorescence spectrometer.

3.6.4 X-ray luminescence technique

Luminescence induced by X-ray was recorded using the same procedure as
that for Photoluminescence technique, except the radiation induced source was used
as a Cu target with an x-ray generator (Intel, XRG3D-E: X-Ray generator) instead of visible
light. The power of the X-ray source was operated at 50 kV and 20 mA for all developed
samples. The spectrometer (QE65 Pro, Ocean Optics) with optical fiber was employed
for the detection of emission spectra instead of the phototube. Figure 3.10 shows the

experimental tools of the induced x-ray luminescence spectrometer.

Figure 3.11 X-ray induced luminescence.



CHAPTER IV
CERIUM DOPED BORATE GLASS

A series of glasses composed (Ce®" and Gd**) co-doped lithium aluminum
borate glasses with composition 25Li,0-5Al,05-XGd,05-(69.5-X)B,05-0.5CeF; glasses
were successfully synthesized by using a conventional melt-quenching technique and
characterized through physical, structural and luminescence properties. The optimal
doping concentration of CeF; contents is 0.5 mol% and varying Gd,O3; concentration
for studying the combined effect of dual doped glass. Further, the phenomenon
of energy transfer from the host glass in luminescence center was observed by x-rays
induced luminescence spectra, as well as from Gd*"to Ce*" ions are confirmed by
photoluminescence emission spectra. The strongest emission intensity of Ce**emission
is obtained when the scintillating glass contains 5.0 mol% of Gd,O; concentration.
From the nano-second decay time of glass exhibit a high potential for using as

scintillating materials.

4.1 Introduction

Borate-glasses pertaining rare earth (RE) doped glasses play a lot of significance
owing to their applications for scintillating material, solid state, luminescent
applications (Nikl et al., 2000; Zhang et al., 2018; Yoshimura et al., 2009). Borate glass
is a good choice because of their have high thermal stability, good strength, low
melting point, different coordination numbers, good solubility of rare earth (RE) ions
and excellent transparency (Pascuta et al., 2008; Park et al., 2016; Ogieglo et al., 2013).
However, borate glass has some poor properties such as hygroscopic character (Park
et al,, 2013). The borate glasses have a detrimental effect on their performance by

absorbing moisture without being stable. Therefore, it can enhance many properties
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of borate glasses and alter, even decrease the hysgroscopic property of their
glass network such as Li,O, Na,O, and K,O leading to a solution that is the addition of
alkali oxides. In addition, Li,O, Gd,Os;, and B,O; host glasses systems have been
extensively studied in the literature because its high stability, clear transparent, energy
transfer from Gd®* to the trivalent rare earth activator and improve the intensity of
emission spectra, especially Li- containing materials are also considered ideal
scintillators for neutron detection (Zaman et al., 2016; Spector et al., 1993). Moreover,
lithium in borate glass contributes to the conversion of sp® planar BO5 units into more
stable sp’ tetrahedral BO, units and non-bridging oxygen (NBO) can be produced (Sun
et al., 2015). Lithium is an important alkali cation and Al,O; is important in that
structure, mainly imparting thermal stability and durability superior to most other
elements. Adding some of the rare-earth elements are show special properties to the
glass such as super-fluorescent (a fast luminescence decay time in nanosecond units),
especially Ce®* ions doped have been studied of considerable interest for potential
applications as scintillators (Bahadur et al., 2013) Further, most scintillation materials
need high efficiencies of luminescence and dopant or activators from preferred
inorganic scintillation sites for excited electrons from the activator before falling to the
ground state. So that, co doped between Ce’* and Gd**form activated borate glasses
have become very popular for using in neutron detection reports by Bollinger, et al.
1962. Due to the 4f-4f transition states of the Gd>* are overlapped with the 4f-5d
transition state of the Ce®*, which its present the charge transfer of the 4f— 5d
character. Thus, the energy transfer from the Gd*>* to Ce’*ions show many unique
advantages such as high quantum efficiency, high light yield and short lifetime of glass
could be a potential candidate for radiation scintillating materials (Park et al., 2013).

In this paper, we focus on the co-doped with rare earth (Ce®* and Gd**) of
lithium aluminum borate host glass matrix. The composition ratio 25Li,0- 5AL,05-
XGd,0s- ( 70- Y- X) B,Os- YCeF3, have been fabricated by using the melt- quenching
technique. In the first step, the doping concentration of the CeF; was varied from 0 to
1.5 mol%. The optimal doping concentration of Ce** ions was 0.5 mol% CeF; show
photoemission with high-intensity, designated name as LACB glasses after step the

varying concentration of Gd,O; where X= 0, 2.5, 5.0, and 10 mol%. Therefore, we
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studied the physical, structural, luminescence and scintillation properties of glass
system by using an optical spectrometer, X-ray absorption near-edge structure (XANES)
and X-ray luminescence system will help us understand the impact of dual-dope the

host glass matrix in the borate with two lanthanide trioxides.

4.2 Experimental Procedure

4.2.1 Preparation of CeF; doped

The compositions of borate glasses investigated in the present work are 25Li,0-
5AL,05-5Gd,05-(65-Y)B,05-YCeF5 fixed 5.0 mol% of Gd,05 so called as LAGB series and
varying concentration of CeFs in mol%, where Y= 0, 0.05, 0.3, 0.5, 1.0, and 1.5 mol%.
The cerium fluoride-containing scintillation ¢lass host has greatly higher the
luminescent intensity. This the optimal concentration CeF; of glass host gives the high
PL intensity and chose then for varying Gd,O5; concentration.

4.2.2 Preparation of Gd,0; doped

For Gd>* doping, a proportional portion about Gd,05 substance with difference
X from 0 to 10.0 mol%, call the LACB series of glass (0 mol% Gd, 2.5 mol% Gd, 5.0
mol% Gd, 7.5 mol% Gd and 10 mol% Gd) have been substituted for those particular
stoichiometric measures of dopant contents. Both glasses series were prepared by
using the melt quenching technique at 1,200°C (Figure 4.1). The starting materials of
lithium carbonate (Li,COs), boric acid (HsBO3), gadolinium oxide (Gd,0s), and cerium
fluoride (CeFs) were weighed using an electronic balance having an accuracy of the
order of 0.0001g. In the process, about 20 g batches of a homogeneous mixture of law
material were prepared. All the chemicals were of laboratory reagent grade. The
alumina crucible containing the mixture was placed in an electric furnace. The electric
furnace was kept at a temperature 1,200°C for 90 minutes. Then the glass melt was
poured onto a graphite plate followed by annealing at 500°C for 3 hours to relieve
thermal stress and cooled slowly to room temperature. The two opposite faces of the
glasses were ground approximately on the cutter machine and then on the polishing
machine (1.0x1.5x0.3 cm?). The sample thickness was measured with a micrometer,

with a resolution of 0.001 mm. From the final glass materials at room temperature,
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their densities were first measured according to a simple Archimedes method using
water as an immersion liquid and then molar volumes were calculated. The optical
absorption spectra of polished samples are measured with a UV-vis -NIR
spectrophotometer (Shimadzu UV-3600) in the wavenumber range 200-800 nm.
Optical band gaps were calculated for indirect transitions from the absorption spectra
of each sample. Photoluminescence (PL) spectra were recorded using a
spectrofluorophotometer (Cary-Eclipse) with a Xenon flash lamp as an excitation light
source. The pattern of X-ray diffraction (XRD) was recorded using a Bruker D2 phaser
XRD-6100 with CuKq radiation at 30 kV and 30 mA with a range of 20 = 10°-80°. The
X-ray luminescence spectra were measure by an experimental setup consisting of Cu
target x-ray generator (Inel, XRG3D-E), fiber optic spectrometer (Ocean Optics, QE65
Pro) and brass sample holder. Glass was radiated by x-ray which operates at 50 kVp
source and 30 mA current. The luminescence decay curve of glasses was studied by
using the Deltapro™ fluorescence life time system (HORIIBA scientific) with 286 nm
DeltaDiode light source (DD-290) and picosecond photon detector (PPD-850). X-ray
absorption spectroscopy (XAS) was performed at Synchrotron Light Research Institute
(beamline 5.2). The Ce Ly X-ray absorption near-edge structure (XANES) was recorded
for the glass samples in fluorescence mode. Standard CeF; and CeO, samples were

used for reference.

@ 0 o sl F:%E‘
| & |

Annealing at an appropriate temperature
Quenching casting in a suitable mould

Figure 4.1 Schematic illustration of melt quenching technique along with a photograph

of the prepared glasses.
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4.3 Results and discussion
4.3.1 A series of LAGB: 5.0 mol% Gd,O; with varying concentrations of CeF,
With no noticeable coloration, the glass samples with varying CeF,
concentrations from 0 to 0.5 mol% demonstrate excellent inline transmission. While
the concentration of 1.0 mol% CeF; is a yellow shaded material in presented in Figure

4.2.
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Figure 4.2 The ¢lass samples of LAGB series with different concentration of CeFs.
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In Figure 4.3(a) shows the density (approximate) and molar volume (V,,) of
25Li,0-5A1,05-5Gd,05-(65-Y)B,05-YCeF; glass samples as a variable concentration
factor of CeFs. With an increase in the volume of CeF; doped in the glass system, the
density increased. The density of LAGB doped CeF; glass provides in a range of 2.662
to 2.732 g/cm’. As seen in the glass chemical system, the CeF; is heavier than the
substitution of B,O; by CeF; doping, resulting in an increase in overall glass weight that
raises density (Park et al., 2013; Zaman et al, 2016). With an increase in CeF,
concentration between 0.05-0.10 mol%, molar glass volume was decreased. The
vacancies, interstitial space of the glass network can be added by the small quantity
sum of CeF; dopant. Hence the volume per mole of glass decrease. The
overabundance of Ce®* will disrupt the O, cation bonding and make non-bridging
oxygen (NBO) or non-connecting oxygen (NCO) with glass sample doped with CeF;,
above 0.10 mol%. These NBOs activate the molar-related interstitial space of the glass
network. These NBOs allow the interstitial space in the glass network to extend with
an increase in CeF; concentration from 0.10-1.50 mol% in comparison to the molar
volume (Kaewnuam et al., 2019). The refractive index values were plotted versus the
concentration of CeFs, displayed in Figure 4.3(b). The results show the refractive index
increase with increase the concentration of CeFs; corresponding to density result. Due

to the growth of NBOs in the glass matrix, it is predicted. The XRD results for all glass
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samples as seen in Figure 4.3(c), the amorphous existence of the samples is confirmed
by the absence of crystallization peaks in the spectra. In addition, the transparent glass
without crystallization was observed.

The optical absorption edge is seen to clearly demonstrate the amorphous
essence of glass samples recorded at room temperature in the wavelength of 200-800
nm, as shown in Figure 4.4. As CeF; content rises, it is noted that the direction of the
absorption edge shifted to shorter wavelengths. In the entire UV zone, Gd-doped ¢lass
samples have large absorption. Hence, it is reasonable to consider these absorption

bands are due to host glass.
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Figure 4.3 Density, molar volume, refractive index and XRD analysis of the LAGB glass

system as a function of the mol% of CeF; (mol%) defined from a, b, and c.
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Figure 4.4 The absorption spectra of lithium aluminum gadolinium borate glasses

(LAGB) doped with increasing CeF; amount doped in glass.
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Figure 4.5(a) indicates photoluminescence of excitation/emission spectra in
non-doped and (0.05-1.5 mol%) CeF; doped glasses. No emission bands were
observed in the non-doped sample, while the (0.05-1.5 mol%) CeF;-doped sample
have a large emission bands centered at 350 nm. It is respected the emission spectra
due to the 5d-4f electron transition character of Ce* ions. Addition, the broad
excitation band centered at about 312 nm (4f-5d allowed transition of Ce®* ions) have
to trend increases with the increasing CeFs; concentration up to 0.5 mol% (the
maximum intensity). Figure 4.5(b) shows the Gd**excitation at 275 nm due to the %S,/
to |, transition Gd*>* to Ce® energy transfer phenomena, was obtained and show
emission bands centered between 350-364 nm when excited with UV. The emission
intensity increased with increasing Ce®* concentration from 0.05 to 0.5 mol% and
consequently dropped due to concentration quenching phenomena. In comparison,
direct excitation (310 nm) for Ce** emission intensity has been higher than under
excitation for Gd®" (275 nm), peak in the range 352-364 nm and the 4f-4f transition
states of the Gd*" are overlapped with 4f-5d transition sate of the Ce’*, which present
the charge transfer of the 4f—> 5d character. All process of luminescence transitions
under Ce®* directly and Gd*' excitation was shown in Figure 4.5(c). Then, we
investigated the optimum doping concentration for CeF; amount doped in (LAGB) glass.

CeF; is observed here to be 0.5 mol%, the best condition for the next experiment.

4.3.1 A series of LACB: 0.5 mol% CeF; with varying concentrations of Gd,03

Figure 4.6 Photograph of samples with different concentrations of Gd,Os.

In this part, we have presented a detailed spectroscopic analysis for the best
concentration of glass with doped Y=0.5 mol%, 25Li,O-5Al,05- 5Gd,05-(64. 5-X) B,Os-

0.5CeF; (LACB series). Because the glass scintillation should be of high detection
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performance with x-rays, great care is being taken to ensure that Ce** doped glasses
are a successful host with optimum numbers of Gd,0s;. As a result of the energy
conversion from Gd**to Ce®* when excited with UV or X-rays (Wantana et al., 2018).
There is an improved amount of the light yield of Ce**-doped LAGB glasses. In Figure
4.6 plays all glass samples appearance, with the chemical composition of x ranging
from 0 up to 10 mol% fraction of 25Li,O- 5AL,05- XGd,0s5-(69. 5- X) B,O5-0. 5CeF5. In
relation, Table 4.1, we summed up some properties of the glass samples, where the

increase of Gd,O5 is marginally seen.

Table 4.1 Glass composition (mol%), density, molar volume, refractive index, indirect
bandgap, and decay time of lithium aluminum gadolinium borate (host) doped CeF,

0.5 mol% sglasses with increasing of Gd,O; amount doped in glass.

Gd,03 (mol%) 0 25 5.0 7.5 10.0

Density (g/cm”) 22390 +  2.4096 + 25787+  2.6553+ 28799 +

0.0201 0.0251 0.0198 0.02512 0.0205
Molarvolume 273792+  28.4796+ 29.4508+  31.3585+ 31.4560+
(cm®/mol) 0.1026 0.2025 0.1521 0.1820 0.1625

Refractive index 1.6535+ 1.5433+ 1.5667+ 1.5641+ 15274+

0.0013 0.0019 0.0017 0.0020 0.0025
Indirect bandgap 2.3620 2.7284 2.8955 3.0211 3.0559
(eV)
Decaytime (ns) 17.44 + 15.70 = 15.20 = 16.03 + 16.98 +
1.07 1.37 1.35 0.56 1.07

The increasing Gd,O53 content increases the density and molar volume, which
means the Gd,O; portion is a glass modifier. The Gd,O; molecular weight (362.5 g¢/mol)
is higher and at the same concentration of 0.5 mol% CeF; samples. Glasses then
indicate a raise in their density was varied in glass (Figure.4.7(a)). Although the rise in
the molar volume is due to disruptions in the block network in the glass, more non-

bridging oxygen is more generated and its volume thus increases (Zhu et al., 2013).
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Figure 4.7(b) indicates the XRD pattern for all samples has no continuous or discrete
sharp peak, and consists only of diffuse bands, which specifically show the glassy

quality of the glass samples prepared.
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doped with different concentration of Gd,0O5 glass sample.
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Figure 4.8 FTIR spectra of non-doped powders (0 mol% Gd,0s;) and powders from
doped Gd,05 (0, 2.5, 5.0, 7.5, and 10 mol%) samples. Characteristic peaks are presented
in Table 4.2.

Figure 4.8 displays Fourier transform infrared spectroscopy (FTIR) spectra of
samples from non-doped Gd,0O3 and variable Gd,05; contents of existing glass-systems.
The FTIR spectrum, which includes the main two traditional bands owing to the
presence of borate groups, reveals the extended vibrations of trigonal BO; units (NBOs)
at 1354 cm™(Konijnendijk et al., 1975) and B-O tetrahedral stretching units [BO,] at 966
cm™! (Konijnendijk et al., 1975; Furukawa et al., 1980; Silim et al., 2006) of all the
samples. There is also an additional band of roughly 694 cm™ as B-O-B links bend
through the borate network. Although the vibrations of these NBOs occur 0 mol% of
Gd,0s5 in the study, Gd,0O3 increases. Its intensity of observed peaks tends to decline
in samples, suggesting that NBOs are becoming extinct, to 7.5 mol% of Gd,0;. We may
also assume the gadolinium tends to suppress NBOs. This also goes well with density
observations that density shows an increasing trend as we move from sample 0 to 7.5
mol% of Gd,05;. When the glasses are doped with 7.5 mol% of Gd,0Os;, the intensity of
the band due to [BOs] units are observed to decrease and in correspondence to a new

band is rise at 452 cm*band. This band is attributed to the vibration of cerium cations
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at their network sites (Silim et al., 2006). In some studies, the creation of cerium units
in combination with the network is mentioned (Khanna et al., 2014). Thus, no shift of
place with 0.5 mol% CeF; fixing (452 cm™) leads to conclude that the range is mostly
attributable to modifier vibrations than the former CeF; units (Balachandera et al,,
2013) network. It gives knowledge on different structural groups in nature and allows
to know changes with the compositional variety of the glass samples in their
configurations. As the concentration of Gd,Os is further increased, it is also noticed that
the peak intensity decreases by 1354 cm’, corresponding to a band intensity of 966
cm™! with changes towards higher wavenumbers (960-982 cm™). This is attributable
[BO4] classes increased and glass systems (Konijnendijk et al., 1976, Gautam et al,,
2012) reduced by [BOs] units. The [BOs] group is converted to the [BO,] group and

oxides of Gd,0; are added in the borate network.

Table 4.2 Assignment of FTIR bands of the glass system (25Li,0-5A1,05-XGd,05-(69.5-
X)BzO3—O.5ceF3).

IR bands wave number Assignments
(cm™)
452 presence of lithium oxide in the glass samples
694 Bending vibration O-B-O
966 B-O stretching of tetrahedral BO,4
1253 B-O asymmetric stretching vibration in BO; from

varied types of borate groups

1354 Stretching vibration of NBOs of BO, unit
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Figure 4.9 Optical absorbance (a) and indirect bandgap (b) of the investigated 0.5

mol% Ce-doped with different concentration of Gd,Os in the UV-VIS region.

The optical absorption range for all glass samples with various amounts of
Gd,05 (0-10 mol%) as shown in Figure 4.9(a), the sharp of absorption edge in the

spectra is no sharp, which confirms the amorphous existence of all the glass samples.

All the samples show high transmittance. Figure 4.9(b) were plotted between (QLhL)"?

and hUL using for determination of the optical band gap of prepared glass samples

where Q, h and V are the absorption coefficient, Planck constant and frequency,

respectively. (Ravangvong et al., 2020; Shoaib et al., 2019; Sinha et al., 1996)
The optical band gap (Eg) of glass was calculated by following the equation;
QhV = B (hV-E)"*

The optical band gaps of glasses were found at 2.3620, 2.7284, 2.8955, 3.0211,
and 3.0559 eV for 0, 2.5, 5.0, 7.5, and 10 mol% concentrations of gadolinium,
respectively as listed in Table 4.2. From Figure 4.9, it can be seen that for glasses
doped with 0 to 10 mol% the absorption edge shifts slightly towards longer
wavelengths. The optical bandgap for the highest Gd,O; content occurs at the highest
3.0559 eV in 10 mol% of Gd,Os. By increasing the Gd,O5; content in the glass matrix

are shown in the optical band gap energy increases.
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Figure 4.10. excitation and emission spectra of glass samples with different Gd,0;

concentrations prepared in the atmosphere.

The luminescence spectra under Ce®* show the peak emission wavelength
around 350 nm. The excitation spectrum of Ce®* ion consists of asymmetric broadband

with @ maximum at 312 nm in the 2.5 mol% (high intensity) doped with Gd,Os
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are influenced by concentration quenching appear. The excitation peaks of the
Gd** were observed at 254 nm, 275 nm, and 312 nm that represent the major emission
peak of Gd**at 312 nm, corresponding to the transition from Gd>" (Figure 4.10(a))
respect. The excitation of the 4f state of the Gd’* at Ao = 275 nm, an indicative of
the effective energy transfer (ET) can be attributed to the sharp 4f-4f transition of the
Gd’*in the UV region and overlapping with the broad 4f-5d transition sate of the Ce®".
Therefore, the energy transfer from Gd*'to Ce**was studied by 275 nm excitation
illustrated in Figure 4.10(b). As the highest luminescence intensity was observed from
the sample series LACB glass prepared at 2.5 mol% of Gd,Os, providing the best
condition with high energy transfer between the Gd**to Ce®* ions. Moreover, the energy
levels diagrams of Gd**and Ce®* ions and their relative transition are described in Figure
4.5(c). Since Gd*" ion is stimulated by 275 nm of UV radiation, the original upper energy
level population relaxes to its lower energy levels before it exceeds the °P,, level by
phonon help and 310 nm of characteristic Gd®* ion emission occurs are shown in Figure

4.5(c).
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Figure 4.11 X-ray induced scintillation spectra of LACB series glasses by fixed 0.5 mol%
CeF; concentrations with increasing of Gd,O; concentration doped glass are show a
dark (0 mol%), red (2.5 mol%), sky blue (5.0 mol%), green (7.5 mol%), and pink (10.0

mol%).
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In Figure 4.11, the x-ray excited emission spectra of 0.5 mol% Ce** as a function
of Gd,05 content are given. We have developed a concept of transfer efficiency has
increased: the optimum concentration Gd>" ions allowed efficient migration of energy
into these glass matrices following by a single-step energy transfer towards emission
centers created by the Ce®*. The glass samples have the similar shape and the
measurements have been made under identical settings. The emission band center,
approximately 398 nm (4f—>5d transitions of Ce®*), was observed. For the 0.5 mol%
Ce concentration that provides a large the maximum radioluminescence intensity was
achieved with Gd®* concentration at 5.0 mol% after that the intensity decreased,
causing the concentration quenching effect. Which is not the same concentration of
Gd,03 in the photoluminescence spectra (Figure 4.10). Therefore, the optimal
concentrations of Gd,O; for the PL and RL are different as 2.5 mol% and 5.0 mol9%,
respectively. It can be clarified that the host material and activator ion have various
interaction mechanisms with excitation by UV and X-ray. On the way, the UV source
will specifically activate the electrons of the trivalent lanthanide ions, while the X-rays
excite electrons of both the trivalent lanthanide ions and the host in glass systems. X-
ray excitation (creates electrons and holes) in host glass results to electron hole pairs,
then recombination process will be happened and transfer energy to activator ions for
light emission.

To confirm the oxidation state change of Ce ions in 25Li,0-5A,05-XGd,05-(69.5-
X)B,03-0.5CeF;, we measured Ce L -edge X-ray absorption near-edge structure (XANES)
spectra of CeF; and Ce,0; as standard curves show in Figure 4.12(a). It is obvious that
the CeF; had only one sharp peak at 5723 eV. The reference sample Ce,O3 had two
peaks of the maximal points at 5729.5 and 5739.5 eV. It can be found that the valence
state and corresponding ratios of Ce (3+ or 4+) ions in obtained LACB glasses could be
estimated by comparing its XANES spectrum (calculated with Athena software). All the
glass samples exhibited only peak with different Gd,Os; concentrations which
demonstrated that Ce ions in the sample glass have two valence states, trivalent (Ce**)

and tetravalent (Ce™), respectively. The calculated results are shown in Figure 4.12(b).
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Figure 4.12 Cerium L XANES spectra of 0.5Ce: LAXGB glasses along with ftting curves

constructed by combination of XANES analysis using CeF; and CeO, standard.

It can be seen that the relative content of Ce®" ions in glasses increases with
the increase of Gd,05 doping concentration, and the highest relative content of Ce®*
is about 92.4% for the 7.5 mol% Gd,O; in LACB glass sample. It is proved that only
Ce® could luminescence efficiently, while Ce™ shows no luminescence due to
resonant energy transfer and metal-metal charge transfer along with self-absorption
from far UV to 500 nm visible regions. It can be noticed that the photoluminescence
intensity of LACB sample raises with the increase of Gd,O; doping concentration,
reaching the peak value at doping with 2.5 mol% Gd,0;, but decreases with the further
increase of Gd,0O; doping concentrations. With the increase of Gd,0O; doping

concentration in the LACB glasses sample, trivalent Ce®" ions incorporated into the
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LACB glasses lattice became saturated and exceeded the limitation, suggesting that
concentration quenching effect.

Figure 4.13 represents the nano-second decay time spectra of LACB series
glasses. Details of the decay constants for different Gd,Os- concentration in LACB
glasses are given in Table 4.3. Decay time spectra were fitted with three exponential

functions using the below equation:

I(t)= By*exp(-i/T)+ By*exp(-i/T,)+ Bs*exp(-i/Ts)

Where I(t) is the emission intensity as a function of time t, B;, B,, and Bs are
constant, Ty, T,,and Ts are the short and long-time decay constants.

The decay time of glass was observed using 286 nm excitation with 2 ns of
pulse rate. Fixed 0.5 mol% cerium concentrations with increasing of Gd,O3; amount
doped glass are presented in Figure 4.13. All data corresponding to behavior was
conducted for the three exponential components. It is well fitted by an exponential
decay equation, as shown in Table 4. 3. In particular, the decay time value decreases
from 17.45 to 15.20 ns with increasing Gd,O5; concentration from 0 to 10.0 mol% in

the glass samples.

®  0mol% Gd; 17.448ns
3 5.0 mol% Gd; 15.2069ns

0.1
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Figure 4.13 The typical luminescence decay curve under 286 nm excitation of LACB

glasses doped with 0 and 5.0 mol% of Gd,Os.
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Moreover, Table 4.3 clearly shows that maximum light is emitted with fast
decay constant (almost 100%) for all samples therefore, it is concluded that direct
electron-hole capture by Ce®* ions is a dominant energy transfer mechanism in this

glass.

Table 4.3 Decay time comparison of LACB glasses with variation of Gd,0s.

Sample name Ty(ns) TAns) Ts(ns)
0 mol% Gd 17.44+1.07 94.42+5.83 3.56+0.28
(55.44%) (37.0%) (7.55%)
2.5 mol% Gd 16.59+1.37 101.70+6.84 4.96+0.27
(61.71%) (30.64%) (10.77%)
5.0 mol% Gd 15.20+1.35 85.28+5.25 4.96+0.27
(58.6%) (30.64%) (10.77%)
7.5 mol% Gd 15.70+0.56 1.18+0.10 5.21+1.99
(57.73%) (5.83%) (36.43%)
10.0 mol% Gd 16.03+£1.07 101.10+5.84 4.56+0.27
(57.44%) (35.55%) (7.00%)
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CHAPTER V
SAMARIUM DOPED BORATE GLASS

The standard melt-quenching technique was used to create a novel series of
Gd* and Sm**co-doped borate glasses with the LAGAxBSm1.0 and LAGd2.5BSmx series
of glasses. All samples were analyzed by XRD, FTIR, and optical screening to determine
their characteristics (absorption, excitation, and emission). The results confirmed the
amorphous nature of the synthesized glass samples, while the FTIR revealed the
existence of BO; and BO, vibrations in the samples. The series glass quality of
LAGAXxBSm 1.0 doped in the host matrix was confirmed by the radioluminescence and
photoluminescence results at the optimal doping concentration of 2.5 mol%. The
decay times and energy transfer parameters for energy levels of Sm>" to Sm>* ions in
borate glass were investigated to determine the relationship between doping
concentration and luminescence characteristics. Glasses have been created into an
appropriate lighting ¢lass using 25Li,0-5A1,05-2.5Gd,05-(67.5-X)B,05-XSm,05 host
matrix glass doped with varying concentrations of Sm>". Visible light and near-infrared
absorption values in the glass samples demonstrate the existence of Sm>* ions. The
photoluminescence and radioluminescence spectra have high concentration
quenching (0.5 mol%) and produce four emission peak wavelengths, with the
maximum emission wavelength at 600 nm (soft orange color). Based on these results,
the studied glass series could be a good choice for X-ray scintillators in medical,

industrial, and other settings in the future.

5.1 Introduction
In the recent past, scientists have tried to prepare phosphor materials doped
with multi-rare-earth glass matrix, together with developing host materials for useful

optical devices such as fiber ampilifiers, waveguide lasers, bulk lasers, infrared to visible
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upconversion lasers, and phosphors. Several oxide components, such as SiO,
(Mohan et al., 2013), GeO, (Gunji et al., 2020; Khalid et al., 2020), TeO, (Stambouli et
al., 2013), P,Os (Kaura et al., 2019; Shoaib et al., 2013), have been successfully used in
glass production. As a glass-former, borate seems to be the best host material (Kirdsiri
et al,, 2019; Wantana et al., 2017). Rare-earth-doped borate glass is one of the best
host materials for trivalent rare-earth ions because it is inexpensive, has good thermal
stability, hish phonon energy of 1200-1500 cm™, low temperature for synthesis,
radiation hardness, and interesting optical properties like high transparency from the
visible to the near-infrared spectral region (Karthikeyan et al., 2005, E(Batal et al., 2007,
Gedam et al., 2013; Ramteke and Gedam et al., 2014). Furthermore, borate-based
glasses joined with other modifier oxides such as Li,O and AlL,O5 in a glass system are
well known to increase several attributes such as durability, good mechanical ability,
and glass-forming ability. Recent studies indicate that the properties of systems based
on Gd,O;3 (Onderisinova et al.,, 2015) containing rare-earth ions are significant in the
field of luminescent materials because they can improve the energy transfer
mechanism from sensitizer (Gd>* ions) to luminescence activator, which not only
enhances activator ion photoluminescence but also boosts the light yield of emission

in the host.

Recently, many researchers have studied the energy transfer mechanism from
Gd** to trivalent rare-earth such as Tb>" (Kesavulu et al., 2017), Ce*" (Rittisut et al,
2021), Dy>* (Ullah et al., 2020), and Eu* (Khan et al., 2018) in some proper single host
lattice for UV-based lighting applications. As a result, the rapid growth of essential
luminescent materials, indicated by amorphous glass doped with multi-rare-earth
(MRE) ions, has come to dominate several fields of glass research. Rare-earth -doped
glass materials require a comprehensive view of luminescence characteristics like
lifetimes, quantum yields, and energy transfer efficiencies. These appear extremely
sensitive to their immediate surroundings and the distribution of the doped ions in the
glass matrix, which substantially impacts its chemical composition. Hence, the rare-
earth ion (REI) luminescence characteristics are being studied in different glass matrices

to understand REl and ligand interactions to build optical devices with enhanced
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performance. This luminescence will be caused by the shielding effects of their outer
5s and 5p orbitals on 4f-4f transitions (Moorthy et al., 2014). Therefore, rare-earth ion-
doped glasses have received particular attention. Because of this, there are significant
peaks in the absorption and emission spectra in the visible region. The manufacturing
and optical study of samarium doped glasses have received little attention, therefore
the trivalent samarium ion (Sm”*) was selected for this study because of its
luminescent characteristics in the visible region (Wantana et al., 2020; Kaewnuam et
al,, 2017; Zaman et al., 2016). Maximum emission peaks in the 550-700 nm region are
appropriate for employing Sm>* ion as a dopant for orange emission. The prominent
peaks in the luminescence spectra of samarium combinations are transitions from the
*Gs,, excited state to °H, U = 5/2, 7/2, 9/2, and 11/2) levels that make the glasses
display reddish-orange light. The addition of co-doping with two rare-earth ions was
used for efficient energy transfer between components (if their energy levels are close
enough to be implicated in a transfer). Many systems have been investigated in order
to assess energy transfer between two RE co-doped glasses. This is important not only
for applications of sensitized luminescence but also for understanding how it works.
The objective of this work is to investigate the optical characteristics of Gd,05
doped borate glasses in 25Li,0-5A1,05-XGd,05-(69-X)B,05-1.0Sm,05 with different X
concentrations of 0, 2.5, 5.0, 7.5, and 10.0 mol%. The optimal Gd,O; concentration in
the glass series was approximately 2.5 mol%, which gave a higher luminescence
intensity than the other doping concentrations. This optimal concentration of Gd,0s
was then used as the host glass matrix of the borate for further study. To find the best
proportion combination of dopant ions in a luminescence glass. We produced and
studied lithium aluminum gadolinium borate glasses doped with varying
concentrations of Sm,05 in 25Li,0-5A1,05-2.5Gd,05-(67.5-X)B,05-XSm,05, where X = 0,
0.05, 0.1, 0.3, 0.5, and 1.0 mol%. This study investigated the physical, structural,
luminescence, and scintillation properties of glass systems using optical spectrometer,
X-ray absorption near-edge structure (XANES), and X-ray luminescence system to
better understand the impact of dual-doping the host glass matrix with two lanthanide

trioxide.
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5.2 Experiment

The melt quenching method produced lithium aluminum borate glass samples
doped with Gd>* and Sm>*ions. Standard chemicals from Sigma-Aldrich with the highest
purity of Li,COs, H3BOs, Gd,03, Al,03 and Sm,05 were used as starting ingredients.

5.2.1 Doped with Gd,O; concentration

First, a series of 25Li,0-5A,05-XGd,05-(69-X)B,05-1.0Sm,05 glasses with
different amounts of X = 0, 2.5, 5.0, 7.5, and 10.0 mol% were made and called the
LAGdxBSm1.0 glasses series.

5.2.2 Doped with Sm,05; concentration

The optimal concentration of Gd,05 (2.5 mol%) glass matrices were then doped
with various amounts of Sm,0; to produce a series of glass samples with a chemical
composition as 25Li,0-5A1,05-2.5Gd,05-(67.5-X)B,0s-XSm,0O3. These samples were
labeled as LAGd2.5BSm0, LAGd2.5BSm 0.05, LAGd2.5BSm0.1, LAGd2.5BSmO0.3,
LAGd2.5BSm0.5, LAGd2.5BSm1.0, and LAGd2.5BSm1.5.

Figure 5.1 shows the standard melt quenching method used to produce all
compounds. Alumina crucibles were used to grind each batch of recipes to a fine
powder. Alumina crucible possesses a high melting point, strong hardness, and good
chemical stability, making it a good material to withstand high temperatures and
chemical corrosion. Electrically heated, the powder was melted. The melted
compounds were then heated to about 1200 °C and kept at that temperature for 90
minutes. Figure 5.2(a, b) shows transparent glass samples of uniform thickness. Each
sample was obtained by pouring the melting glass on a graphite plate, then annealing
at 500 °C for 3 hours to relieve thermal stress before cooling it down slowly to room
temperature. The samples were cut and then polished on a polishing machine until
they were approximately 1.0 x 1.5 x 0.3 cm®. The samples were then characterized to

determine their optical properties.
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Figure 5.1 Schematic illustration of the melt quenching technique along with a

photograph of the prepared glasses.

5.2.3 Measurements

The density of the glass samples was initially determined by the basic
Archimedes technique using water as an immersion liquid, and the molar volumes
were then measured using a 4-digit sensitive microbalance (AND, HR 200). The molar
volume (Vyy) of the glasses was calculated using the V,, = Mw/D relationship, where
Mw and D are the overall molecular weight of the glass composition and the density
of the glass samples, respectively. The PXRD (Bruker D2 diffractometer with Cu-K
radiation) analysis was performed in order to confirm that the glass samples were
completely amorphous and transparent. The UV-vis and NIR (Shimadzu UV-3600)
spectrophotometers are used to analyze the optical absorption spectra (wavenumber
range 200-2500 nm). A Xenon flash lamp was used to record the excitation, emission
spectra, and decay data at room temperature by a spectrofluorophotometer (Cary-
Eclipse). The measurements were carried out by an experimental setup consisting of a
Cu target x-ray generator (Inel, XRG3D-E), fiber optic spectrum analyzer (Ocean Optics
QE65 Pro), and a brass sample holder. The X-ray-induced optical luminescence spectra
of the glasses were studied using an Ocean Optics QE65 Pro spectrometer and a Cu
target Xray generator, Inel XRG3D-E, which was operated at 50 kV and 30 mA power.
All measurements were carried out at room temperature. The X-ray absorption near-

edge structure (XANES) method was used to determine the oxidation state of the glass
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samples. The experimental XANES data collected in fluorescence mode were
compared with those of bent Ge (220) crystals at the Sm Llll-edge using a crystal

analyzer spectrometer.

5.3  Result and discussion

The present glass series of LAGdxBSm1.0 and LAGd2.5BSmx are doped gently
with Gd** and Sm®*. Both glasses exhibit a soft yellow color, free of bubbles,
homogeneous, and high transparency, as seen in Figure 5.2(a, b). It can be seen in
these photographs that the color of the glass sample changes from colorless to bright

yellow when Gd,05; and Sm,05 are added to the mixture.

(2) LAGAxBSM1.0 : 25Li,0-50A1,0,XGd,0,-(69-X)B,0,1.0Sm,0,

r

(b) LAGd2.5BSmx : 25Li,0-5.0A1,0,-2.5Gd,0-(67.5-X)B,05XSM,0;

Figure 5.2 Images of glasses in the (a) LAGdxBSm1.0 and (b) LAGd2.5BSmx series.

Figure 5.3(a, b) shows the dependence of Gd** and Sm>" ions concentration on
density, refractive index, and molar volume of the LAGdxBSm1.0 and LAGd2.5BSmx
glass series. Glass density is commonly described in terms of competition between the
masses and volumes of the various compound structures. It is clearly shown that all
density, refractive index, and molar volume tend to increase with the increase of Gd,03
and Sm,0; content in the LAGdxBSm1.0 and LAGd2.5BSmx glass series. Figure 5.3(a)
shows that increasing the Gd,0O; content up to 7.5 mol% increased the density and
refractive index from 2.313 g/cm’ to 2.788 g/cm’ and 1.535 to 1.570, respectively.

However, milky white phenomena were observed at a high Gd,05 concentration of 10



90

mol%, resulting in an opaque glass. Similar results were observed for Sm,0; dopant
from 0 to 1.5 mol%, as shown in Figure 5.3(b). However, increasing density (1.010
g/cm? to 2.412 g/cm?), and molar volume (27.603 to 28.390 cm’/mol) were observed
for Sm,0; dopant. The density increment is attributed to the fact that Gd,O; (Mw =
362.4982 ¢/mol) and Sm,0; (Mw = 348.7182 g¢/mol) have higher molecular mass than
B,Os (Mw = 69.6202 g/mol). In addition, the density and molar volume of glass samples
increase linearly with the increasing concentration of Gd,05; and Sm,0s;, indicating an
increase in the rigidity of the glass network. In the case of glass, the increase in density
is attributable to an increase in the number of bridging oxygen molecules present in
the glass. Furthermore, an increase in molar volume leads to an increase in bond

length, or the inter-atomic distance between atoms in the molecule.
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Figure 5.3(a, b) The variation of density (g/cm?), refractive index, and molar volume

parameters as a function of Gd,05;and Sm,0; concentration in the LAGdxBSm1.0 and

LAGd2.5BSmx series.
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The X-ray diffraction spectra of the studied glasses in the range of 2Theta =
10-80° are depicted in Figure 5.4(a, b). The amorphous character of glass samples is
confirmed by the fact that the spectra contain only humps and no strong crystallization

peak, indicating the amorphous nature of all the glass samples.
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Figure 5.4 XRD pattern of (a) LAGdxBSm1.0 and (b) LAGd2.5BSmx glass series with
different amounts of Gd,03 and Sm,05 added (in Mol%).

Figure 5.5 shows the FTIR spectrum of all glasses with different Gd,Os
concentrations in the mid-infrared (MIR) spectrum range (500-4000 cm™). It is noted
that the LAGAxBSm1.0 base glasses show several peaks at 455, 698, 939, 1272, and
1358 cm™ L. The first vibration part, infrared absorbed with a wavenumber of 455 cm
was used to bend the vibration of Li* ions with a glass network (Pawar et al., 2016).
The bond at 698 cm™ is caused by the B-O-B linkage of the trigonal BO; in the borate
group. In the central at 939 cm™!is due to the units of BO,. As the amount of Gd,O;

in the glass is increased, the intensity of this band increases, peaking at 2.5 mol%. After
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that, the intensity declines. For 2.5 mol% Gd,O; doped glasses, the increase in the
intensity of this band implies an increase in BO4 groups, which represents the largest
number of BO, groups in the samples (Dalal et al., 2015). In the region 1200-1600 cm™"
(central at 1272 (Kaur et al., 2014) and 1358 cm™! (Thakur et al., 2015)), the array of
bands is due to the B-O bond expanding relaxation of the trigonal BOs units. The
smaller bands with a wavenumber higher than 2200 cm™! are attributed to OH-bonds

and water molecules.
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Figure 5.5 FTIR spectra with different concentrations of Gd,O; doped glass samples.

Figure 5.6(a) illustrates the photoluminescence excitation spectra of
LAGdAxBSm1.0 glasses containing Gd,O5 concentrations of 0 to 7.5 mol% glassy matrix.
The emission wavelength was obtained at 600 nm by measuring the emission
wavelength with the highest intensity. Thirteen excitation bands peaking at 275 nm
(®S7,5-%15/5), 311 nm (8S;,,-%P72), 345 nm (°Hs,-*D1/0), 361 nm (*Hs/5-"Ds/,), 375 nm (CHs,-
6F’7/ 2), 403 nm (6H5/2‘6P3/2), 415 nm (6H5/2‘6P5/2), 439 nm (6H5/2‘AG9/2), 462 nm (6H5/2‘4|13/2),
475 nm (*Hs/o-*Mys/5), 500 nm (®Hs/-"G7/5), 526 nm (®Hs,-"F1/,) and 562 nm (®Hs,,-"Gs),)
(Wantana et al., 2020; Zaman et al., 2016) were observed. The broad and strong
excitation peak occur because of the CTB from Sm>*-O” and the narrow peak at 275
nm is expected to be a signature of the Gd*>* ion luminescence excitation spectrum

(Gupta et al,, 2015). Furthermore, two strong bands were identified, matching to the
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275 nm (8S7,-%5,) and 311 nm (%S;,-°P;,) transitions. The other peaks (eleven
excitation peaks) are known for their characteristic excitation of Sm?'. Since the
excitation spectrum of the glasses shows the strongest peaks at 275 nm and 403 nm,
these glasses were then excited by these wavelengths to investigate their emission
spectra, as shown in Figure 5.6(b, c). The excitation wavelength at 275 nm was used to
study the energy transfer from Gd**-Sm>" luminescence. The emission spectra of the
glass samples doped with Gd,0O5; demonstrate five emission bands at 311 (°P;,-357/0),
562 (*Gs/»-*Hs /), 600 (*Gs/p-CH- ), 648 (“Gs/,-°Hy),), and 705 (*Gs/»-°Hyy/5) nm. In addition,
there is a second harmonic generation of UV-luminescence Gd** located at 622 nm
(Wantana et al., 2017). Figure 5.6(b) indicates that when energy transfer from Gd** to
Sm>* occurs, the energy transitions from P;, initial state to ®S;, decline with the
increase in Gd>* fluorescence intensity at 311 nm. A clear indication that energy is
being transferred. Figure 5.6(c) depicts the emission spectra of the LAGdxBSm1.0 glass
series doped with Gd,O; under an excitation wavelength of 403 nm (under direct
excitation of Sm>"). Four distinct emission spectra were detected at 563, 600, 646, and
705 nm, corresponding to the transitions from excited state “Gs/p-Hs/, (yellow), *Gsyo-
®H., (orange), “Gs,, -*H,» (orange-reddish), and “Gs,,-°Hys,, (red) emission, respectively.
The highest intensity peak represents 600 nm and is further used to study the
photoluminescence properties of synthesized glasses. We can conclude that the
highest intensity of emission spectra (Ao, = 275 and 403 nm) belongs to 600 nm (‘Gs/,.
SH, »: orange emission). The emission intensity increases with increasing Gd,0Os
concentration up to 2.5 mol%, then the intensity slightly decreases. The concentration
at 2.5 mol% is the optimal condition. Figure 5.6(d) shows the radioluminescence (RL)
measurements of the LAGAxBSm1.0 glasses irradiated by X-rays from a power source
of 50 kV and 30 mA. The LAGdxBSm1.0 glasses exhibit four bands at 561, 598, 644, and
704 nm, corresponding to 465/2—6H5/2, 465/2 °H, ,, 465/2—6H9/2, and 465/2—6H11/2 transitions,
respectively. These four emission peaks of the radioluminescence spectra have
locations and tendencies to intensity variations similar to photoluminescence. It can
be seen that the LAGdxBSm1.0 glass series doped with 2.5 mol% of Gd,O; has the
strongest radioluminescence characteristic at 598 nm wavelength. The optimal Gd,0;

concentration in the 25Li,0-5A1,05-XGd,05-(69-X)B,05-1.0Sm,05 host glasses is X = 2.5
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mol%, which will be used to investigate the optimal Sm,0; concentration in future

experiments.
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Figure 5.6 The (a) excitation (A.., at 600 nm), (b,c) emission (A, at 275 and 403 nm),

and (d) the radioluminescence of LAGAxBSm1.0 glasses.
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Figure 5.7(a) shows a modified energy level diagram with a potential energy
transfer mechanism in Gd*>*/Sm?" co-doped glasses, which assists in understanding the
energy transfer process (Zaman et al., 2016). The °l;,, level of the Gd** ion was initially
populated upon 275 nm excitation; followed by non-radiative relaxation, the electrons
should reach the °l;, state of Gd**, and the Gd** ions may return to the ground state
in two ways. First, the Gd*" ions in the P, state may transfer energy to the Sm>* states
through the resonance energy transfer mechanism. After then, the Sm>" acceptor
decreased its state by NR to obtain a luminescence level of “Gs,. Later, Sm** took the
transition from “Gs, level to ®Hsy,, ®Hyj, ®Hoyn and °Hiyy level by emitting the visible
lisht with 562, 600, 648 and 705 nm, respectively. Second, the Gd>" ions in the 6P7/2
state may emit through the °P;,-°S;, (ground state) transitions. Moreover, the
excitation with a wavelength of 403 nm, it lifted the Sm>* from ground ®Hs, to ®Ps,
state and Sm>* lowered the state down to “Gs/, by NR. The Sm**ion emitted light with
four wavelengths from the “Gs, level, similarly to the emissions under 275 and 311 nm
excitation. On excitation of the Sm>" ions above the “G/, level, the electrons decay to
the “Gs, level by fast non-radiative relaxation. Cross-relaxation between lanthanide
ions is possible if they have two energy levels with the same energy gap. It can be
done by measuring the decay curves for different Gd*>* concentrations in borate glasses
under 275 nm of illumination and monitoring the emission peak of 600 nm. As can be
seen in Figure 5.7(b), the non-exponential function may be used to describe the decay
profile of Gd,O; doped LAGAxBSm 1.0 glasses from the excited state. As a consequence,
the glasses with the Gd,05; doped have decay curves of 1.097, 1.048, 1.022, and 1.010
ms with the most prominent orange-red emission band (“Gs/p-®Hy,, transition). Due to a
non-radiative transition from energy transfer, their durations decrease as the Gd,Os;
concentration increases. Under the excitation of Gd**, donor and acceptor are most
likely, resulting in a non-exponential decay curve. Because the fluorescence decay
curves are non-exponential, the Inokuti-Hirayama (IH) model (Inokuti et al., 1965) is
used to reveal the dominant mode of interaction. These curves were fitted with the
IH model using dipole-dipole interactions (S = 6). Figure 5.8 shows the lifetime and the
energy transfer parameter (Q) as a function of Gd** concentration. The obtained Q

value, representing the amount of Sm>*-Sm>* energy transferred, increases as
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Gd**concentration increases. Fluorescence decay intensity () is determined by the

following equation:

t t
_ S —\3/S
(0=l expl- — Q(T ) (5.1)

where t is the time after excitation, t, is the intrinsic decay time of the donors in the
absence of acceptors. The value of S = 6, 8, or 10 depending on the main mechanism
of the interactions (dipole-dipole, dipole-quadrupole, or quadrupole-quadrupole). Q
is a parameter for energy transfer which is defined as:

Q-= _4an (1 - E)No Ro’} (5.2)
Ng is the concentration of acceptors, which is almost equal to the total concentration
of Ln** ions, Ry is the critical energy transfer distance, which is the distance between
donor and acceptor when the rate of energy transfer is equal to intrinsic decay, and
the gamma function [(X) which is equal to 1.77 for dipole-dipole (S= 6), 1.43 for
dipole—quadrupole (S = 8), and 1.3 for quadrupole—quadrupole (S = 10) interactions,
respectively. The calculated values of the multipolar interaction parameter S can be
reasonably approximated to 6 as shown in Table 5.1. The Q parameter can be
determined by fitting the decay curves, as shown in Figure 5. 9 (a, b, ¢, and d). We
expect to see an increase in the Q parameter when the distance between optically

active Ln*" ions decreases due to increased concentration.
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Figure 5.8 (a) Luminescence decay curves (A = 275 nm, Ao, = 600 nm) and (b)

variation of energy transfer parameter (Q) with respect to concentration of Gd** ion.
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This result confirms the energy transfer from donor to acceptor since the energy
transfer is often defined as an exchange of electric interactions between the donor
(Gd*") and acceptor (Sm’*) and (Sm>*-Sm>*). An increased concentration of Gd>* may
result in non-exponential growth due to the formation of resonant excitation energy
movements between Sm>*- Sm>" ions. The host glass, which is essential for the
persistent luminescence, can also be used to determine the energy transfer efficiencies

in the produced series of glasses (calculated by using Eq. (5.3)).
Nsm” -sm” = 1= (Tesen” /T ") (5.3)

where N(sw - 5" is the energy transfer efficiencies, Ty is the lifetime of Gd** in
the host sample with 0 mol% concentration and Ty s,"" is the lifetime of Gd**with x =
2.5,5.0, and 7.5 mol% at a constant concentration of 1.0 mol% of Sm,0s. The energy
transfer efficiency was found to be 4.4667%, 6.8368%, and 7.9307%, whilst the amount

of Gd,O3 concentration increases from 2.5 to 7.5 mol%, as shown in Table 5.1.

Table 5.1 Gd>" ions concentration, lifetime (Texp; Ms), energy transfer efficiencies (N),

energy transfer parameter (Q), and R-square of LAGdxBSm1.0 glasses.

Ln**content
Name of sample L, T, T n Q R-
- rr (ms)  (ms) square
LAGAOBSmM1.0 0 1.0 1.097 1.097 - 0.2104 -
LAGd2.5BSm1.0 2.5 1.0 1.048 1.097 4.4667 0.2281 0.9994
LAGd5.0BSm1.0 5.0 1.0 1.022  1.097 6.8368 0.2551  0.9995

LAGd7.5BSm1.0 7.5 1.0 1.010 1.097 79307  0.3805 0.9999
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Figure 5.9 The I-H fitting curves (S= 6, 8, and 10) with varying Sm>** concentrations in

the as-prepared glasses.

Figure 5.10(a, b) depicts the absorption spectra of LAGd2.5BSmx glasses in the

visible and near-infrared regions at ambient temperature. The nine bands, associated

with typical transitions of the Sm?" ions, were assigned to the following 4f-4f transitions

from the ground state °Hs/, to the excited states ®Ps/, (402 nm), “l,1, (474 nm), °Fs,

(1376 nm), °F5,, (1478 nm), ®Hys/, (1531 nm), and °F,,, (1583 nm) in the infrared range.

The fundamental absorption edge of the glass series was increased with the increase

of Sm>* concentration and is attributed to the strong, wide absorption band of

approximately 402 nm.



99

0.25 a
= s [—LAGd2.5BSm0O
= OHg/p— UV-Vis | o smsmoos
% 0.20 4 e |_AGd2.5BSmMO0.1
- 6P3/2 = LAGd2.5BSm0.3
o f— LAGU2.5BSm0.5
$0.151
@
c
< 0.10 1
= 4
g 0.05 111/2
< — o
0.00 4= r . :
400 450 500 550 600
Wavelength (nm.)
9025 NIR e | AGd2.5BSMO
c 6 e L AG02.5BSM0.05
:? 0.20+ Hg/p—= e L AGU2.5BSmM0.1
e e | AGd2.5BSMO.5
E0.15- 6F7/p
@
e 6 6Fs5/26F3/
8/2
8010 [ 8H15/2
S 6
8005t ¢ | F12
< F11/2 ~
0.00

900 1050 1200 1350 1500 1650
Wavelength (nm.)

Figure 5.10 The optical absorption spectra of the LAGd2.5BSmx glasses.

The excitation spectra of LAGd2.5BSmx glasses are shown in Figure 5.11(a).
There are thirteen major excitation bands in the 250-600 nm region of the excitation
spectrum observed at 600 nm. These sharp excitation bands caused by f-f transitions
of Gd*>* and Sm>* ions are attributed to the following transitions: two transitions at 275
nm (3S7/,-%1g/5), 312 nm (3S;,,-°P;,,) of Gd®* ion and other eleven transitions at 345 nm
(°Hs/»-*D7/5), 361 nm (®Hs,p-"Ds/2), 375 nm (®Hs/-5P7, ), 403 nm (®Hs,,-%P5/5), 415 nm
(°Hs/2-°Ps/2), 439 nm (®Hs - "Gy 2), 462 nm (°Hs)o-*l13/2), 475 nm (°Hs)o-"Mys/5), 500 nm
(°Hs/-Gy,5), 526 nm (*Hs,-*F5/,), and 562 nm (°Hs,,-*Gs/,) of Sm>* ion. The excitation
bands are similar to those reported in the literature (Jamalaiah et al., 2009; Wantana
et al., 2020; Zaman et al., 2016; Khan et al., 2018).

These results suggest that incorporating Gd** could improve the luminescence
of Sm** ions. Figure 5.11(b). shows the significant bands at 275 nm (Gd**) versus 401
nm (Sm**) of LAGd2. 5BSmx glasses. Among these two, the intensity Gd®* at 275 nm
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decreases with an increase of Sm,0; concentration, while the intensity of Sm>*
increases until 0.5 mol%. Therefore, the concentration quenching of LAGd2. 5BSmx
glass is 0.5 mol%. The bands at 275 nm (85;,,-%lg/,): GA®" and 401 nm (°Hs/»-°P55): Sm>*
have the highest excitation in the visible region. These wavelengths were then selected
to excite the glass samples for the PL measurements. Different activator ion
concentrations can impact the PL characteristics of a phosphor. Various concentrations
of LAGd2.5BSmx glasses were produced in order to identify the best luminescence
intensity.

The emission spectra of the LAGd2. 5BSmx glasses under Gd** excitation with
275 nm is shown in Figure 5.11(c). These spectra show five emission bands in the
visible region. The first region is a very strong band at 312 nm (°P;,,-2S7,,). It has been
reported that Gd,Os; containing glass shows strong emission around 310-312 nm
(Gandhi et al., 2016; Gupta et al., 2015; Kalpana et al., 2016), which is very useful for
producing narrow-band UVB (ultraviolet broadband) light. The second region includes
four peaks at 562 (465/2—6}"5/2), 600 (465/2‘6H7/2)y 648 (“Gs/,—°Hy,), and 705 (465/2—6H11/2)
nm. It is reported that the f-f transition of Sm>* ions containing glass shows strong
emission around 600-605 nm. At an excitation wavelength of 275 nm, the Gd** ions
present in the host material emit at 312 nm, whereas the Sm>" ions emit in the range
of 550 to 750 nm. Sm>" ions had no noticeable effect on the emission peaks in Figure
5.11.(c). When the Gd** emission (312 nm) is reduced at the same time as the Sm*"*
emission (600 nm) is increased, this is really a clear indication of the energy transfer
phenomenon from Gd**to’ Sm>* occurring, as shown in Figure 5.11(d). The energy
transfers between Gd** and Sm>* have been extensively investigated in many other
different host materials. Although electrons can be generated in Gd**, the
luminescence from Gd**/Sm*'codoped glasses arises mainly due to the transitions
from “Gs, to ®Hy,in Sm>*, which give rise to four emission bands in the visible region.
Moreover, the excitation peaks of LAGd2.5BSmx glasses containing 2.5 mol% Gd,0,
may be seen in Figure 5.11.(e), which shows three excitation peaks. These peaks
correspond to °Dy,, (at 246 nm), °Dy,, (at 253 nm), and strong peaks of °ly, (at 275 nm).

These peaks correspond to f-f transitions between the °S,/, ground state and

the °Dy5, Doy’ flojp Of Gd**ions. When the Gd** excitation (Ag, at 312 nm), the band
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Gd®* at 275 nm is decreased while the concentration of Sm>* increases. The decay
times of the glass system have been investicated in order to acquire a better
understanding of the luminescence properties and energy transfer mechanisms of the
system. Figure 5.11(f) shows the decay lifetimes of Gd** in LAGd2.5BSmx glasses under
275 nm excitation and at 312 nm emission wavelengths. The experimentally measured
decaytimes are 1.861, 1.712, 1.668, 1.403, 1.351, 1.097, and 0.993 ms for 0, 0.05, 0.1,
0.3, 0.5, 1.0, and 1.5 mol% doped Sm>* glasses, respectively, and decrease with
increasing Sm>* content in the samples. It further confirms the energy transfer from

Gd** to Sm>*.
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Figure 5.11 (continued) The photoluminescence excitation (a, b, and e), emission
spectra (c, d) and (f) decay curve of the Gd** ion in glass series under 275 nm excitation
and at 312 nm emission wavelengths of LAGd2.5BSmx sglasses with different

concentrations of Sm,0s.
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Figure 5.11 (continued) The photoluminescence excitation (a, b, and e), emission

spectra (c, d) and (f) decay curve of the Gd** ion in glass series under 275 nm excitation

and at 312 nm emission wavelengths of LAGd2.5BSmx g¢lasses with different

concentrations of Sm,0s.
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Figure 5.12 Emission spectra of LAGd2.5BSmx glasses (0-1.5 mol%) at excitation
wavelength 401 nm (a, b), radioluminescence spectra (c) and BGO and 0.5 mol% Sm,0;

doped glass for compared RL measurement (d).
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Figure 5.12(a) shows the concentration-dependent photoluminescence spectra
under an excitation wavelength of 401 nm, which has four prominent groups of
emission lines in the range of 550 to 750 nm. These peaks can be attributed to the
Sm>* intra-4f orbital transition of “Gs,,-°Hs/, (yellow), *Gs/, -°Hy,, (orange-red), *Gs/,-*Hsys
(red), and “Gs/,-°Hy1/, (deep red) transitions at the wavelengths of 562, 600, 648, and
705 nm, respectively. These luminescence bands are clearly the signature of the Sm>*
bands, with the maximum intensity at 600 nm. Figure 5.12(b) depicts the intensity
variation of “Gs,, — ® Hy,, transitions as well as the O/R ratio, which relates the
luminescence intensity of “Gs,—> ®Hs, (orange)/ “Gs,,—>°Hgy, (red), to the Sm**ion
concentration in the LAGd2.5BSmx glasses. It is clearly seen that the 0.5 mol% of Sm>*
ion is the optimum concentration to give the highest emission intensity at 600 nm.
Energy migration from one activator center to another can explain the concentration
quenching observed beyond 0.5 mol% of Sm’* in these glasses. The orange to red
(O/R) ratio is found to be LAGd2.5BSm0 =0, LAGd2.5BSm0.05 =2.40775, LAGd2.5BSm0.1
=2.43348, LAGd2.5BSm0.3 =2.46724, LAGd2.5BSmO0.5 =2.47723, LAGd2.5BSm1.0
=2.30484, and LAGd2.5BSm1.5 =2.23098. The orange-to-red (O/R) ratio increases as the
Sm>" concentration increases up to 0.5 mol%. The ratio then falls due to the
concentration quenching, indicating a strong local disorder in the glass network of the
investigated glasses. There is no inversion symmetry site in the analyzed glass network
if the O/R ratios are larger than unity. The O/R results indicate that it is possible to
extract the orange light from the samples, which will be further supported by the
results of CIE color 1935. Figure 5.12(c) displays the X-ray generated luminescence
spectra of the LAGd2.5BSmx glass series in the 500-750 nm wavelength region. The
glass samples were irradiated with X-rays at 50 kV and 30 mA. The LAGd2.5BSmx glass
series produces four peaks at 560, 598, 644, and 704 nm wavelengths, which are
ascribed to the characteristic Sm>* (f—f transitions) at (*Gs/, -*Hs/), (“Gs/p-°H7/0), (‘Gs)p-
®Ho/p) and (‘Gs/,-°H1,0), respectively. The highest peak is seen at a wavelength of 598
nm. The best concentrations of Sm,0; for the X-ray generated luminescence spectra
pattern are 0.5 mol%, which is comparable to the photoluminescence spectra. The

intensity of the glasses was increased by increasing the concentration of Sm,05 to 0.50
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mol%. After that, the intensity dropped due to the concentration quenching, which
the host material can explain, and the activator ions exhibit distinct interaction
mechanisms by X-rays and UV-visible radiation. In comparison, UV may directly excite
electrons of lanthanide ions (Ln**), while X-ray can excite electrons of both Ln>* ions
and the host. Because of the X-ray excitation of the host glass, a significant number of
secondary electrons are generated due to the hole-electron interaction. The
lanthanide ions (Ln**) in the glass are excited indirectly and directly by electrons. Due
to its long decay period of a few milliseconds, the created glass has the potential for
X-ray scintillator applications in medical, industrial, and security imaging inspection
systems. A glass doped with 0.5 mol% Sm>", LAGd2.5BSm0.5 was manufactured under
cut and polish conditions in the same size and shape as a commercial BisGe;0;, (BGO)
scintillator crystal in order to investicate the integral scintillation efficiency of the
present glasses. Figure 5.12(d) demonstrates the X-ray luminescence spectra of the
current glass samples when compared to BGO samples. The calculated integral

scintillation efficiency of LAGd2.5BSm0.5 is 4.43% as compared with the BGO crystal.
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Figure 5.13 Luminescence decay profiles of the “Gs,, emission state in LAGd2. 5BSmx

glasses for 600 nm emission with 401 nm excitation wavelength.

The PL decay curves of the Sm>* transition from the “Gs,, level were studied
using 600 nm emission and 401 nm excitation wavelengths. These decay profiles are
depicted in Figure 5.13, as Sm>* concentration grows from 0.05 to 1.5 mol%, the decay

time reduces from 2.830 to 0.791 ms. The decay rate is about the same at low Sm**
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ion concentrations (0.05 and 0.3 mol %) but rapidly drops when Sm®" ion
concentrations are above 0.5 mol%. It is clear that the effect of energy exchange
between Sm>* ions as the distance between Sm>* ions is reduced with rising Sm>* ion

concentrations, increasing the energy depletion rate and decreasing the decay time.
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Figure 5.14 CIE chromaticity coordinates (A., = 401 nm) for LAGd2.5BSm (Sm,05 = 0.5
%) series glasses with varying Sm>* concentrations. The insets are the corresponding

digital luminescence photos under a 365 nm UV lamp excitation.

The LAGA2.5BSmx glass series with varying Sm>* concentrations is shown in the
CIE-1931 (Commission-international de-lighting) color coordinates diagram and color
temperatures (CCT) in Figure 5.14. In order to define the color of the visible emission
that the human eye sees, the Commission Internationale de UEclairage (CIE)
coordinates were calculated. The CIE is the usual reference for identifying colors, and
it is calculated by examining the human eye's sensitivity to different colors
(wavelengths). In the CIE color chart, the predicted color coordinates for the present
highlight emission intensity with CIE chromaticity coordinates x = 0.55 and y = 0.44
create orange light. In addition, the color coordinates did not change when the
concentration of Sm>" ions increased from 0.0.05% up to 1.5 mol%, as shown in Table
2. The correlated color temperature (CCT) measures the closest Plankian black body
radiator to the operational point on the chromaticity diagram to evaluate the
performance of a light source's production. The CCT can be calculated using McCamy's

empirical formula, Eq. (5.4) (McCamy et al., 1992), and the result is listed in Table 5.2.
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CCT = 437n°+3601n°+(-6861)n+5524.31 (5.4)

n = (x- 0.332)/(y-0.186) where n is the slope line. Using the prevailing glasses, the
correlated color temperature (CCT) value was determined to be 1725-1726 K, which is
lower than that of daylight (6500 K) and close to that of the fluorescent warm white
(2940 K). CCT values of Sm>" in different glass hosts have been studied and published
(Deopa et al., 2017). Based on these results, the LAGd2.5BSmx glass series may be
utilized in the LED orange light.

Table 5.2 CIE chromaticity coordinates (Aex = 401 nm) and correlated color

temperature (CCT) of all LAGd2.5BSmx series glasses.

Sample name Concentration of CIE coordinates CCT (K)
Sm,0s3 (Mmol%) x,y)

LAGd2.5BSmO0 0 (0.357, 0.492) 4971
LAGd2.5BSm0.05 0.05 (0.590, 0.407) 1726
LAGd2.5BSm0.1 0.10 (0.590, 0.407) 1726
LAGd2.5BSm0.3 0.30 (0.591, 0.406) 1725
LAGd2.5BSm0.5 0.50 (0.591,0.407) 1725
LAGd2.5BSm1.0 1.00 (0.591, 0.407) 1725
LAGd2.5BSm1.5 1.50 (0.591, 0.407) 1726

10Li,O-10PbO-(10-x)AL,0s5- 0.5 (0.564,0.435) 1901

70B,03 -xSm,05 (Deopa et al,,
2017)

PKAPbNSmM10 1.0 (0.59, 0.40) 1626

(Basavapoornima et al., 2014)

PPNSm (Praveena et al., 2008) - (0.59, 0.40) 2152
TZKC (Kesavulu et al., 2014) 2.0 (0.59, 0.40) 2152
PbFSm (Andrade et al., 2004) - (0.48, 0.34) 1919
Fluorescent, warm white - (0.440, 0.403) 2940
Incandescent bulb - (0.448, 0.408) 2854

Daylight (CIE standard ) - (0.313, 0.329) 6500
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The normalization and merging of XAS spectra and background reduction were
examined using the Athena program on actual and theoretical L;-edge XANES spectra.
The normalized spectra of LAGd2.5BSmx glasses are compared with the reference
spectra of Sm,03; powder as shown in Figure 5.15. The dipole-allowed transition is
ascribed to the Sm L-edge spectra with edge positions of LAGd2.5BSmx glasses and
the Sm,0; standard powder at about 6721.7 eV and 6721.2 eV (Kaewnuam et al., 2017).
The energy difference between the LAGd2.5BSmx g¢lasses and the Sm,0; standard
powder is around 0.5 eV, which is consistent with prior research. The peak of the white
line in all spectra is centered at 6723 eV, which is more intense in these glass samples
than in standard powder samples. The positions of the powder's edge and the white
line for all glasses are identical and conform to the XANES pattern of Sm ion with a 3+
oxidation state. It has been established that the Sm ions in these glasses are Sm>* ions,

similar to those found in Sm,05; powder.
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Figure 5.15 Normalized Sm L;-edge XANES spectra are compared with Sm>" in oxide

from standard reference.
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CHAPTER VI
EUROPIUM DOPED BORATE GLASS

The physical, structural, optical and luminescence properties of lithium
aluminum borate ¢lasses as a function of Gd,O; and Eu,O; concentration were
reported. The glasses composition of = 25Li,O- 5AL,05- YGd,O5-( 70- Y- Z) B,Os- ZEU,O;
system was successfully synthesized through a conventional melt- quenching
technique. The various Gd,0O5 concentration, 2.5 mol% is suitably added into the host
composite: 25Li,0-5A1,05-2.5Gd,05-(67.5-7)B,05-ZEu,05, supporting by X-ray induced
luminescence and photoluminescence analysis. The influence of the Eu,0O;
concentration doped glasses system has been investigated in different concentrations
of Eu® ions. It was found that the emission intensity increase with an increase of Eu,0s
concentration up to 3.0 mol% (luminescence quenching. The maximum intensity peaks
were located at 614 nm (red emission), which was due to > D,—> " F, transitions of
Eu®* ions. The decay profile is measured to prove the occurrence of maximum energy
transfer efficiency (Eu®"-Eu’") obtained is as high as 15.36% for their potential

candidature in solid state device applications.

6.1 Introduction

Nowadays, we recently tried to prepare the luminescent material doped with
multi- rare- earth of borate glass system has been carried out in order to develop
suitable host materials for useful photonic applications (Bergh et al., 2001; Im et al,,
2009) such as color screens displays, infrared solid- state lasers, LEDs and radiation
scintillating materials (Kaewnuam et al., 2017; Rahimi et al., 2020). Also, glasses doped
with trivalent rare earth (RE®*) ions are promising good choices due to their low
synthesis cost, large-volume production, fast preparation period, easy manufacturing

process, strength, and high ability to contain embedded ions. Oxide glasses such as
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borate, phosphate, silicate and telluride glass system have attracted significant
attention due to their excellent optical properties. Especially, borate glasses doped
with RE®* (Kaewnuam et al., 2017; Azizan et al., 2014; Kalpana et al., 2015) represent
one of the best possible host materials that include better thermal chemical stability,
high phonon energy ~1200-1500 cm™, low temperature for the synthesis, and radiation
hardness. In addition, they are interesting optical properties such as high transparency
from the visible to the near-infrared spectral region. Moreover, the borate glasses
create an excellent host to incorporate trivalent rare-earth ions due to high solubility
for lanthanide ions, resulting in the growing field of applications. Nonetheless, the
borate glass system is also commonly recognized to improve some properties such as
durability, raising mechanical strength, and boosting the glass-forming ability by the
addition of some oxide such as Li,O and ALOs.

Currently, lanthanide oxides such as gadolinium oxide (Gd,03), europium oxide
(Eu,03), or mixed lanthanide are a good choice of rare-earth dopants. Adding Gd,0s in
host glasses has become a very popular oxide material because it can improve the
intensity of emission spectra (Ramteke et al., 2014; Ragab et al., 2013). We believe that
the intensity of the photoemission increased with Gd**ion due to Gd**can enhance
the energy transfer mechanism (Wattana et al., 2020) from Gd** ions to luminescence
activator, high thermal neutron capture cross-section, and increase the light yield of
emission. Furthermore, the trivalent rare-earth ions as europium ion (Eu®") (Cao et al,,
2020; Cao et al., 2022) is one of the super lanthanides because 4f-4f electron orbital
and 4f-5d electronic transitions are shielded by 5s and 5p outer shells, which have the
electron configuration [Xenon] 4F° relatively simple energy level scheme is a very
convenient spectroscopic probe. The photoluminescence (PL) demonstrated the
presence of the wideband in the UV region ascribed to the transition from O (*ps
orbital)) for electron transfer to Eu** ions (the empty orbital of *f;). This feature of
Eu,05 has garnered considerable attention from the researcher in various ways of the
host glass. The motivation of this work, we synthesize and investigate the properties
of Gd,O5 and Eu,05; doped borate glass with varying lanthanide oxide concentrations.
First, the optimum concentration of Gd,Os (Y) doped borate glass designated as 25Li,0-
5A,05-YGd,05-(60-Y)B,05-1.0Eu,05 (LAEUB) glasses were studied from 0, 2.5, 5.0, 7.5,
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and 10.0 mol%. Second, the constant optimized concentration of Gd,Os is selected
for further experiments by varying Eu,0O; concentrations (Z). The glass samples of
chemical composition 25Li,0-5A1,05-2.5Gd,05-(67.5-2)B,05-ZEu,05 where, Z = 0, 0.05,
0.5, 1.0, 2.0, 3.0, and 4.0 mol% designated name as LAGB glasses. The synthesized
glasses are not only characterized in terms of structural and physical properties but
also reveal the excellent desirable of X- ray- induced luminescence and
photoluminescence properties. Therefore, the proposed glasses will be used in optical
device applications such as LEDs, plasma display panels, solid-state devices, and

radiation scintillating materials.

6.2 Experimental

6.2.1 Preparation of Gd,O; doped

Lithium aluminum gadolinium borate glasses dual-doped with Gd** and Eu**
having the chemical composition 25Li,O- 5AL,05- YGd,05-(69-Y)B,Os- 1. 0Eu,05 with
difference Gd,0; concentrations (Y) from 0, 2.5, 5.0, 7.5, and 10.0 mol%, call the “
LAEUB ” series of glass.

6.2.2 Preparation of Eu,0; doped

The glass samples with various concentrations of Eu,O; composition in 25Li,0O-
5A,05-2.5Gd,05-(67.5-2)B,05-ZEu,05 (where, concentrations of Eu,05 (Z = 0, 0.05, 0.5,
1.0, 2.0, 3.0, and 4.0 mol%) designated name as “ LAGB " glasses. The two glass
systems were produced utilizing the lab grades of chemical Li,COs, HsBOs, Gd,05, Al,O5
and Eu,0s as starting ingredients, using standard melt quenching techniques. Through
the processing in an aluminum crucible, around 20 ¢ lots were fully integrated. In an
electrical furnace, the thoroughly combined powder was melted at ~1200 °C for 90
minutes. Next step, the glass melted was poured onto a graphite plate followed by
annealing at 500 °C for 3 hours to relieve thermal stress and cooled slowly to room
temperature then cooled onto the polishers (1.0 x1.50 x 0.3 cm®) to produce a clear
sample of uniform thickness. The final glass material at room temperature was
measured first by a simple method called Archimedes with water as a liquid immersion,

and then molar volumes were estimated through a 4-digit sensitive microbalance (AND,
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HR 200). The optical absorption spectra of polished samples are measured using a UV-
vis and NIR (Shimadzu UV-3600) spectrophotometer in the region between 200 and
2500 nm of the wavenumber. The photoluminescence (PL) spectrum has been
obtained in the 200-800 nm wavelength range, acquired at room temperature using a
spectrometer (Cary-Eclipse) using a xenon flashlight as an excitation light source. The
X-ray induced luminescence set up consisting of the Cu target x-ray generator (Inel,
XRG3D-E), fiber optics spectrometer, and the brass-sample container was used to
measure the X-ray luminescence spectrometer. Glass was radiated by X-ray (Cu target
X-ray generator, Inel XRG3D-E, and operated at a power of 50 kV and 30 mA) with an
Ocean Optics QE65 Pro spectrometer for signal readout. The Synchrotron Light
Research Institute is routinely operated for X-ray absorption (XAS) spectroscopy (at
beamline 5.2). For the glass samplings in the fluorescence mode the Eu L edge: 6779
eV, the X-ray absorption near-edge structure (XANES)construction was recorded. The

reference usage was given to standard Eu,0O; samples.

6.3 Results and discussion

6.3.1 Effect of Gd,O; concentrations
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Figure 6.1 Photograph of glass samples with varying
5AL,05-YGd,05-(69.0-Y)B,05-1.0Eu,05 (LAEUB) glasses.

The effect of Gd,O; concentration was studied, as shown in Figure 6.1. The
obtained glasses are high transparent, completely free of bubbles, and soft yellow
color depending on the increasing amount of Gd,O3; concentration. The density, molar
volume, and refractive index of 25Li,0-5A,05-Y Gd,05-(69.0-Y)B,05-1.0Eu,05 glasses
are represented in Figure 6.2 (a, b). The density and refractive index are found to
increase trends linearly because Gd,0O; has a higher molecular weight (362.5 ¢/ mol)

than the several oxides in the borate glass system. Therefore, B,O5 is successively
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replaced by Gd,O; atom. While molar volume decreases with increasing Gd,O; content,

resulting in the decrease of the inter-atomic distance between the atoms or increased

oxygen packing density, making the structure more compact. Consequently, it can be

said that the compactness of the glass increased and more bridging oxygen (BO)

occurred.
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Figure 6.2 Density, molar volume (a), and refractive index (b) relation of 25Li,O-5A1,0s-

YGd,05-(69.0-Y)B,05-1.0Eu,0; glasses doped with varying concentrations of Gd,05 ions.
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Figure 6.3 X-ray diffraction pattern (a) and FTIR transmittance (b) spectra of glasses.

The X-ray diffraction (XRD) spectra of Gd®>" doped on LAEUB glasses are
depicted in Figure 6.3(a). The XRD patterns of the samples were measured in the range
of 20° to 80° at room temperature. No peak is observed, although it exhibits a broad
diffusion hump at a low scattering angle in the rand 18°-32°. Accordingly, the result
can be confirmed that samples are amorphous structures. The coordination
environment of B-O in the LAEUB series was confirmed by FTIR spectra by extending
from 400 cm ™! to 2400 cm ™! region for the synthesis glasses are represented in Figure
6.3(b). The borate network structural analysis provided four infrared spectral regions.
The following information is required, which is according to several previously reported.
One of all spectra, the main vibrational modes are clearly shown at 450 cm™" belong
to lithium oxide in the glass samples (Rajesh et al., 2012). The second band near 702
cm! (Pawar et al,, 2015; Azizan et al., 2014) indicates the B-O-B bending vibrations of
bridges consisting of triconal and tetrahedral boron. The third band between 800
and 1200 cm ! which the center at 963 cm™* may be obtained from the B-O bond
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stretching of the tetrahedral BO, structural unit. Moreover, the absorption at 963 cm?
is long to NBO vibrations in the glass network (Rajesh et al., 2012; Selvi et al., 2014)
and tends to increase strength with increase Eu,O; concentration dramatically,
corresponding to the increasing of glass molar volume that can be explained by the
NBO number addition. The last of spectra was located at 1200- 1700 cm™
representing asymmetric stretching relaxation of the B-O band of trigonal BO; units;
the weak peak of B-O stretching vibrations has occurred at 1234 cm’’, indicating that
linkages between oxygen and different groups, belonging to B-O bridging between
boroxol rings and trigonal BO; (Pawar et al., 2015). In addition, a band of asymmetric
stretching relaxation at 1358 cm™* belongs to the B-O bond of trigonal BO5 units and

various borate groups (Rajesh et al., 2012).
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Figure 6.4 The comparison of Eu Ls-edge XANES spectra of LAEUB series glass with

Eu®* in oxide form standard (dash double dotted line) reference spectra.

The X-ray absorption near-edge structure (XANES) spectroscopic was used
to determine the oxidation state of materials. The experimental XANES data were
compared by collecting fluorescence mode at the Eu Ls-edge (6977 eV) based on a
crystal analyzer spectrometer with bent Ge (220) crystals. In Figure 6.4, present the
maximum energy of Eu Ls- XANES spectra is observed at ~6982 eV for Eu,0O; (Eu
oxidation state is +3), indicating no difference within a LAEUB series. So, it is possible
to conclude that all glass samples provided only one of the sharp peaks at 6982 eV
white line (L, edge of Eu** around 6977 eV with the sharp peak in the derivative
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spectrum ~5 eV higher energy is expected), associated with the electronic transition
from a 2ps/, core- state to an empty 5d final state (Gaillard et al., 2005; Korthout et
al., 2013). This energy position can be confirmed Eu atom remains a trivalent oxidation

state: Eu®* state of all LAEUB glass series used as a reference for the Eu,O;

measurements.
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Figure 6.5 (a) Excitation spectra and (b, c) emission spectra of 25Li,O-5Al,05-YGd,Os-
(69.0-Y)B,05-1.0Eu,05 glass system.
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The detailed photoluminescence spectra results of lithium aluminum
gadolinium borate glass phosphor dual-doped with Eu** and Gd*" ions (LAEUB) were
studied at room temperature and atmospheric pressure. The excitation spectra were
recorded by selecting the emission wavelength at 614 nm and monitoring the spectral
in the range of 200-600 nm. The characteristic of excitation spectra displays in Figure
6.5(a), ten bands can be assigned to 227, 275, 310, 362, 381, 395, 414, 465, 532 and
587 nm corresponds to the ®S;, —°D,,,S7,—>815, °S7/,—>D7/5, 'Fo—>"Dy, 'Fo—>"Ls,
"Fo—"Lg, 'F;—>°Ds, 'Fo—>°D,, 'F;—> Dy, and 'F;—> °D; transitions of both Gd** and
Eu**ion, respectively. A broadband emission band in the region from 200-250 nm (°S;,,
— °D5,,) was observed monitored at 616 nm. The broadband peak with a maximum
value at 227 nm is characteristic of the charge transfer band (CTB)transition between
Fu®*and O (Wantana et al., 2018) because of the charge transfer behavior of the filled
2p° orbital of the O% to the partially filled 4f orbital of Eu®*, which is easy to influence
by the host environment. Figure 6.5(b, ¢) represents the emission spectra from the
LAEUB series taken with excitation wavelengths at 275 and 395 nm of the sample,
exhibiting a strong emission peak at 590 nm (orange colour) and 614 nm (red colour),
which is characteristic of °Dy — F; and °Dy—> 'F, transitions of Eu**ions of the host
matrix. Among emission spectra (excitation wavelength at 275 nm) studied in Figure
6.5(b), shows the emission spectra for all glasses containing Gd,O; consist of five
prominent bands at 312, 577, 590, 614, 652, and 700 nm were assigned to the
Pry 5> 2Sy/5 "Do—> Fo, *Dy—> 'Fy, *Dy—> 'F, *Dy—> 'F5 and *Dy—> 'Fs transitions,
respectively. These transitions arise due to electric-dipole transition and magnetic
dipole transitions. One can see from this Figure 6.5(b) that when the concentration of
Gd,05 increases there is an increase in the intensity of op,, ,— %S, , up to 2.5 mol%
and decrease for 5.0 mol% Gd,O; which is an indication of the increasing energy
transfer through cross-relaxation in the existing glass network. As the concentration of
Gd** ions increases, the intermolecular distance reduces, and at 5.0 mol%, the Gd*>*
ions are so near that there is a strong interaction between two active ions, resulting in
the transfer of excitation energy from one Gd** ion to another. However, the emission

spectra with A,,= 275 nm indicate the strongest peak at 614 nm and the emission
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band excepted the sharp characteristic of Gd** ions at 311 nm (Gandhi et al., 2016;
Kalpana et al., 2016). This data indicated that the emission intensity of Eu,O; increases
with increasing Gd,O5 at 2.5 mol%, this suitable concentration was chosen for further

experiments.
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Figure 6.6 Relationship between the intensity of emission at 614 nm wavelength by
excited 275 and 394 nm with varying concentrations of Gd,O; with fixed Eu,O5 1.0
mol%.

To confirm the emission spectrum monitored at 614 nm, both excitation
wavelengths (Ae, = 275 and 395 nm) were chosen to excite the glass samples,
presented in Figure 6.6. The luminescence intensity increase with increasing Gd,0Os
concentration by fixing Eu,O5 at 1.0 mol%. Whereas over 2.5 mol% of Gd,O5; causes
the luminescence intensity to decrease. It is clearly shown that the optimum
concentrations of Gd,O3 with the strongest emission in LAEUB host of glass are using
2.5 mol% Gd,0;, providing the maximum luminescence intensity.

The luminescence lifetime curve for different concentrations of Gd,O; in
(LAEUB) glasses host series have been monitored at room temperature under
excitation and emission wavelength 275 and 614 nm (Wantana et al, 2018), as
illustrated in Figure 6.7(a). The emissions lifetime of the glass samples decreases (from
2.146 to 1.737 ms) with increasing Gd,05 concentration which shows the energy transfer
within the Gd,O;. On the other hand, the higher concentration of Gd,O; will
significantly make the interaction between Gd**and Eu®*ion. The energy transfer

between the excited Gd**and Eu’*ion is an event that occurs with high probability.
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Figure 6.7 The decay rates (a) and X-ray induced luminescence (b) of 1.0 mol% Eu**

ion in LAEUB series with varying concentrations of Gd,0O; system glasses.

The X-ray induced emission spectra of LAEUB host glass samples by using X-
ray irradiation from a source operated with an energy of 50 keV and 30 mA is illustrated
in Figure 6.7(b). The spectra contained a broad emission range of 400-800 nm, consist
of 5 emission bands. Those wavelengths are similar to the results obtained in
photoluminescence spectra with a little shift of peak position at the strong peak ~611
mm. This result could be explained by an incoming particle of ionizing radiation was
trapped by some components in the LAEUB series. Then, the energy of the X-ray

induces the electron to overcome the energy difference that contributed to the
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ionization of glass samples. Moreover, relaxing or recombining the electron-hole
releases the energy that eventually transfers to Eu®* ions. It indicating LAEUB host of
glass at 2.5 mol% concentration of Gd,O; doped performs the best luminescence
properties, which can be applied to be a scintillation material. Consequently, the
Gd,Osconcentration of 2.5 mol% was chosen for the next experimental study.

6.3.2 Effect of Eu,05 concentrations
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Figure 6.8 Density and molar volume relation of LAGB doped with Eu,Os.

In the present study in Figure 6.8, the different values of the density (2.56 to
3.15 g/cm?) of 25Li,0-5A,05-2.5Gd,05-(67.5-2)B,05-ZEU,05 (LAGB) with the increase of
Eu,O3 concentration provides the great inline transmission with no visible coloration.
The Eu,053 (~352 ¢/mol) has heavier than B,O3 (~70 ¢/mol). so substituting B,O5 with
Eu,05 can occur, causing an increase in total molecular weight and glass density. The
molar volume slightly increases from 27.59 to 28.11 cm?/mol with increasing Eu,0Os
concentration while over 2.0 mol% the molar volume dramatically decreases from
28.11 to 24.92 cm®/mol. We believe that the molar volume starts increasing at 3.0
mol% Eu,05; content in glasses with starts bridging oxygen. The results show the
increasing Eu,03 contents can improve the compaction of the prepared glasses. The
obtained g¢lasses have transparent with no visible coloration and appeared

homogeneous when examined visually in Figure 6.9.



125

_____

Figure 6.9 Photograph of glass samples with varying concentrations of Eu,05 in 25Li,0-

5Al203—2.5Gd203—(67.5—Z)8203—ZE U203 (LAG B) glasses.
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Figure 6.10 UV- Vis (a.) and NIR (b.) optical absorption spectra with different

concentrations of Eu**doped LAGB glasses.

The absorption bands for LAGB glasses show the transitions from the ground
state 'F, to different higher-level states. As shown in Figure 6.10(a, b), the various
spectroscopic transitions observed are as follows: ’L¢ (395 nm), °D, (463 nm), and °D,
(543 nm) for the UV-VIS range, and 'Fs (2098 nm) and 'F4 (2196 nm) for NIR range
indicating with Eu,O3 variation in host matrix (Wantana et al., 2018). The increasing
concentration of Eu,0s; contents demonstrates the intensity of all the transition
increases. The transition from 'Fy to °Lg provides the highest intensity and is
hypersensitive for Eu®*ion in the UV-Vis range.

The excitation spectra and emission spectra of Eu,O; doped LAGB glasses by
setup Gd”* doped at 2.5 mol% (host) of glass samples and various concentrations of
Eu,Os, presented in Figure 6.11. Figure 6.11(a) shows the typical excitation spectra of
Eu,05; doped LAGB glasses, monitoring emission at 614 nm. A similar peak position of
LAEUB series glass shows comparable results in Figure 6.5(a). The LAGB series without

Eu,05 doped (black line), disappeared a characteristic 4f-4f emission (broadband
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situated below 227 nm) assigned to the Eu**charge transfer band (Zaman et al., 2018).
A combination of a charging transfer transition (to Eu®*-O%" charge transfer transition
from a negative 2p orbit of oxygen to the empty 4f orbit of Eu") is associated with the
signature of broadband peaking at 227 nm. The emission spectra were evaluated as a
function of Eu**ion concentrations by the exciting wavelength at 275 nm (for Gd**) and
395 nm (for Eu’*) to investigate the emission spectra as shown in Figure 6.11(b, d).

Firstly, the emission spectra under direct excitation Gd** at 275 nm exhibit six
bands at 312, 578, 590, 614, 652, and 701 nm were assigned to the ®P,,—>%S;/,
*Dy—> 7FO! Dy—> 'Fy, "Dy—> 7F2, Dy—> 7F3, and °D,—> 'F5 transitions, respectively. In
Figure 6.11(b) found the major emission peaks of Gd**at 312 nm and Eu**at 614 nm,
which the maximum intensity of the emission peaks at 614 corresponds to the red
emission of Eu”*. It should be observed that the large band at 614 nm in this series
glass is most likely composed of two superposed bands derived from Eu®* ions (614
nm) and Gd** ions (624 nm). The emission at 624 nm may signal a lodged process of
excited state absorption to °G, levels of Gd®* ions at 275 nm. LAGB glasses have an
emission intensity of 312 nm (Gd”*) as well as 614 nm (Eu”*), as seen in Figure 6.11(c).
The intensities of bands related to gadolinium transitions are reduced slightly, whereas
the intensities of bands due to europium transitions increase significantly with
increasing acceptor (Eu’*) concentration, which shows that possible energy transfer
from Gd’* to Eu’* occurred. The intensity of bands attributable to europium transitions
increased at 614 nm, with a maximum intensity observed up to 3.0 mol%.

Secondly, the emission spectral under direct Fu**excitation at 395 nm in Figure
6.11(d) presents five bands assigned to the transition from °Dj to 7Fj (G=0,1,2 3, and
5) with excitation at 577, 590, 614, 652, and 700 nm (Zaman et al., 2018; Rajagukguk
etal,, 2016). The maximum intense exhibits at 614 nm red luminescence. The emission
intensity increases with increasing Eu,03 concentration and reaches maximum intensity
at 3.0 mol%. Note that up to 3.0 mol% Eu,0; leads to the emission decrease because

influenced by concentration quenching phenomena.
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Moreover, Figure 6.11(e) depicts the schematic energy levels of Gd**to Eu’*,

which aids in understanding the energy transfer mechanism. The l, level of Gd** ion

was initially populated upon 275

nm excitation. After non-radiative relaxation, the

electrons should reach the Gd** P, state, and the Gd**ions may return to the ground

state in two ways. First, the Gd**

Eu**and the resonance energy tran

ions in the °P;,, state may transfer energy to the

sfer (ET) mechanism. Furthermore, Gd** ions in the
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%p,,, state may emit through the °P;,, —%S.,, (ground state) transitions. In addition to
the Eu®* ions in Figure 6.11(e), the LAGB doped with Eu,05 phosphor is stimulated at
several wavelengths (577 nm, 590 nm, 614 nm, 652 nm, and 700 nm), and the Eu**

ion is increased to distinct excitation levels from the ground level.
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Figure 6.12 Relationship between the intensity of emission at 614 nm wavelength by

excited 275 and 394 nm with varying concentration of Eu,05 by fixed Gd,03 2.5 mol%.

Figure 6.12, the photoluminescence of results of these emission signals can
give useful information and confirm the concentration caused by concentration
quenching conditions of Eu’" ions in the LAEUB series. The emission spectrum
monitored at 614 nm, under both excitation wavelengths (7\EX = 275 and 394 nm) was
chosen to excite the glass samples, presented in Figure 6.11(b, d). The appearance of
the most intense band located at 614 nm is due to the main transitions from Eu®*,
which tend to increase with the increase of Eu” concentration. Whereas over 3.0 mol%
of Eu,05 causes the luminescence intensity to decrease. Both excitation wavelengths
in the emission spectra clearly support the view that when the concentration of Eu,0;

is about 3.0 mol%. It was influenced by concentration quenching effect that provides

Eu’*emission intensities to decrease.
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Figure 6.13 (a.) PL decay curves of LAGB series and (b.) variation of decay time,
energy transfer parameter of Gd®>* / Eu>* codoped LAGB series glasses with

Eu**concentration under 7\ex =394 nm and Aem =614 nm.

The luminescence lifetime profiles were recorded for phosphor under
excitation at A,=394 nm and monitoring emission at A..,=614 nm. The lifetime decay
of °Dy level of Eu**-ions occurs in the red region in 25Li,0-5A1,05-2.5Gd,05-(67.5-2)B,05-
ZEu,05 glasses doped with varying concentrations of Eu,O; are presented in Figure
6.13(a). The observed decay curve values are decreased from 2.213 to 1.873 ms with
an increase of Eu”*concentration (in the order of millisecond) due to the characteristics
of the f—f transition of Eu’*given in Figure 6.13(a, b). While low concentrations of
Eu,0; provide a large average distance between different Eu** ions, leading to a low
probability of Eu**- Eu’*energy transfer (Meert et al., 2014). It found that increasing
Eu,O3 concentration causes a decrease in the intermolecular distance that can be
increased the interaction between Eu’*- Eu®" ions occurred. The energy transfer
processes were studied, the non-exponential decay curves can be fitted to Inokuti-
Hirayama (I-H) model (Inokuti et al., 1965). If there are higher concentrations of Eu*
ions, it can be utilized to analyze the interaction between Eu’*- Eu’* ions. As a result,
the intensity of fluorescence decay can be given by following the Inokuti-Hirayama

model using the equation (6.1).

- L _octys
()= 1y expf " Q(‘EO) } (6.1)
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Where |y is the initial intensity at t = 0, t is time after excitation and Ty is intrinsic decay
time of donors without the presence of acceptors, S is the multipolar interaction
parameter, which when S= 6, 8, and 10 corresponds to electrical dipole-dipole, dipole-
quadrupole, and quadrupole-quadrupole interaction, respectively (in this work by
taking S = 6), indicating dipole-dipole interaction between Eu**ions. During the fitting
procedure of data at different Eu®* concentrations, the parameter Q is the value of the
direct donor to an acceptor, called the energy transfer parameter as shown in Figure
6.14(a, b, ¢, d, and e). The T, values used in Eq. (6.1) correspond to the values under
Eu** doped with 0.05 mol% conditions when there is no energy transfer (Q=0) and the
experimental decay curves display flawless single exponential nature. The energy

transfer parameter can be determined as follows equation (6.2).
4T 3
Q= —Tr(l — E) No Ry} (6.2)

where Ng is the concentration of acceptors, which is almost equal to the total
concentration of lanthanide ions, Ry is critical energy transfer distance, which is the
distance between donor and acceptor when the rate of energy transfer is equal to
intrinsic decay and gamma function [(X) can take on multiple values, for as dipole-
dipole when S = 6 (Deopa et al., 2018) and [(X)= 1.77. The computed values of the
multipolar interaction parameter S, as given in Table 6.1, can be roughly approximated
to 6.

As discussed above in the case of higher concentration of Eu** ions in these
glasses (Eu**concentrations > 0.5 mol%: 0.5, 1, 2, 3, and 4 mol%), considering the non-
exponential character of the decay is related to the interaction occurring between the
active ions Eu®* as shown in Figure 6.14(a, b, ¢, d, and e). For this reason, we have fitted
this decay using I-H model. The decay curves for the Eu®* (°D,—>'F,) transition show a
non-exponential decay curves the values of energy transfer parameter (Q) that
increases approximately linearly (R?=0.999) behavior that is enhanced with increasing
Eu®* concentration (2.5Gd:0.5 Eu (Q=0.05048), 2.5Gd:1.0 Eu (Q=0.06842), 2.5Gd:2.0 Eu
(Q=0.09284), 2.5Gd:3.0 Eu (Q=0.16033), and 2.5Gd:4.0 Eu (Q=0.21755)), verifies

interactions mechanisms between dopant ions on a dipole-dipole basis (see table 6.1).
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Figure 6.14 The decay spectral profiles of °D, — 'F, (614 nm) emission transition of

Eu® ions in glasses series under 394 nm excitation along with I-H fitting curves.

The lifetime has one single exponential behavior at the lower Eu’*
concentration 0.05 mol% (2.213 ms), whereas the lifetime at a greater concentration
of the other have non-exponential (2.190-1.873 ms). Additional confirmation of the
energy transfer from Gd** to Eu’* is provided by this finding. Energy transfer is usually
specified in terms of the exchange of dipole or multipole electric interactions between
the donor (Gd**) and the acceptor (Eu*"). Due to the development of resonant
excitation energy movements between Eu®" ions and hence some of the energy can

be delivered in the quenching centers, a change from virtual single exponential to non-
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exponential with increasing Eu>* concentration might take place. One way of
evaluating the energy transfer in the prepared series of glasses can be boosted up in
the host glass, crucial for the persistent luminescence and calculated by using the Eq.
(6.3) (Talewar et al., 2019):

New-e0= 1- Teeo/ Toru (6.3)
where N(Eu-Eu) is the energy transfer efficiencies, where Ty, is the lifetime of the Eu*
in the sample with 0.05 mol% concentration, and T,g, is the lifetime of Eu®" with x =
0.5-4.0 mol% concentration. In Table 6.1, the energy transfer efficiency was found to
be 1.03%, 2.62%, 4.92%, 10.75%), and 15.36%), whilst the amount of Eu,O5 increases
between 0.5 to 4.0 mol%. Moreover, increased Eu®* concentration may be caused by
the resonant energy movement between Eu’* to Eu* ions and provided the quenching

center as well as the energy transfer parameter (Q) increases (Loos et al., 2017).

Table 6.1 The values of lifetime (T Ms), energy transfer efficiencies (), energy
transfer parameter (Q), and R-square of “Dy—> F, (614 nm) transition of Eu®* ions in

LAGB glasses.

Name of Ln’*content T, A N(Eu -Ew) Q R-square
sample mol% (ms) (ms)
Gd3+ EU3+

25Gd :0.05Eu 25 005 2213 2213 - - -

2.5Gd : 0.5 Eu 2.5 0.5 2190 2213 1.03 0.05048  0.99941

2.5Gd : 1.0 Eu 25 10 e31p 1R EL @ 2.62 0.06842  0.99958

2.5Gd : 2.0 Eu 25 20 2104 2213 4.92 0.09284  0.99998

2.5Gd : 3.0 Eu 25 3.0 1975 2213 10.75 0.16033  0.99989

2.5Gd : 4.0 Eu 2.5 40 1873 2213 15.36 0.21755  0.99906

In the final result, the glasses samples were excited with 275 and 394 nm for
all the strong emissions in the red region, as shown in Figure 6.15 The emissions were
used to analyze the color of emission, which indicates the Commission International

de I'Eclairage (CIE) 1931 chromatic coordinates diagram (Kaewkhao et al., 2015). The
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examination of CIE coordinates is (0.62, 0.35) and (0.64, 0.35) under excitation of )\ex =
275 and 394 nm. Moreover, real naked-eye under UV-lamp excitation also observed
the soft red-orange emissions of all the samples. The interesting inference is the
emission that can be tuned to obtain required solid- state device applications for the
samples depending upon the excitation.

Aoy = 394 NmM (0.64,0.35)
A, =275 nm (0.62,0.35)

Y Chromaticity coordinate

Figure 6.15 CIE coordinate diagram of 25Li,O- 5A,05- 2. 5Gd,O5-(67. 5- Z) B,O5- ZEu,04

glasses doped with varying concentrations of Eu,0s.
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CHAPTER VI
TERBIUM DOPED BORATE GLASS

In this study, we developed the luminescence properties of Tb**and Gd** dual
doped 25Li,0- 5AL,05- YGd,05- ( 70- Y- Z) B,Os- ZTb,O5 glasses were prepared by a
conventional melt- quenching method. As the concentrations of Gd>* increase, both
the radioluminescence and photoluminescence results increase, and then 2. 5%
Gd**doped glass sample under excitation wavelength with 222, 275, 377 nm providing
the strong green emission intensity (at 543 nm) due to the optimum concentration
happens. Analysis of the Tb L;-edge XANES spectra data of LABT series glasses have
confirmed the presence of Tb>*. The PL band with the highest intensity of Tb>* ion in
this glass is 4.0 mol% as it results from a maximum of both emission and excitation
intensity. The experimental decay times calculated from the decay profiles have been
observed to be declining gradually from 2.682 to 2.450 ms with the increase in Tb**
ion concentration. The energy transfer in the borate glass from Gd** to Tb** is carried
out by non-radiative processes with an efficiency close to 59.199%. The synthesized

glass exhibits a high potential candidate for green luminescence applications.

7.1  Introduction

Glasses doped with rare-earth (RE) ions implanted in the luminescent host have
been extensively studied in experimental and industrial processes (Bergh et al., 2001;
Farouk et al., 2013). In the present study, we have chosen these glasses doped with
rare-earth (RE) ions because of their prominent properties such as simple large-scale
preparation, excellent mechanical strength, high variability in chemical composition,
flexibility to add the active ion concentration, and high rare-earth solubility (Sun et al,,
2010; Zhang et al., 2015). The variation of the physical properties, absorbance,

fluorescence lifetime, photoluminescence, and radioluminescence properties of these
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glasses are reported and discussed in the present work. Many glass systems
hosts have been under the active research in the field of RE ion for many years. We
can summary majority type of glass are following: soda-lame glass, borosilicate glass,
lead glass, phosphate glass, chalcogenide glass, opal glass, glass-ceramics and borate
glass. In this article, search for novel hosts, borate glasses (Singh et al., 2014) can be
acknowledge as a good host to enhance optical properties within borate glass systems.
We will introduce the glass system borate (B,Os;) network formers (Shaaban et al.,
2018) have got special candidate host for doped rare-earth ion due to higher bond
strength, low dispersion, small cation size (valency =3 of boron), low heat of fusion,
good transparency, low refractive indices from the ultraviolet to near-infrared regions,
good rare-earth ion solubility (Shaaban et al., 2018; Kaewnuam et al., 2017; lbrahim et
al., 2018) and better chemical stability and durability compared to many other hosts
systems. We also believe that borate combined with lithium and aluminum oxides
form of glass (Deopa et al., 2018; Singh et al., 2008; Aboutaleb et al., 2015) is a good
stable host because adding alkaline oxide will boost many of the characteristics and
conditions of preparation such as decreasing melting temperatures and improving
chemical resistance. So that lithium is an important alkali cation and an important
modifier is aluminum oxide. Moreover, special interest has been used as
the gadolinium oxide (Kesavulu et al., 2016; Ragab et al., 2013; Zaman et al., 2016)
additive to increase luminescence intensity and increase the efficient energy transfer
between luminescence activators.

In designing new RE*" optical applications, the choice of the appropriate host
matrix and RE®* ion is crucial. For other RE** with co-doped compounds have been
paid on Dy’* (Shamshad et al., 2017), Sm** (Ullah et al., 2021), Eu** (Wantana et al.,
2018) doped gadolinium oxide component. So, when exposed to UV or X-rays, the
light yield of trivalent rare-earth oxide-doped glasses will significantly increase due to
energy conversion from Gd** to these ions of borate glass system. In particular, though,
Gd®* only serves as a sensitizer exhibits heavy linear luminescence due to the 4f-4f
transformation as well as a high light yield in a variety of host materials (Ragab et al.,
2013). That is maybe because of its basic electronic energy level scheme (the electron

configuration of Gd: [Xe] 4f" 5d' 6s%). Therefore, the Gd** ion contains seven unpaired
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electrons that can be used as a spectroscopic examination for host-dopant energy
transfer processes (Zaman et al., 2016, Shamshad et al., 2017). In addition, trivalent
terbium (Tb’*) ion-doped materials (Zu et al., 2021) as the optically active ions play a
double role when a second rare-earth ion was introduced to the glass host. In the
later system, was very interested in your research work such as i.e. Tb>* - Eu®* (Pisarska
et al, 2014; Loos et al., 2017), Dy3+ -Tb** (Lakshminarayana et al., 2014, Pisarska et al.,
2014) (the phenomenon of energy transfer from in lead borate glass occurs through a
nonradiative process with an efficiency up to 16-18%). Trivalent Terbium (Tb**) is an
effective ion that releases strong green light (around 545 nm) through its °> Dy to ' Fs
transition with millisecond decay time (Yao et al., 2016). Numerous glasses co-doped
with Gd>*/Tb*>" (Sun et al., 2015) were investigated for obtaining the green color (Tb*")
lisht through appropriate combinations of these luminescence properties that are
useful in the color displays and light emitting diodes. Furthermore, they are also
promising materials for green luminescence applications.

In this work, we were starting materials used for host glass preparation present
for optimized Gd,O5; concentration of 2.5 mol% and a fixed concentration of Th,0,
using as a 1.0 mol%. After that, we developed the lithium aluminum gadolinium borate
glasses doped with Tb®" to select the right proportion combination of dopant ions in
a suitable luminescence glass. The chemical composition of 25Li,0-5A1,05- 2. 5Gd,0s-
(67.5-2)B,05-ZTb,0; series glasses were prepared to study in the physical, chemical
group, optical, photoluminescence, and radioluminescence properties. The influence
of Tb,Os concentration on these properties was also investigated to evaluate the
optimum chemical composition of glass for the candidate for green- emitting

luminescent devices.

7.2  Experimental

7.2.1 Preparation of Gd,O; doped

Series of lithium aluminum borate glasses samples singly and doubly doped
with Gd** and Tb* ions were prepared by mixing and melting appropriate amounts of

Li,COs, H3BO5, Gd,0s, ALOs and Tb,05 of high purity as starting materials. Firstly, a series
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of 25Li,0-5A1,05-YGd,05-(69-Y)B,05-1Tb,05 glasses with difference Y from 0, 2.5, 5.0,
7.5, and 10.0 mol% of composition so call the LATB glasses series of the host matrix.

7.2.2 Preparation of Tb,0; doped

Then secondly, the glass samples of chemical composition 25Li,0- 5AL,0s-
2.5Gd,05-(67.5-2)B,05-ZTb,05 (where, Z = 0, 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 mol%)
designated name as LAGB glasses with varying concentration of Tb,0;. Both glasses
systems were prepared by the conventional melt quenching technique as shown
in Figure 7.1 In the process, about 20 ¢ batches were mixed thoroughly by grinding in
an alumina crucible. The well-mixed powder was melted in an electrical furnace. Then,
they were melted at ~1200°C for 90 minutes. After that, the glass melt was poured
onto a graphite plate followed by annealing at 500°C for 3 hours to relieve thermal
stress and cooled slowly to room temperature and then on the polishing machine (1.0
x 1.5 x 0.3 cm?) to obtain a transparent glass sample of uniform thickness. From the
final glass materials at room temperature, their densities were first measured according
to a simple Archimedes method using water as an immersion liquid and then molar
volumes were calculated via a 4-digit sensitive microbalance (AND, HR 200). The fully
amorphous and transparent glass samples were obtained, which was confirmed by X-
ray diffraction analysis using the power X-ray diffraction: PXRD (Bruker D2 diffractometer
with Cu- KQ radiation). The optical absorption spectra of polished samples are
measured with a UV-vis and NIR spectrophotometer (Shimadzu UV-3600) in the
wavenumber range 200-2500 nm. The excitation and emission spectra, as well as decay
measurements, were recorded using a spectrofluorophotometer (Cary-Eclipse) with a
Xenon flash lamp as an excitation light source in the 200-800 nm wavelength region,
recorded at room temperature. The X-ray luminescence spectra were measure by an
experimental set up consisting of Cu target x-ray generator (Inel, XRG3D-E), fiber optic
spectrometer (Ocean Optics, QE65 Pro), and brass sample holder. Glass was radiated
by X-ray induced optical luminescence (XOL) spectra were measured Cu target Xray
generator (Inel XRG3D-E) which was operated at 50 kV and 30 mA power equipped
with an Ocean Optics QE65 Pro spectrometer. The oxidation state of Tb was evaluated
by performing XANES spectroscopy on the as-prepared samples using at Synchrotron

Light Research Institute (beamline 5.2). The data were collected in the fluorescence
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mode over the Tb L edge. A standard of terbium oxide (Tb,0;) was used as the

reference sample. All measurements were carried out at room temperature.

® ®
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Selection & Weighing of raw materials having high purity

Annealing at an appropriate temperature Quenching casting in a suitable mould Melting in a alumina crucible at
an appropriate temperature

Figure 7.1 Glass Manufacturing Process.

7.3  Result and discussion

We created borate glass of the composition 25Li,0-5A1,05-XGd,03-(69.0-X)B,05-
1.0Tb,05 so-called LATB and 25Li,0-5A1,05-2.5Gd,05-(67.5-2)B,05-ZTb,0s, LAGB glass
series. Figure 7.2 shows images of optically polished Gd,O; doped LATB glasses. It
easily sees the change in the component of the glasses with doping observed that
shades color of the glass sample changes from colorless to light soft yellow with the
addition of Gd,O3 up to 10 mol%, we may have noticed that some areas start with

white spots, stope doped due to the limits of the milky effect.
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Figure 7.2 Cut and polished 25Li,0-5A1,05-XGd,05-(69.0-X)B,05-1.0Tb,05 glass sample
from 0 to 10 mol% of Gd,O; doped borate glass.
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The physical properties such as density and molar volume were used to
evaluate the level of structure compactness. Figure 7.3(a, b) displays that both
parameters (density and molar volume) of the glass sample tend to increase with the
increase of Gd,O5; and Th,05; concentrations. We believe that there is a change in the
structural arrangement of the atoms with trivalent rare earth (Gd** and Tb**) addition
in the Li,O: AlL,O5: B,O5 network. Borate can be replaced by gadolinium and terbium
oxide due to the density of glass is like a total atomic mass of trivalent rare-earth ion
as compared to other oxide components in glass accordingly, the substitution of B,Os;
(Mw = 69.6202 ¢/mol) by Gd,0s (Mw = 336.4822 ¢/mol) and Tb,O; (Mw = 365.8488
g/mol) occur resulting in increasing the sample’s overall molecular weight. In addition,
this presented that the Gd®>* and Tb”" ions in the glass broke bonds between boron

and oxygen in its network, this so-called non-bridging oxygen (nBOs).
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Figure 7.3 Densities and molar volume of lithium aluminum gadolinium- terbium

borate glasses doped with different Gd,O; (a) and Tb,05 (b) concentrations.
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Figure 7.4 (a) X-ray diffraction and (b) FTIR spectra for the prepared LATB glass samples

doped with different Gd,O5; concentrations.

The XRD pattern of the sample prepared LATB glass sample matrix was
monitored in the range 10-80° (28), as shown in Figure 7.4(a). The confirmations of the
non-crystalline behavior of these glasses were determined using the XRD pattern. The
XRD spectrum is absent only humps around in 18% 50° region and does not show any
sharp Bragg peaks. This indicates that the prepared glasses host sample has a purely
amorphous nature (Wantana et al., 2019).

Figure 7.4(b) presents the FTIR spectra of the prepared glass sample.
Frequencies and assignments for FTIR spectra of the prepared glasses were confirmed
around 455, 702, 949, 1016, 1248, and 1358 cm™’. The first of the vibrations part,

absorbed infrared with 455 cm™ wave number was used to bending vibrate of Li* ions
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with glass network appear between 410-625 cm™! (Azizan et al., 2014), assigned the
vibrations of lithium in their oxygen linkage, exhibited in Figure 7.4(b). The shape of
obtained spectra (at 702 cm™) increased with increasing Gd,05; was used to bending
vibrate the B-O-B linkage of trigonal BO; borate groups (Gedam et al., 2011). The
stretching vibrations of B-O bonds of tetrahedral BO, units and NBO vibrations in glass
network own the infrared absorption a huge kink was observed at 971 cm™ this
vibration tends to have more strength with rising of Gd,O; concentration which
corresponds to the increment of glass molar volume explained about the NBO number
addition (Dalal et al., 2015). A tiny sharp band was observed at 1,248 and 1,358 cmt
infrared represents the B-O stretching vibration of BO5 units in pentaborate, pyroborate,
orthoborate groups and the presence of asymmetric B-O stretching vibrations of BO;
and BO,O unit (Kaur et al., 2014; Thakur et al. 2015). All FTIR results point out that the
BO; and BO, borate groups are the main structural unit in the glass system.

The room temperature excitation spectra of the LATB series glass samples are
measured by monitoring the emission wavelength at 543 nm (Fig.5(a). The Tb>* doped
in this glass are shown emitted bright green licht under 275, 377, and 222 nm excitation.
As can be seen from Figure 7.5(a), the excitation spectra of all the LATB glass series
present peaks at 222, 275, 311, 341, 352, 370, 377, and 488 nm (Wantana et al., 2019)
are related to the transitions of 4f-5d, °S;/, —> 8175, °S7/, —> P75, 'Fe—> "L, "Fe—>"Lo,
"Fe—>"Lyo, 'Fg—>°G¢+°Ds, and 'Fe—>°D,, respectively. Therefore, Figure 7.5(a) gives a
variation of the excitation luminescence peaks were observed as two prominent
signature peaks of Gd’"ions in the host glasses at 275 (°S;,,— °)) and 311 nm
(8S;,,— ®P)). Additionally, the other five transitions of Tb”* ions can be assigned to
main transitions from ground state 'F¢ to the higher-lying excited states°D; (377 nm),’D,
(488 nm). A series of sharp excitation bands in the wavelength from 250 to 500 nm
corresponds to the Tb>" Intra-4f (4f°- 4f%) transitions. The significant phenomena
happen when this finding is compared with conventional Th-doped phosphors. The
extraordinary transition band 4f-5d of the Tb>" ion can be observed on the excitation
spectra of about 222 nm (Li et al., 2007). This occurrence is peculiar because the

typical Tb-activated phosphor material glass often exhibits a high 4f-5d transition band
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absorption of about 200-300 nm. Figure 7.5(b, ¢, and d) presents the emission spectra
of LATB g¢lasses series obtained by exciting at 275, 377, and 222 nm shows a strongest
emission peak at 543 nm (green color), which is characteristic of D, — 'F5 transition
of Tb>* ions of the host matrix. Among emission spectra were measured by exciting at
275 nm indicates the emission spectra in various Gd,O5 content as labeled in Figure
7.5(b). The emission peaking at 311nm corresponds to the ¢p,,,—> &S, , transitions of
Gd®* ion energy level in UV region and other peaks belong to the characteristic
emission of Tb>" ion consist of four prominent bands at 488, 543, 586, and 620 nm
were assigned to the °D, — 'F, °D, — Fs, °D, — 'Fyand °D, — F5 (Valieva et al,
2015) transitions, respectively. It found that the green emission of Tb>" ion is greatly
improved by Gd** ion doping and then the emission bands of Gd**(311 nm) decrease
with increasing of Tb>* ion concentration. These findings suggest that successful energy
transfers are rendered into glasses from the host Gd** to dopant Tb* ion (Kesavulu et
al,, 2017). Some part of the absorption energy of Gd>* ions has been emitted as a 311
nm light line emission. The other part of the energy transition from Gd** to Tb>* ion
has been contributed. Figure 7.5(c, d) describes the emission curve of the sample,
fixing the excitation wavelength at 377 nm 222 nm. The spectrum displays a series of
emission lines ascribed to the similar to the 275 nm emission band except for the
sharp characteristic of Gd®* ions at 311 nm. These data indicated that the emission
intensity of Tb,O; increases with increasing Gd,O; concentration until 2.5 mol%, it
slightly decreases. Hence, the optimum concentration of Gd,O5; content at 2.5 mol%

was chosen.
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Figure 7.5 Photoluminescence spectra for Gd** and Tb*>* dual doped borate glass

systems with different Gd,O; concentrations.
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Figure 7.6 The emission spectra (Ao, = 222, 275, and 377 nm) for Gd**and Tb** dual

doped borate glass for different concentrations.

Figure 7.6 represents a variation of photoluminescence intensity with the Gd,O,
concentrations, the excitation spectra of Gd**and Tb’* co- doped glass sample
monitoring the emission wavelength (Ao ) With 543 nm and emission spectra under 3
excitations wavelength at A., = 222, 275, and 377 nm are introduced to the glass hosts
in order to improve luminescence properties of Tb**, additional Gd** ions are usually
incorporated in the glass host. The results clearly show the strongest intensity of
emission spectra (A., = 222, 275, and 377 nm) belongs to 543 nm (°D,—> ' F; green
emission), increasing the emission output with the increase of Gd>* concentration up
to 2.5 mol%. Due to the optimum concentration, the energy transfer takes place
among Tb* ions. In order to further enhance the luminescence of Tb**, additional

Gd** ions are usually incorporated in the glass host.
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Figure 7.7 The XANES and X-ray induced luminescence spectra of LATB series glass.

Energy (eV.)

Figure 7.7(a) displays the normalized Tb L,- edge XANES presentation is
indicated only in the energy range 7,480 and 7,600 eV of the LATB serie with the
25Li,0-5A1,05-YGd,05-(69.0-Y)B,05-1.0Tb,05 composition where Y = 0-10 mol %. Gd,Os
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and standard Th,05; samples. For the XANES study, Tb,0; was used as a standard and
data were normalized at 7619 eV. The XANES data were analyzed using the Athena
software. A first observation of the XANES spectra is that the features seem identically
and the energies positions of the first main absorption bands centered at about 7,510
and 7,525 eV shift towards larger energies by increasing of the Gd,Os in the host matrix.
It is well known that terbium easily presents a mixture of valence states Tb** as in the
chosen reference (Th,03). The white lines of Tb doped samples exhibit the dominant
single maximum band at 7,519 eV relative to Tb>* with no evidence of a marked
shoulder on the right side of the maximum suggesting that the presence of Tb*,
illustrating that Tb>" ions exist predominantly in the samples.

The radioluminescence spectra for Gd**and Tb>* dual doped of host glass with
different Gd,0O5; concentrations were shown in Figure 7.7(b). The present experimental
aperture can detect sufficient signal from the un-doped Gd** by fixing 1.0 mol% Tb**
in the LABT glass sample. At 1.0 mol% Tb-doped all samples presented the sharp
emission lines exhibit four permanent peaks, which locate at a wavelength around 488
nm (°Dy — 'Fy), 543 nm (°D;— 'Fs), 586 nm (°D, — 'F,), and 620 nm (°D;— 'F3)
transition as observed the peaks with similar positions of photoluminescence and
radioluminescence results. The LATB series glass doped with 2. 5 mol%
Gd’* concentration is the higher intensity of radioluminescence pattern at the
wavelength at 543 nm, which can indicate the same tend of photoluminescence result
in Figure 7.5 The optimum concentrations of Gd** content in 25Li,0- 5AL,05- XGd,Os5-
(69.0-X)B,05-1.0Tb,O5 host glass is X= 2.5 mol%.
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Figure 7.8 Lifetime curve (a) and 1931 CIE chromaticity diagram (b) for varying Gd**

concentrations by fixing 1.0 mol% Tb*" glass.

In  general, the luminescence decay time analysis is a physical
phenomenon used to understanding the energy transfer process. Figure 7.8( a)
represents the decay curves for °D, state with the difference Gd’* ion, representing the
signature emission green was shown around at 543 nm (°D,— 'Fs of Tb>") transition
with exciting at 275 nm. The decay times are obtained to decrease 2.578 to 2.025
milliseconds unit for Gd**concentrations increase (0 mol% to 10 mol%). The potential
of these dual-doped glasses for white light emission is explored by employing CIE 1931.
The CIE diagram in Figure 7.8(b) presents the color coordinates of dual doped glasses

under excitation at 222, 275, and 377 nm. In particular, all-glass samples show green
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light emission (543 nm) as a result, the CIE coordinates )\eX: 222 nm (0.30, 0.59), )\EX:
275 nm (0.32, 0.55), and )\eX: 377 nm (0.30, 0.58), which the mostly lie in shade of
lime- green region. Moreover, the quality of green light was inspected with the
correlated color temperature (CCT) value are calculated by McCamy equation
(McCamy et al., 1992). Therefore, the CCT values of the present composition LATB
glass were obtained in the range of 5749-6098 K, which the CCT value in between
daylight CIE D55 and commercially available white light LED (see table 7.1).

Table 7.1 The CIE color coordinates (x,y), correlated color temperature (CCT) for LATB

glass.

Glass (x,y) CCT
LABT doped 2.5 Gd glass: Ao,= 222 nm (0.30,0.59) 6083
LABT doped 2.5 Gd glass: A= 275 nm (0.32,0.55) 5749
LABT doped 2.5 Gd glass: A= 377 nm (0.30,0.58) 6098
Daylight CIE D55 (Fuches et al., 2009) (0.332,0.347) 5500
Commercial white light LED (Yang et al,, (0.340,0.560) 6400
2006)

The optimum concentrations of Gd**ion in 25Li,0-5AL,05-YGd,05-(69.0-Y)B,05-
1.0Tb,03 host glass matrix is Y = 2.5 mol%, which results in the maximum intensity of
emission under both photoluminescence and radioluminescence results are inversely
related in glass samples. Therefore, it is important to study both the properties in order
to understand the radiation- induced and photoluminescence phenomena
comprehensively. After the process, we were prepared glass samples with varying
Tb,05 content in the best host 25Li,0- 5Al,04- 2. 5Gd,05-(67. 5- Z) B,O5- ZTb,05 so call

LAGB series glass to study photoluminescence property.
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Figure 7.9 The optical absorption (a) and excitation (b) spectra of the LABG glass series

doped with different concentrations of Tb,0s.

The absorption spectra of the samples appear the only one peak in the visible
region and two peaks in the NIR region. The absorbance significantly increases with
increasing Tb,O3; concentration. When the Tb,05; concentration increased up to 4.0
mol%, a weak absorption appeared around 485 nm invisible and at 1,923 and 2,212
nm in the NIR region. The black-line compares the absorption spectra of un-doped and
co- doped glasses are shown in Figure 7.9(a), illustrating in addition to the
Tb> concentration, the absorption bands around 1,600 to 2,400 nm tended to increase
gradually. The origin of the latter absorption bands was ascribed to Tb** for its typical
feature.

Figure 7.9(b) shows the excitation spectra of Tb>* ions doped LAGB glasses
recorded by monitoring the green emission wavelength (A at 543 nm. The excitation
spectra of all the LAGB sample glasses give eight luminescence bands centered at 275

and 311 nm are associated with hosting bands of Gd** ion and other six transitions at
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222, 341, 352, 370, 377, and 486 nm are attributed to Tb>" ion excitations. From the
excitation spectra, we can be observed the transition at 222, 275, and 377 nm

is important than the other transitions.
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Figure 7.10 The emission ()\eX =275, 377 and 222 nm) spectra for LAGB glasses (a, ¢,
and d) and variation of Gd**intensity at 311 nm and Tb**intensity at 543 nm (b) as a

function of Tb,0; concentrations for LAGB glasses.

The concentration Tb>" ions effect on the luminescence was investigated, the
emission spectra in the visible region were measured for the examined Tb*" ion-doped
LAGB glasses to all the concentrations (0, 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 mol%) of
Tb,05 contents. The effects of the concentration of Tb>" ions emission behavior of
LAGB under direct excitation wavelength at 275 nm display a sharp peak at 311 nm
attributed to the Gd** °P, —?®S, , transition. On start increasing Tb concentration since
0.1 mol%, Tb>* emission dominates and the peak at 543 nm are illustrated in Figure 9
(a). Additionally, the other peaks result in well-known four lines spectra with °D,—>"F,
°Dy—>'F5 °Ds—>'F,4 and °D,—> 'F5 emissions are located at 487, 543, 585, and 621 nm

based on 4f-4f transitions of Tb>* ion. The increasing the Tb,05 concentration, the



153

intensity of the °P, — ®S;,, transition was reduced due to the energy transfer
mechanism from Gd** to Tb>* confirm, presented in Figure 7.10(b). Among under
emission 377 and 222 nm gives a variation of the multiple emission luminescence
peaks are very similar to the X-ray induced emission spectra as shown in Figure 7.7.
Figure 7.10(a, b, ¢) shows increased luminescence intensities of all emission and
excitation bands with increased Tb,0; content up to 4.0 mol%until increased beyond

5.0 mol%, a considerable overload of doped was observed milky effect.
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Figure 7.11 Three emission spectra for the Tb>*/Gd’>* co-doped LAGB glass doped with

different concentrations of Tb>*

Figure 7.11 shows the luminescence spectra for LAGB glasses dual doped with
Tb>* and Gd** were emission with A, = 222, 275, and 377 nm. The appearance of the
most intense band located at 543 nm is due to the main green transitions from Tb**,
which tend to increase with the increase of Tb*>* content. Until 4.0 mol%, it was found
the maximum load concentration of glass having a white color, milky appearance,
usually with a fiery translucence.

The photoluminescence decay curves of the Thb-doped glass samples for 543
nm emission wavelength and under 222 nm excitation wavelength of the LAGB doped
glass are presented in Figure 7.12(a). The lifetime curves were extrapolated by
approximating with a single exponential decay function for all concentrations in the

glass samples.
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Figure 7.12 Luminescence decay profiles of sample glasses (a) and the energy level

diagram for the transitions of Tb**(b).

Figure 7.12(a) shows the lifetime of Gd**-Tb*" co-doped samples with the
increase in Tb>* concentration may be explained as the decay time decreased. To
inculcate that Gd**may not only act as a modifier but also as an efficient sensitizer for
the dopant Tb** in the present glasses, N(Gd-Th) and N(Tb-Tb) have been calculated
and compared with each other concentration. It is also clearly confirmed that although
Gd* has constant optimized content in 25Li,0-5A1,05-XGd,05-(69.0-X)B,05-1.0Tb,05
host glass is X= 2.5 mol% while Tb®* has a varying concentration. Characteristic bands
due to, °S7/, — 817/, (275 nm) and °S;,, (311 nm) transitions of Gd** are clearly visible
for the glass sample. Therefore, it very slightly on the order of milliseconds due to the
4f- 4f transitions of Tb>", while the signal of Tb®" undoped glass sample could not be

detected. However, the former is ready for energy transfer to Tb>* and is evident from
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N (Gd-Tb) > N(Tb-Tb). The Gd®* 311 nm emission intensity has been dramatically
decreased and the Th,0; content is rising where the signature Gd®>* 311 nm emission
declines. The efficiency of energy transfer from host (Gd>*) to activator (Tb**) ions
referred as a function of Tb,03; concentration, the greater the concentration of Tb,0s,
the higher the efficiency of energy transfer (59.199%) is shown in the Table 7.2 It can

be observed that the Gd** plays an active role as a sensitizer.

Table 7.2 The concentration mol% and lifetime (ms) of the dopant (Tb’*) and the
efficiency of the energy transfer from Gd** to Tb** and Tb”* to Tb** in the LAGB doped

glass series.

Glass Eox = 275, B & 275, Eo, = 222, N Gd>- N TpH3*-
Eern =543nm  Eon = 311 nm Eoy = 543 nm Th>* Th>*
(ms) (ms) (ms)

0 Tb glass - 2.499 - - -
0.1 Tb glass 3.310 2.210 2.682 49.773 0
0.5 Tb glass 3.015 2.01 2.643 50.000 1.454
1.0 Tb ¢lass 3.001 1.956 2.625 53.425 2.125
1.5 Tb ¢lass 2.947 1.879 2.613 56.838 2.572
2.0 Tb glass 2.789 1.771 2.585 57.481 3.616
3.0 Tb glass 2.571 1.615 2.560 59.195 4.548
4.0 Tb glass 2.544 1.598 2.450 59.199 8.650

Moreover, indicating the energy levels diagrams of Gd**and Tb’* ions and their
relative transition are described in Figure 7.12(b). The Gd** ion is stimulated by 275 nm
of the UV radiation, the original upper energy level population relaxes to its lower
energy levels before it exceeds the °P;, level by phonon help and 311 nm of
characteristic Gd** ion emission occurs. In this process, part of the energy in Gd**ion
%P/, through the electrical dipole-dipole interaction to the superior levels of Tb** ion
and then relaxes easily to °D,. Thus, Gd** can increase the population of Tb** ions to

°D, levels and make Tb** luminescence more sensitive.
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CHAPTER VI
DYSPROSIUM DOPED BORATE GLASS

The improving optical and luminescence properties of Dy** and Gd** dual
doped lithium aluminum borate glasses with composition 25Li,0-5.0Al,05- 2.5Gd,04-
(67.5-X)B,05-XDy,05 glasses were successfully developed. The as-synthesis composite
used conventional melt- quenching processes. All glass samples doped with Dy,03
show an enhanced emission intensity (photo and radioluminescence spectra) with
increasing the concentration of Dy,0O3 up to 1.0 mol%, and beyond that, concentration
quenching has occurred for all samples. The experimental decay times calculated from
the decay profiles have been gradually declined with an increase in Dy>" ion
concentration. The chromaticity coordinates (CIE 1931) were located in the white light
region of the color chromaticity diagram. The Dy-doping glasses synthesized show the
prevalent presence of Dy** also, the presence of the trivalent oxidation state in the
glass series. Therefore, the results confirm that the Dy’*-doped glasses could be usable

for white-LEDs applications.

8.1 Introduction

In recent years, the researcher objective tried to reduce harmful materials such
as a mercury fluorescent lamp for environmentally friendly, but illumination is also
commonly used in human activities. Therefore, the new materials are an excellent
replacement for the mercury fluorescent lamp of the past, such as white-light-emitting
diodes (W-LEDs) (Bergh et al., 2001). W-LED lamps are a safer option more than the
conventional fluorescent mercury bulb. These materials were highly interested
because of their excellent properties such as green material, low cost of
manufacturing, low energy efficiency, homogenous light emission, and high service life.
In the commercial W-LEDs, the blue-light diodes (LED) surface with a coating of yellow
phosphors is made (Bergh et al., 2001; Sun et al., 2010). However, this white light has
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disadvantages with poor and very short life-time due to the coating of phosphors
ununiform consequently, using rare-earth (RE) for doping in crystal and glass is the
alternative for developing for solve problem. The RE-doped glasses have excellent
properties such as high thermal stability, good transparency, and lower manufacturing
costs rather than phosphors (Damak et al., 2014; Krishnaiah et al., 2013; Deopa et al,,
2018; Uma et al,, 2016). In numerous periodic table materials, rare-earth oxide (REO)
has achieved broader interest due to its uses in optoelectronics, such as display
devices, solid- state laser, optical sensors, memory modules, and fiber amplifiers
(Chakraborty et al., 1894; Chakraborty et al., 1985). The rare-earth ions (REl) exhibit
optical properties related to their 4f-4f level transitions, providing strong luminescence
in the visible until the infrared region due to the variation component of glass. The
variety of glass composition causes REI doping different structures. Moreover, various
REls provided different colors of emission properties. The development of the host
materials is interesting for enhancing properties like transparency, chemical inertness,
low-temperature synthesis, non-hygroscopic, and good solubility (Shamshad et al,,
2016; Rajesh et al., 2012; Kiran et al., 2013). Since lithium has good choices that exhibit
low weight and high energy density, lithium borate glasses have received much
attention. A series of glasses doped with lanthanide oxides (Ce**-, Pr**-, Nd**-, Sm>*-,
Eu®-, Tb>*-, Dy’*-, Ho>'-, and Er’*) is widely used in glasses with excellent properties
such as physical, chemical, optical, and other properties (Zaman et al.,, 2016). The
variety glasses for W- LEDs light from the different lanthanide ion-doped, the
dysprosium (Dy>") doped in glassy materials are most acceptable for single-phase
generation (white light) and light transformation because their emission ~482 nm blue,
~575 nm yellow, and very low emission ~665 nm red light, which corresponds to (*Fs,
— °Hys/5), (*Fgy —> ®His/0), and (*Fy, — ®Hy10) transition, respectively (Vijaya et al.,
2013; Kaewkhao et al., 2016; Shamshad et al., 2017). The strong peak at *Fg/, —>H 3/,
transition of Dy>* is suitable for lasing action, whereas emission of white light has an
advantage when using white light diode emitting (W-LEDs). The borate glass with ALO;
added provides a good network structure, strong chemical, and mechanical (Monisha

et al,, 2020). Additionally, the glass matrix plays a function in the development in
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addition to doping materials. As a result of its very effective energy transfer from Gd**
ions to the integrated activators (the luminescence core, such as lanthanide: Ln>*) at
a reasonable cost (Xiong et al., 2014; Babu et al., 2015; Vijayakumar et al., 2015; Nayab
et al, 2013; saleh et al,, 2012; Ragab et al., 201 3), Gd,O3 has become a material of
great interest in the glass matrix because the Gd is a high atomic number that can
increase glass density and strengthens the relationship between glass and radiation
(Ragab et al., 2013; Wantana et al., 2020).

However, there have been no systematic studies in (Gd**/Dy*) dual-doped
transparent Llithium aluminum borate glasses. Additionally, the bright white-light
emission and other optical properties of lithium aluminum borate glasses with
(Gd*>"/Dy*") dual-doped has not been reported. Therefore, the low-cost melt-
quenching technique has been used to fabricate an attractive glass. All glasses were
characterized the physical, structural, optical, photoluminescence, and
radioluminescence properties. Interestingly, the effect of Gd,O; and Dy,0s;
concentrations was also optimized chemical composition and bright white-light

emission of glass, which is usable for W-LEDs applications.

8.2 Experimental

8.2.1 Doped with Gd,0O5; concentration

The variation of Gd** concentration in lithium aluminum gadolinium borate
glasses of 25Li,0-5A1,05-XGd,05-(69-X)B,05-1.0Dy,05 system has been investigated for
a host glass which X varied from 0 to 10.0 mol%, calling LAGdxBDy1.0 glasses
(LAGdOBDy1.0= 0 mol% Gd, LAGd2.5BDy1.0= 2.5 mol% Gd, LAGd5.0BDy1.0= 5.0 mol%
Gd, LAGd7.5BDy1.0= 7.5 mol% Gd and LAGd10.0BDy1.0= 10 mol% Gd).

8.2.2 Doped with Dy,O,; concentration

The best condition of host glass was selected to fabricate for Dy** dopant. A
series of 25Li,0-5A1,05-2.5Gd,05-(67.5-X)B,03-XDy,05; doped with Dy,0; (where X = 0,
0.05,0.1,0.3,0.5, 1.0, and 1.5 mol%), calling LAGd2.5BDyx glasses (LAGd2.5BDy0= 0
mol% Dy, LAGd2.5BDy0.05= 0.05 mol% Dy, LAGd2.5BDy0.1= 0.1 mol% Dy,
LAGd2.5BDy0.3= 0.3 mol% Dy, LAGd2.5BDy0.5= 0.5 mol% Dy, LAGd2.5BDy1.0= 1.0
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mol% Dy, and LAGd2.5BDy1.5= 1.5 mol% Dy). Both glasses systems were synthesized
through the melt quenching process using the chemical grade of high quality Li,COs,
H3BO5, Gd,03, Al,O3 and Dy,03 as starting materials. In the process, about 20 g batches
were homogenously mixed by grinding in an alumina crucible. Then, the mixed powder
was melted in an electrical furnace at ~1200 °C for 90 minutes. Next step, the glass
melted was poured onto a graphite plate followed by annealing at 500 °C for 3 hours
and cooled slowly to room temperature to relieve thermal stress. All glasses were cut
and polished to a rectangle shape of 1.0 x 1.5 x 0.3 cm®. The transparent glass sample
of uniform thickness was obtained, as shown in Figure 1(a, b). The density of
synthesized glasses was studied by Archimedes method, then molar volumes of
glasses were examined. Moreover, the optical absorption spectra of all samples were
calculated in the range of 200-2500 nm via UV-vis -NIR spectrophotometer (Shimadzu
UV-3600). The characteristics of photoluminescence (PL) spectra have studied a
spectrofluorophotometer (Cary-Eclipse) thoroughly using a Xenon flash lamp with the
excitation in 200-800 nm wavelength region. The system consists of Cu target x-ray
generator (Inel, XRG3D-E), fiber optic spectrometer (Ocean Optics, QE65 Pro) and brass
sample holder used to estimate the radioluminescence spectra. The optical
luminescence spectra were measured from the radiated glass X-ray (50 kV and 30 mA).
The spectroscopic technique of X-ray absorption near- edge structure ( XANES)
measurements is a useful method for determining the oxidation state of materials. We
present a comparison of experimental XANES data obtained in fluorescence mode at
the Dy L,-edge (7795.5 eV) with bent Ge (220) crystals using a crystal analyzer

spectrometer.

8.3 Result and discussion
Both series of LAGAxBDy1.0 and LAGd2.5BDyx are doped gently by Gd** and
Dy**both glasses exhibit soft-yellow color, free of bubbles, homogeneous and high

transparency, as seen in Figure 8.1(a, b).
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205XGd,05(69-X)B,0510Dy,0;

Figure 8.1 Photograph of glasses with different (a) Gd,O5 and (b) Dy,05 concentrations.

Figure 8.2(a) displays density, molar volumes, and refractive index of
LAGdxBDy1.0 glasses. Those results tend to increase with the addition of Gd,05; doped
concentration linearly because Gd,0; exhibits a higher relative molecular mass than
B,Os. The reason can be explained by an increase in the average molecular weight of
glass, thereby increasing the glass density. Figure 8.2(b) shows a similar pattern of
density, molar volume, and refractive index of LAGd2.5BDyx glasses. The molar volume
initially increased from zero concentration of Dy,0; because the non-bridging oxygen
(NBOs) number increased, indicating that the packed structure is bond breaking
(Kaewnuam et al., 2017). Moreover, the increase in molar volume relates to the
increase in interatomic spacing. Therefore, the increase of the molar volume of glasses

occurs as a Gd,O3 and Dy,05; concentration function due to the increase in the NBOs.
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Figure 8.2 Densities, molar volumes, and refractive index for different concentrations

of Gd,O3 and Dy,05 in LAGAxBDy1.0 (a) and LAGd2.5BDyx (b) series glasses.
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The XRD diffraction pattern shows broad peaks at low angles, confirming all

glasses' non-crystalline characteristics, as shown in Figure 8.3(a, b).
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Figure 8.3 XRD pattern of LAGdxBDy1.0 and LAGd2.5BDyx series glasses doped with

different concentrations of Gd,Os (a) and Dy,0s (b) in mol%.

8.3.1 Effect of Gd,0O; concentration

The excitation spectrum for LAGdxBDy1.0 glass series (under A, at 575 nm)
presents nine excitation bands peaking at 275, 311, 325, 350, 365, 387, 426, 453, and
474 nm due to the transition spectra of ® Sy, —> % 17,52 S/, —> °Dy,5,° His/o—> ¢ Py,
®His/s —>° Pra, © Hisis = Psja, © Hisig = Frpo, © Hisjo = Guiga, © Hisy = 150, and

® Hys, —Fy, respectively, illustrated in Figure 8.4(a). It was found that the highest
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excitation peak belongs at 387 nm (°H;s;,— * F7,,), proportional to the highest
absorption transition in the visible light region. Under both emission spectra with A
= 275 and 387 nm represent a strong emission band at Ao, = 575 nm, which is
characteristic of *Fg/,—>¢ Hys/, transition (Wantana et al., 2020). The emission spectra
for the various Gd,Os in the LAGdxBDy1.0 glass series exhibit in the range of 250—800
nm under Ao = 275 nm, represented in Figure 8.4(b). The emission spectra provide
five visible, prominent emission bands, located 311, 482, 575, 665, and 751 nm
corresponding to °P7; —> °S,5,Fo/s=> Hiso,"Fo/=>His/, “Foys=>°Hiyo, and *Fo,—>
®Ho, , transitions, respectively. The emission of spectra was found substantially
improved with an increasing concentration of Gd,O; The emission bands at 311 nm
decreased because the energy transfers from the host Gd** to dopant Dy>* ion.
Moreover, the emission spectra were recorded by exciting at 387 nm, consisting of four
prominent bands at 482, 575, 665, and 751 nm, which similarly result at the excitation
wavelength of 275 nm, as shown in Figure 8.4(c). The blue, yellow, red emission peaks
profile led to a soft-white color when human eyes were detected. Therefore, the
emission and excitation peaks intensity increase with increasing Gd,O; concentration,
which reaches a maximum at 2.5 mol% and then decreases, as shown in Figure 8.4(d).
The radioluminescence spectra of the LAGdxBDy1.0 glass samples are observed at
room temperature, as seen in Figure 85 The radioluminescence spectra and
photoluminescence emission spectra of both glass systems show a similar trend, with
a high peak at around 574 nm being close to the direction of the photoluminescence
spectra result. The results were demonstrated that the electron-hole pairs formed by
X-ray interaction in the produced glass samples able to transfer their energy to the

luminescence core, with the optimal concentration of Gd,03 is 2.5 mol%.
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Figure 8.4 The excitation (a), emission (b, ¢), and trends to emission spectra (d) of

LAGdxBDy1.0 glasses doped with different concentrations of Gd,Os.
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Figure 8.5 The radioluminescence of LAGdxBDy1.0 glasses doped with Gd,Os.
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Figure 8.6 The relation between decay spectral profiles and energy transfer parameter

of 4F9/2 — 6H13/2 ()\ex = 387 nm& )\em = 575 nm) transition of Dy>*ions in glasses series.

Figure 8.6 depicts the luminescence lifetime profiles obtained for the emission
and excitation wavelengths of 575 and 387 nm. The observed decay time decreased
as Gd,0O5 concentration increased (0, 2.5, 5.0,7.5 and 10 mol%) glass are 0.4487, 0.4437,
0.4367, 0.4091 and 0.3983, respectively) because of the increasing energy transfer
through cross-relaxation in the existing glass network. When the energy transfer is faster
than the energy migration. Therefore, the energy transfer mechanism can be explained
with the I-H model (Inokuti et al., 1965) and luminescence intensity decay by the

following relation (8.1).

t t
= Y110 X B\YS
(D=5 expls — Q(ro) } (8.1)

Where |, is the initial intensity at t = 0, t is time after excitation and Ty is intrinsic
decay time of donors without the presence of acceptors, S is the multipolar interaction
parameter, which when S= 6, 8, and 10 corresponds to electrical dipole-dipole, dipole-
quadrupole, and quadrupole-quadrupole interaction, respectively. In this work,
indicating the non-exponential decay curves fitted to the I-H model reveals the
interaction between dipole-dipole (fit is good for S = 6, with R* > 0.99 (Deopa et al.,
2018) in nature. Figure 8.7 and Table 8.1 illustrate the life expectancy and the energy

transfer parameter Q.
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Figure 8.7 The decay curves of “Fg—>°His (Ao, = 387 nm and A.,, = 575 nm)
transition of Dy** ions with different Gd,05 concentrations (mol%-= 0 (a), 2.5 (b), 5.0 (c),

7.5 (d), and 10.0 (e)) along by I-H fitting curves (S= 6, 8, and 10).

The IH resulted was fitted and released the energy transfer parameter (Q),
indicating the probability of energy transfer from Dy>* donor to Dy** acceptor. The Q
value of LAGdOBDy1.0, LAGd2.5BDy1.0, LAGd5.0BDy1.0, LAGd7.5BDy1.0 and
LAGd10.0BDy1.0 glass is 0.0650, 0.0787, 0.0856, 0.1648, and 0.2026, respectively. The
increasing Q value under increasing Gd,0O5 concentration and fixing Dy,0O3 concentration
(1.0 mol%) indicates the enhancement of energy transfer between ions in the glasses

system (Table 8.1).
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Table 8.1 The values of lifetime (Tey; Ms), energy transfer parameter (Q), and R-square

of “Fg, — ©Hy3,, transition in alkaline-earth borate glasses.

Decay time Energy transfer parameter (Q)
Glasses

(ms) S=6 $=8 S=10

LAGdOBDy1.0 0.4487 0.0650 0.0683 0.0691
LAGd2.5BDy1.0 0.4437 0.0787 0.0818 0.0825
LAGd5.0BDy1.0 0.4367 0.0856 0.0874 0.0873
LAGd7.5BDy1.0 0.4091 0.1648 0.1624 0.1592
LAGd10.0BDy1.0 0.3983 0.2026 0.1981 0.1936
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Figure 8.8 The 1931 CIE chromaticity diagram of the best condition emission of

LAGdxBDy1.0 glasses illuminated by 365 nm UV lamp.

White light's color characteristics were assessed using CIE 1931 chromaticity

coordinates and correlated color temperature (CCT). Figure 8.8 depicts the PL

excitation and emission spectra of blue and yellow color in glass samples calculated

using the Commission International de I'Eclairage (CIE) 1931 chromatic coordinates (X,

y). The chromaticity coordinates for sample (the best condition) 25Li,O- 5AL,05-

2.5Gd,05-66.5B,05-1.0Dy,05 glasses (0.3630, 0.4015) were found in white region. The
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CCT value can be calculated from CIE color coordinate through the McCamy formula

as follows:

CCT = -449n°+3525n*-6823n-5520.33 (8.2)

where n = (x-0.332)/(y-0.186). In the final results, the CCT of the best sample
glasses (4556 K) is closest to CCT of standard white light (ranges from 4450 to 5335 K)
for application of these glasses in W-LED application (Table 8.2). Real naked-eye under

UV-lamp excitation also observed the soft-white emissions of all the samples.

Table 8.2 The CIE color coordinates (x,y), correlated color temperature (CCT) for

LAGd2.5BDy1.0 glass.

Glass (x,y) CCT (K)
LAGd2.5BDy1.0 : A= 387 nm (0.3630,0.4015) 4556
NbFSDy01 (Venkata et al., 2013) (0.358,0.409) 4817
LGBiBDy15 (Zaman et al., 2016) (0.374,0.410) 4360

In this part, the development of optimization concentration with Gd,Os was
found that 2. 5% is the best emission intensity (the radioluminescence and
photoluminescence emission spectra results), then Gd,0s is fixed at 2.5 % for Dy,0Os

concentration quenching study.

8.3.2 Effect of Dy,0; concentration

A series of 25Li,0- 5AL,05- 2. 5Gd,05-(67. 5- X) B,Os- XDy,05 doped with Dy,0s
(where X = 0, 0.05,0.1, 0.3, 0.5, 1.0, and 1.5 mol%) is called LAGd2.5BDyx series
glasses. As shown in Figure 8.9(a, b), the absorption bands for LAGd2.5BDyx glasses
indicate the transitions from the ground state °H;s, to different higher-level states. The
various spectroscopic transitions observed are as follows: 84,5/, “Fg,» (450 nm) for
the UV-VIS range, and ®Hys,,—> °F5/, (741 nm), ®Hys,,—> ®Fs,, (802 nm), ®Hys/,—> °F7,
(901 nm), ®Hys/,—> ®Fo/2 (1093 nm), ®Hys,—> ®F 11/ +%Hos (1270 nm), and ®Hys,,—>%Hyy

(1682 nm) for VIS-NIR range indicating the Dy>* in glass matrices. The typical absorption
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spectra of 1.5 mol% of Dy** ions doped LAGd2.5BDyx glass recorded at room
temperature show the transition SF 1/, +C%Hyy, Of wavelength 1270 nm is the highest
intensity among all these eight transitions and intensity peak of the glasses tends to

increase with increase of Dy,0O5; concentration.
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Figure 8.9 UV-VIS (a) and VIS-NIR (b) optical absorption spectra of LAGd2.5BDyx glasses

with various Dy,03 concentrations.

Figure 8.10 indicates the FTIR spectra of LAGd2.5BDyx series glasses activated
with varying concentrations of Dy>* glass samples were reported in the range 400-4400
cm™!. The studied-based glasses consist of B,O5 is only network-forming oxides. The
FTIR spectra analysis revealed that as the variation of Dy’ concentrations, the band
position does not show any significant change. The band around 449, 695, 951, 1263,
1373, and 1579 cm! were observed. In the first part, the vibrational modes associated
with the glass network appear sound center around 449 cm™ was used to bend the
vibrate of Li* ions with the glass network (Rajesh et al., 2011; Pawar et al., 2016). The
second band group formed at 695 cm™ corresponds to the B-O-B bending vibrations
of bridges containing one trigonal and one tetrahedral boron (Pawar et al., 2016; Pawar
et al,, 2016; Karunakan et al., 2009). And then, the strong band located at 963 cm~'can
be ascribed to the B—O bond stretching vibration of the tri-, tetra-, penta-borate BO,
structure units (Hari et al, 2015). The addition of the Dy,0s; amount in the present
glass increases the BO, units by entering the glass-forming network positions. The

presence of peaks at 1268 cm™!

infrared vibration reflects the B—0O stretching of BO;
units in penta-borate, pyro-borate, ortho-borate groups. The last group of the band

was observed at 1373 cm™ displays stretching B-O vibration in trigonal BO5 groupings,



whereas the vibration from 2000 to 3500 cm ™!

water, and O-H stretching of OH" groups (Talewar et al.
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indicates hydrogen bonding, molecular

,2019). All FTIR results show

the various vibrational bands of prepared glass samples and can be confirmed by the

formation of borate groups BO; and BOy, in the glass network.
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Figure 8.10 FTIR spectra of LAGd2.5BDy0 (black line) and LAGd2.5Bdy1.0 (yellow line).
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Figure 8.11 The photoluminescence results of (a) excitation (under A.., = 575 nm) and

(b) emission (under A, = 275 nm), (c) emission (under A, = 387 nm), and (d)

radioluminescence spectra of LAGd2.5BDyx glasses series doped with different Dy,0;

concentrations.
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Figure 8.11(a) indicates the excitation spectra of LAGd2.5BDyx glass doped with
different concentrations of Dy,0s. The excitation spectra consist of two parts. The first
part has exhibited two major bands centered at 275 nm (®S;,, —®1;,,) and 312 nm
(3S;/,— °Dy,,). Additionally, the other peak excitation of Dy** were observed at 325
nm (° His;,m>° Psyp), 350 nm (© His, —>° Po0), 365 nm (° His, —° Psyp), 387 nm (¢ Hysy,
—Fy), 626 nm (® Hysp —>* Gyyy), 853 nm (¢ His, —>* 115/0), and 474 nm (°Hys, —*
Fo/»). From the excitation spectra result, all samples represent the characteristic peak
of Gd** at 275 nm and the strongest band of Dy>* at 387 nm. So, all the samples were
excited by this wavelength to investigate the emission spectra as given in Figure 8.11(b)
and (c). We have noticed the emission spectra by exciting at 275 nm in the wavelength,
exhibits five transitions which can be assigned to 311 nm (°P;,,— 8S;,,) (from Gd**),
482 nm (*Fg/,—>° Hys/0), 575 nm (*Fg/,—>°Hys/0), and 665 nm (*Fg,,—>%H,,,) (from Dy*")
transitions (saleh, et al, 2012; Ragab et al, 2013). The emission intensity of
characteristic peak at 312 nm (Gd**) reduced while increasing of Dy,05 concentration
by all emission intensity of Dy,O; doped increase until 1.0 mol% due to the energy
transfer phenomena from Gd>" to Dy>". Figure 8.11(c) show the emission spectra of
LAGd2.5BDyx series glass by monitoring the excitation wavelength at 387 nm,
comparing with Figure 8.11(b). It found similar to the 275 nm with emission band at
482 nm (*Fo/;—>°% Hiss0), 575 nm (*Fg/,—>°Hy3/0), and 665 nm (“Fg,—>°Hyy ) transitions)
except for the sharp characteristic of Gd®* ions at 311 nm. The emission pattern
corresponds with the published in the literature (Srihari et al., 2019; Babu et al., 2009).
These data indicated that the emission and excitation intensity of LAGd2.5BDyx series
glass increase with increasing Dy,03 concentration until 1.0 mol%. Also, in glass that
dope Dy,0; higher than 1.0 mol%, it was affected by start concentration quenching
effect that reduces emission intensity. The radioluminescence spectra of LAGd2.5BDyx
series glasses were recorded with the irradiation from an X-ray source, using a 50 keV
and 30 mA, as shown in Figure 8.11(d). The spectra detected contained large emissions
of around 400-700 nm, three-wavelength emission peaks similar to photoluminescence
results (peaks at 482 nm: “Fy ,—> ¢ His/n, 574 nm: *Fg, ,—> ®Hys/p, and 665 nm:

*Fg/,—>%H11,, transitions). An incoming particle of ionizing radiation could explain some
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components trapped in the LAGd2.5BDyx series. The energy of the X-ray then induced
the electron to overcome the energy difference that contributed to the ionization of
glass samples. The result indicates that LAGd2.5BDyx series glasses are found to be at
1.0 mol% concentration of Dy** doped performs the best luminescence properties,
which  can be applied to be a scintillation  material prepared
glass samples were optimized for Dy** ions concentration of 1.0 mol% after that it

drops with higher Dy,05 amount due to the concentration quenching effect.
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Figure 8.12 Luminescence decay curves ()\ex = 387 nm, )\em = 575 nm) with respect to

the concentration of Dy3+ ion.

The decay curve of Fg;; — °Hys), level in LAGA2.5BDyx series of glasses is
obtained by exciting with 387 nm wavelength, monitoring the emission at 575 nm, and
is given in Figure 8.12 The experimental lifetime (T,,,) values are 0.7593-0.3776 ms in
the millisecond range. In Figure 8.12, the reduction in the T, values of *F,,, emissions
with the increase in the Dy>" ion concentrations. It may be due to the transfer of
energy between Dy**- Dy”*, or it could be due to resonant energy channels in the
formed glass network. This finding confirms the energy transfer between trivalent
lanthanide ions; for example, energy transfer is often defined as an exchange of electric
interactions between (Dy**-Dy”*). Increased concentration of Dy** may result in non-
exponential growth due to the formation of resonant excitation energy movements

between lanthanide ions. The host glass, which is important for the persistent
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luminescence, can also be used to determine the energy transfer efficiencies in the

produced series of glasses (calculate by using the Eq. (8.3)).
r] (Dy3+- Dy3+) =1- (Tx Dy3+/-[0 Dy3+) (8.3)

where N ,”* 5,”") is the energy transfer efficiencies, where Ty p,”" is the lifetime
of the Dy’*in sample with 0.05 mol% concentration and T, s,,>" is the lifetime of Dy’*
with x = 0.1, 0.3, 0.5,1.0, and 1.5 mol% concentration (Lakshminarayana et al., 2017).
According to Table 8.3, (Deopa et al., 2018) the calculated values of the multipolar
interaction parameter S can be reasonably approximated to S= 6 using the following
relation Eq. (8.1). There is a possibility of dipole-dipole energy transfer between Dy>*-
Dy**ions at higher concentrations (> 0.5 wt%). The Q parameter may be determined
by using the Inokuti-Hirayama (IH) model (Inokuti et al., 1965) fitted the decay curves.
We may assume to see an increase in the Q parameter (LAGd2.5BDy0.5 = 0.1952,
LAGd2.5BDy1.0 = 0.6279, LAGd2.5BDy1.5 = 0.8328) and the energy transfer efficiency
was found to be LAGd2.5BDy0.1 = 2.95%, LAGd2.5BDy0.3 = 14.02%, LAGd2.5BDy0.5 =
23.71%, LAGd2.5BDy1.0 = 41.22%, and LAGd2.5BDy1.5 = 50.26%, whilst the distance
between optically active Ln>" ions decreased due to an increase in Dy,0s increases.
The influence of host matrix in the luminescence behaviour of Dy,O; doped borate
glass system have been analyzed using IH model and reported by Shanmugavelu et
al. (Shanmugavelu et al., 2014).

The oxidation state of the dysprosium oxide ions scattered in the glass matrices
was determined by analyzing the experimental X-ray absorption near edge structure
(XANES) spectra for LAGd2.5BDyx series glass. The Dy L,-edge XANES spectra of the
LAGd2.5BDyx series glass were virtually identical in Figure 8.13, with just one sharp
absorption peak (the prominent white line peak) at 7795.5 eV (Kaewjaeng et al., 2018)
and the edge energy at 7795 eV, which corresponds to the peak position of the first
derivative spectra. The differences in energy location can be used as fingerprints to
identify Dy>* organisms. The energy between the white line and edge positions was
less than 0.5 eV compared to the XANES distribution of the pure Dy,05 standard. As a

result, the XANES results verified that the oxidation number of the Dy ions is +3.
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Table 8.3 Dy’ ions concentration, the values of lifetime (Texp; M3), energy transfer

efficiencies (N), and energy transfer parameter (Q) of LAGd2.5BDyx glasses.

Name of sample Ln**content T, (ms) T, (ms) N(Dy- Q
mol% Dy)
G3* Dy3+

LAGd2.5BDy0 2.5 0 - - - -
LAGd2.5BDy0.05 2.5 0.05 0.7593 0.7593 - -
LAGd2.5BDy0.1 2.5 0.1 0.7369 0.7593 2.95 -
LAGd2.5BDy0.3 2.5 0.3 0.6528 0.7593 14.02 -
LAGd2.5BDy0.5 2.5 0.5 0.5792 0.7593 23.71 0.1952
LAGd2.5BDy1.0 2.5 1.0 0.4463 0.7593 41.22 0.6279
LAGd2.5BDy1.5 2.5 185 0.3776 0.7593 50.26 0.8328
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Figure 8.13 The comparison of normalized Dy L,-edge XANES spectra with Dy>* in

oxide form reference standard.
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CHAPTER IX
CONCLUSIONS

The results reported herein demonstrate the lanthanide contraction for the set
of trivalent rare-earth ions studied. For 25Li,O- 5AL,0s- XGd,O5- (69- X) B,O5- 1.0R,054
glasses containing a considerable concentration of R,0; (CeFs;, Sm,0s, Eu,03, Th,05,

and Dy,0; ), the following results were confirmed:

9.1 CERIUM DOPED BORATE GLASS

We synthesized two different series of glass composition, the first series 25Li,0-
5AL,05-5Gd,05-(65-Y)B,05-YCeF5 (LAGB doped CeF ) glasses in mol %, where Y = 0,
0.05, 0.1, 0.3. 0.5, 1.0, and 1.5 and the second series 25Li,O-5A,05-XGd,05-(69.5)B,05-
0.5CeF; glasses (LACB doped Gd,0;) where X = 0-10 mol% all them were synthesized
by using a conventional melt-quenching technique.The first series LAGB glasses, density
is in a range of 2.66 - 2.73 g/cm”® with no obvious relation to the concentration of CeF;
contents. The XRD results for all the glass samples are confirmed by the absence of
crystallization peaks in the spectra. The photoluminescence results, the emission
spectra under 310 and 275 nm excitation wavelengths perform the similar emission
peak at 350 nm wavelength corresponding to the 5d — 4f transition of (4f—>5d) Ce**
and (4f—4f) transition states of the Gd®" are overlapped with 4f—>5d transition sate
of the Ce®*, which present the charge transfer of the 4f—> 5d character. The emission
strength can be generated under the direct excitation with 310 nm is higher than one
under 275 nm excitation due to the stronger absorption. The emission intensity
increases with increment of CeF; concentration from 0.05 mol% until 0.5 mol% for
both excitations. After that, the intensity decreases because of the concentration
quenching effect and energy transfer phenomena. After the step, using the best
condition (LAGB doped with 0.5 mol% CeF) varying Gd,O; concentration have been
called LACB glass series.
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The physical properties of LACB glass, with the increase in Gd,O; content the
density and molar volume increase, which means the Gd,O; portion is a glass modifier.
The XRD pattern for all samples has no continuous sharp peaks indicate the glassy
quality of the glass samples prepared. The FTIR spectrum indicates two main signature
bands owing to the presence of borate groups are the trigonal BO; and tetrahedral
BO,4. The emission intensity increases with the increment of Gd,O; concentration until
2.5 mol% over than that the intensity decreases. Moreover, the optimal concentrations
of Gd,O; for the PL and RL results are different as 2.5 mol% and 5.0 mol%, respectively.
It can be clarified that the host material and activator ion have various interaction
mechanisms with excitation by UV and X-ray. The XANES spectra could be used to
determine the cerium oxidation state found in Ce®* ions of glasses increase with the
increase of Gd,0O5; doping concentration, and the highest relative content of Ce* is
about 92.4% for the 7.5 mol% Gd,O5in LACB glass sample. The finally, the decay time
constants were typical for the 4f—>5d transitions of Ce*. From the 286 nm excitation
with 2 ns of pulse rate height spectra have successfully measured the estimated light
yields of the 5.0% Gd,0;-doped samples were approximately 17.45 to 15.20 ns, which
the fast decay time of elass could be a potential candidate for radiation scintillating

materials

9.2 SAMARIUM DOPED BORATE GLASS

The standard melt-quenching approach was successfully utilized to synthesize
a variety of glasses based on LAGdxBSm1.0 and LAGd2.5BSmx series. Both series of
glasses exhibit excellent transparency and warm yellow color. The density and molar
volume of glasses increased due to atomic compaction increases with the Gd,0; and
Sm,05; dopant in the LAGAxBSm1.0 and LAGd2.5BSmx g¢lass series. The structural
properties of all glass samples based on XRD indicated their amorphous nature without
any crystalline phase. The optimum Gd,O; concentration doped in the host matrix
required for maximum photoluminescence and radioluminescence emission intensity
is 2.5 mol%. Then, produced glass samples with varying Sm,05; concentrations in the

optimal host, dubbed the LAGd2.5BSmx g¢lass series, were examined for their
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luminescence property. The impact of changing Sm®* concentrations to the
improvement of the absorption and emission characteristics of the produced glasses
has been determined.The highest excitation peak appears at 401 nm corresponding to
the ®Hs/,-°P5/, transition. The emission spectrum shows four distinct emission peaks
that can be ascribed to the transitions at 562 nm(*Gs,, - ®Hs/,), 600 Nm(*Gs, -°Hs,), 648
nm (*Gs/»-%Hg,,), and 705 nm(“Gs, -°Hy4 ). Quenching is observed above 0.5 mol % of
Sm>* ions concentration due to the resonant energy transfer process between Sm?*
ions. The CIE chromaticity coordinates and the color temperatures are calculated to
be (0.591,0.407) and 1725 K, respectively, which corresponds to the orange-red
emission. The XANES results revealed that the Sm ions in these glass series are Sm>*
ions, similar to those in the standard Sm,05; powder. These studies show that Samarium
(Sm**) ions doped borate glass is an attractive candidate for Ln** ions to be chosen as
the light-emitting center since these ions emit strongly in the orange-red spectral

region.

9.3 EUROPIUM DOPED BORATE GLASS

In this study, we synthesized two different series of glass compositions, the first
part 25Li,0-5A1,05-YGd,05-(69.0-Y)B,05-1.0Eu,O5 glasses series and the second series
25Li,0-5A1,05-2.5Gd,05-(67.5-2)B,05-ZEu,0O5 Both series were successfully synthesized
via a conventional melt- quenching technique and studied properties of density,
optical, photoluminescence, and X-ray luminescence. The results show the glass
densities provided an increasing trend with the increase of Eu,0O; concentrations. In
contrast, the molar volume trend is opposite to that of the density with the addition
of Gd,O5; concentration. Because it can be decreased the inter- atomic distance
between the atoms or increased oxygen packing density, causing the structure more
compact of the host matrix. The amorphous nature of glass samples was confirmed
by the XRD analysis. In the investigation of FTIR spectra, it is found that the glasses are
composed of [BO4] and [BOs] units in the glass network. Nevertheless, no change was
observed in the glass structure with the variation of Eu,0;and the addition of Gd,0Os

in the host matrix. Moreover, the oxidation state of Eu as +3 was characterized by
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XANES spectroscopy near Ls-edges. The optimum concentration of Gd,O5 is 2.5 mol%
which creates the maximum intensity of X-ray induced luminescence and
photoluminescence spectra. In addition, the host glass with different Eu,0,
concentrations exploits optimal conditions (LAEUB doped at 2.5 mol% Gd,0;). We
found that the excitation and emission intensities of all peaks increased up to 3.0
mol% when over 3.0 mol% the intensity decreased because of concentration
quenching and energy transfer phenomena. The |-H model indicates that the energy
transfer process between Eu®*- Eu®" ions occur in nature as an electric dipole-dipole.
Moreover, the highest energy transfer efficiency value of the Eu** luminescence was
obtained at 15.36%. The results of CIE 1931 chromaticity coordinates x and y were
found to be in the soft red-orange light region. These kinds of luminescence
functionality novel phosphor glasses could be a potential candidate for solid-state

material applications.

9.4  TERBIUM DOPED BORATE GLASS

A new series of Gd**-Tb** co-doped lithium aluminum borate glasses have
been prepared by conventional melt-quenching technique with the chemical
composition 25Li,0-5A1,05-YGd,05-(69-Y)B,05-1.0Tb,05 host glasses with the difference
of Gd,03 concentrations. From the results, both parameters (density and molar
volume) tend to increase with the increase of Gd,O; concentrations. The XRD spectra
confirm the amorphous nature of all sample glasses without any crystalline phase. The
structural analysis by FTIR confirmed the presence of tetrahedral BO4 units and trigonal
BOs units in the borate glass system. Under three excitation wavelengths (Ao, =222,
275 and 377 nm) were identified as four signature peaks at 488 nm (Tb’"):°D,—> 'F,
543 nm (Tb*"):’D,—>'F5, 585 nm (Tb>*):’D4—>"F, and 622 nm (Tb**):’D,—>"F5, while the
strong emission spectra of Gd** (A, = 275 nm) were observed consists of a peak in
addition at 311 nm: %S;,, — °P;,, transitions. The result of three emission spectra
strong green emission belongs to 543 nm ( °D;—> 'Fs) show increases of
photoluminescence output with increasing of Gd**concentration up to 2.5 mol%. The

XANES data has revealed that terbium ions still in +3 oxidation number. And then, the
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radioluminescence spectra were measured. The strong emission bands with
wavelength are located at 543 nm, so similarly to the photoluminescence results. As
a result, it can be said that both the properties ( photoluminescence and
radioluminescence) have similar trends with increased Gd,O; concentrations. The
correlated color temperature (CCT) values were found in the range of 5749-6098 K in
between dayligsht CIE D55 and commercially available white light LED. In the last
process, we were prepared glass samples with varying Tb,0O5; content in the best host
25Li,0-5A1,05-2. 5Gd,05-(6 7.5-2)B,05- ZTh,05 series. The optimum concentration of
Tb** ions is found to be 4.0 mol% doped glass had the highest emission intensity after
that, its milky effect because the overconcentration of luminescence occurred and
luminescence decay time in a millisecond. The efficiency of energy transfer has been
based on the analysis of these data. The energy transfer from Gd** to Tb>* ions occur

through a nonradiative process with an efficiency up to 59.199%.

9.5 DYSPROSIUM DOPED BORATE GLASS
As-synthesized LAGdAxBDy1.0 and LAGd2.5BDyx series glasses were prepared

through melt quenching technique. The density and refractive index parameters
increase with increasing Gd,03; concentration because Gd,O5; has a higher molecular
mass than B,Os;. Moreover, the molar volume of as- glasses increases linearly,
dependent on Gd,05; content, corresponding to an increase in NBOs. The XRD was
used to confirm the amorphous characteristic of all samples. The radioluminescence
and photoluminescence emission spectra provided the best emission intensity at 2.5
mol% Gd,0O5 concentration. The values of CIE (0.3630, 0.4015) and CCT (4556 K)
confirmed the emission lies are closest to CCT of the standard white light region, that
possible for W-LED application. Therefore, 2.5 mol% Gd,0; concentration was chosen
to study Dy,0s; concentrations quenching. The varying Dy,O; concentrations in
synthesized glasses were studied by UV-VIS-NIR techniques, showing peak intensity of
the ¢glasses tends to increase with the increase of Dy,0; concentration. Moreover, FTIR
results confirmed the formation of borate groups as BO5; and BO; in the glass system.

The photoluminescence spectra represented the highest intensity of Dy,0,
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concentration quenching is 1.0 mol%, giving three emission bands in blue, yellow and
red regions at 482 nm (*Fo ,—> ¢ His/n), 575 nm (*Fo, ;> ®His/5), and 665 nm
(*Fg,—>®H11,,) transitions, correspond to the radioluminescence spectra results. XANES
data verify that the oxidation state of the Dy ions is trivalent typical. Consequently,
the developed glasses could be applied for white LEDs applications.
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