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ABSTRACT

Photoluminescence Studies of Certain RE ions Doped

Phosphate Glasses for Photonic Applications

[ O
Recent innovations based on solid-state lighting (SSL) have contributed significantly and

practically to the lighting sectors. Small size, durable, and environmentally friendly, SSL
devices consumed very little energy. When compared to other convectional light sources such
as incandescent lamps, electric bulbs, and fluorescent tubes, The SSL based w-LEDs are more
superior because they have a longer lifespan, use less energy, have great color rendering, small
size, and environmental friendly nature. The advancement of superior white light-emitting
diodes (w-LEDs) as lighting sources has become crucial for lowering global energy
consumption in artificial lighting. Currently, the blue LED and YAG: Ce** phosphor serve as
the foundation of the produced commercial w-LED. The w-LEDs that are now in use have
various drawbacks, including a low color rendering index, an incorrect color temperature, and
a halo effect. Phosphors can be replaced with RE activated glass to overcome the limitations.
Glass also possesses a number of unique qualities, including a simple, efficient production
method, strong chemical and thermal stability, as well as a high level of RE solubility. In light
of this, various photonic devices, including w-LEDs, may benefit from effective RE activated

glass.

The RE-activated glasses are directly useful for a variety of applications, including solid-state
lasers, optical fibre, sensors, light converters, and other innovative optoelectronic devices. The
efficacy of the glass matrix host for all of these photonic device applications is investigated
through spectroscopic analyses of characteristics including absorption, excitation, emission,

and temperature-dependent photoluminescence (PL) characteristics recorded for the RE ions

Vi



doped glasses. By selecting the right host glass composition or altering the RE ion concentration
in a glass, one may change certain spectral properties. Based on special applications like solid-
state lasers, RE doped glasses exhibit distinctive optical characteristics in a variety of host
glasses like phosphate, borate, silicate, telluride, and chalcogenides. A good former along with
intermediates and network modifier can help in improving the lasing characteristics of glass
hosts. Choosing a host glass with different RE ions for the optimal optical and lasing capabilities
is still a challenging task. A dependable material for the construction of lighting devices is host
glass with relatively low phonon energy, which increases the stimulated emission cross-section
and quantum efficiency.

There are several glass formers, including fluorides, phosphates, borates, tellurites, silicates,
and borosilicate, that have been created and used to study different spectroscopic
characteristics. Due to its unique characteristics, including clear visibility in a broad spectrum,
softening, a lower melting point, good thermal stability, high RE solubility, and low dispersion,
phosphate is one of the most ideal glass formers. Although phosphate glasses have several uses
in photonic devices, their hygroscopic nature and weak chemical stability pose certain
restrictions. The main focus of the current work is to investigate the benefits of heavy metal
oxide glasses that are well suited for photonic devices such as lasers, fiber amplifiers, and light-
emitting diodes. We looked into these RE-ionized glasses because of the importance of heavy
metal oxides in research and technology. In accordance to the aforementioned discussion, the
combination of BaO, ZnO, Li-0, and P05 glasses can fulfil the requirement. constituent parts
after assessing all the scientific patronages supplied by for the present inquiry. To improve the
composition and concentration of RE ions for greater luminescence efficiency, we considered

creating a suitable optical system, namely Barium Zinc Lithium Phosphate (BZLP) glasses.
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Several chapters make up this thesis' structure in order to meet all of the objectives of the
research. Each chapter is structured such that it may be read alone.

Chapter 1 begins with a clarified introduction, the cause of the issue, the inspiration behind the
study, and a summary of recent literature. This chapter describes why 15 BaO-15Zn0O-10Li20-
60P.0s glasses are preferred for photonic devices like lasers and w-LEDs over a variety of other
glasses. The characteristics of the various chemical components found in the host glass have
been explored in length in this approach. Further research was done on the utility of RE ions
when they are doped with glasses for usage in photonic devices. Several radiative metrics,
including transition probabilities, branching ratios, radiative durations, stimulated emission
cross-sections, and quantum efficiencies of the major excited levels, have been compiled using
Judd-Ofelt (J-O) theory. The Inokuti-Hirayama (1-H) model, which is used to investigate the
mechanisms of luminescence decay and energy transfer, has been explained. It has also been
detailed how to use the luminescence spectra to calculate the CIE chromaticity color
coordinates (x, y) to assess the white light tunability. Temperature dependent PL emission
investigation signifies the utility of thermal stability of the prepared glasses in W-LEDs
applications.

Chapter 2 focuses on the experimental procedure utilized to prepare RE doped glasses as well
as the procedures for analyzing the luminescence characteristics of the as prepared glasses. The
melt quench method, which is used to synthesize the as-prepared glasses, is also thoroughly
discussed. In order to study different properties, including thermal, structural, PL, and
colorimetric properties, this chapter describes the use of numerous advanced experimental
techniques, including differential scanning calorimetry (DSC), thermo gravimetric analysis
(TGA), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), UV-VIS

spectrophotometer, and spectrofluorophotometer.
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Chapter 3 develops trivalent dysprosium (Dy*") activated BZLP glasses for the possible
applicability of prepared glasses in photonic device applications, numerous structural, optical,
and radiative characteristics have been explored in detail. The non-crystalline character of
BZLP glass has been confirmed with the help of an XRD pattern. The titled glasses doped with
Dy3* ions show several absorption peaks in 330-2000 nm range with an indirect optical band
gap of 3.41-3.76 eV. The J-O theory was employed on the absorption profiles and estimated
various radiative parameters for the Dy** ions activated BZLP glasses. The Dy** ions activated
glasses exhibit intense excitation at 350 nm and three sharp visible emissions at blue
(*Foo—%Hisp). yellow (*Fon—C®Hisr), and red (*Foo—®Hi12). To ascertain the lasing
potentialities of BZLP glasses, the stimulated emission cross-section and branching ratios have
been assessed by correlating the emission spectral information with the radiative parameters
calculated from the absorption spectral features. The colorimetric properties show the
coordinates situated in a bright white region. Temperature-dependent photoluminescence (TD-
PL) spectral features recorded revealed the thermal stability of as-prepared glasses. The
explored distinctive features for Dy** ions activated BZLP glasses suggested the superiority
and direct utility of the as-prepared glasses in advanced photonic device applications such as
lasers and w-LEDs. The content of this chapter has been published in an international journal

Optical Materials 129 (2022) 112518] (IF: 3.754)

Chapter 4 deals with Th®* doped BZLP glasses and investigated thoroughly using spectroscopic
techniques such as XRD, UV-VIS absorption and PL to explore their utility in visible photonic
device applications. The information pertaining glass transition temperature, melting
temperature and thermal stability were understood by using recording the DSC spectrum for an
un-doped BZLP glass. The total weight loss during the glass composition melting process was

analyzed using thermo gravimetric curves. The UV spectral information recorded for the titled
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glasses reveal the optical band gap falling in the range from 4.57 to 4.19 eV. The prepared Th**
doped BZLP glasses exhibit intense green emission along with relatively less intense blue,
yellow and red peaks under 373 nm excitation. In the resultant PL spectra, the emission intensity
increases with the activator concentration of Tb3* ions from 0.5 to 5.0 mol%. The estimated
CIE chromaticity coordinates falling in the green region reveals the aptness of the titled glasses
as a green constituent in visible photonic devices. The PL decay curves show the bi-exponential
behaviour with an average decay time of 2-3 ms. The temperature-dependent PL profile shows
fewer changes in spectra and has a relatively high activation energy value, confirming the high
thermal stability. Various results obtained for Th®" doped BZLP glasses finally reveal their
usage as a green emitter needed to fabricate w-LEDs and other green emitting photonic device

applications.

The results of this chapter has already appeared in an International Journal Optical Materials

137 (2023) 113533] (IF: 3.754)

Chapter 5 describes the structural, physical and spectral analysis Pr¥* doped BZLP glass
samples synthesized through melt quenching route were studied. The x-ray diffraction (XRD)
confirms the amorphous non-crystalline nature of an un-doped and doped BZLP glass.
Absorption spectra show several bands in ultraviolet, visible and infrared regions. The
absorption data was used in J-O theory to evaluate various radiative parameters. Three peaks
are visible in the PL emission spectra with the strongest peak positioned at 604 nm for which
stimulated emission cross section and quantum efficiency has been assessed. The CIE color
coordinates of the samples lie in the red region. The decay time values for 604 nm emission
decreased with increased Pr3* concentration. The luminescence intensity decreased to 88.12%

and 82.61% of maximum value at 423 K and 473 K respectively showing high thermal stability.




These BZLP glasses can work as an effective deep red-emitting component for w-LEDs and
other photonic applications. The content of this chapter has been published in Optical Materials

140 (2023) 113910 (IF: 3.754)

Chapter 6 provides a summary of the general research effort given in this dissertation as well
as the specific conclusions reached from the findings. This chapter also explores how the
current work might be expanded and utilized upon going forward to guide new lines of

investigation.
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CHAPTER 1

Introduction, Motivation, Goals and Basics of the
Research Work

The chapter begins with a clarified introduction, the cause of the issue, the
inspiration behind the study, and a summary of recent literature. This chapter
describes why Ba0O-15Zn0-10Li.0-60P.0s glasses are preferred for photonic
devices applications like lasers and w-LEDs over a variety of other glasses. The
characteristics of the various chemical components found in the host glass have
been explored in length in this approach. Further research was done on the utility
of RE ions when doped in to glasses for usage in photonic devices. The basics of the
various models included, which is used to investigate the mechanisms of
luminescence decay and energy transfer, has been explained. Temperature
dependent emission investigation signifies the thermal stability of the prepared

glasses for w-LEDs applications.
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1.1. Introduction and motivation of the work

Spectroscopy is the study and measurement of the interaction of matter and electromagnetic radiation.
It includes examining how light interacts with matter to reveal details on the structure, arrangement, and
characteristics of substances. Numerous disciplines such as physics, applied sciences, chemistry,
biology, astronomy and materials science will employ spectroscopy extensively to characterize the
materials having applications in diversified fields. The fundamental idea behind spectroscopy is that
various materials interact with light in distinctive ways, resulting in the absorption, emission, or
scattering of particular light wavelengths. Scientists can identify and analyze a sample’s constituent
parts, ascertain its molecular structure, and learn more about its physical and chemical characteristics
by investigating these interactions [1-3]. Optical spectroscopy, nuclear magnetic resonance (NMR),
mass spectrometry, electron paramagnetic resonance (EPR) spectroscopy are numerous additional
specialized types of spectroscopic techniques that are utilized for numerous scientific investigations.
Science relies heavily on spectroscopy to examine a wide range of topics and events as well as

comprehend the basic characteristics of matter [4—6].

Researchers in the fields of science and technology have become more interested in optical spectroscopy
examinations of crystalline and non-crystalline materials during the past several decades. This could be
because there are so many uses for luminous materials, which go well beyond just physics, biology, and
chemistry. Examples include astrology, agriculture, defense, optical communication, geology, forensics,
medicine, and a host of other professions [7,8]. The latest research and prospective scenarios
demonstrate the continued scientific and technical interest in optical materials. A substance that
transforms specific types of energy into visible light as well as the ultraviolet (UV) or infrared (IR)
spectral spectrum is known as a luminescent material. Numerous optoelectronic applications, including
contemporary displays, cutting-edge indoor-outdoor lighting, optical fiber amplifiers, scintillators,

lasers, and sensors, have made extensive use of these luminous materials [9,10].
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Crystalline and amorphous solid inorganic luminous materials fall into several types. Glass and other
amorphous materials have a number of relevant and beneficial advantages over certain crystalline
luminous materials [11,12]. Due to their photo-conducting qualities and excellent emission efficiencies,
photonic glasses doped with different RE (RE) or transition metal ions have received a lot of interest in
recent years. Major uses include emissive displays, fluorescent lighting, LEDs, and devices that detect
X-rays or -rays, which are used in diversified field such physical, chemical, Technological, medical
imaging, and other areas. For use in diode-based solid-state lighting devices, and visible colour display
applications, luminescent materials are continuously aspired. In the past, this has taken a lot of
experimental work. The use of data-driven methods in materials science has lately offered a different

way to speed up the research and creation of luminous materials [13].

Phosphor converted white light emitting diodes (pc-wLEDs), which are transforming into a dynamic
solid state light source, will be used in the next generation of lighting and display systems. The
advantages of pc-wLEDs over incandescent and fluorescent lighting, include greater efficiency, lower
energy consumption, a long operational lifetime (up to 100,000 h), ruggedness, and environmentally
friendly features [14,15]. The white light can be attained in a variety of ways. The current commercial
solution uses an InGaN chip that emits blue light along with a yellow-emitting (YAG: Ce®") phosphor.
Due to the absence of red colors, this technique has drawbacks like halo effect, poor color rendering
index (CRI) index, and high correlated color temperature (CCT). Another strategy, depends on an
ultraviolet/near-ultraviolet (UV/n-UV) chip with a combination of RGB phosphors (red, green, and
blue), has been extensively researched. Better CRI and CCT are provided by this method, but the
device’s cost and synthesis processing time are increased [16,17]. The different emitting centers or
phosphors used in this technology also cause phase separation, re-absorption of blue light by green and
red phosphors, poor RGB color mixing, and limited color stability. The fabrication of a single-phase
white light illuminating phosphor is essential and has sparked a lot of interest in the field of solid-state
lighting industry in order to solve the aforementioned issues. Additionally, in each of these methods,

phosphors are enclosed in an epoxy resin that binds the powder in the w-LED package together. This
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epoxy resin adds a number of drawbacks, such as the issues with epoxy encapsulations breaking or
delaminating and the epoxy yellowing, which significantly affects the color output of the w-LEDs.
Epoxy has recently been produced using silicone-based ingredients with exceptional temperature
resistance. They also introduce new issues including w-LED performance degradation and shape
distortion as a result of heat shrinkage. This results in the production process becomes challenging, time-
consuming, and expensive, which lowers the manufacturing productivity of w-LED encapsulants

[18-20].

RE ion-doped glasses are an excellent alternative to pc w-LEDs because of their benefits, including
simplicity of manufacturing, ease of shaping any shape, reduced production costs, greater thermal
stability, and notably epoxy resin-free manufacturing method. Also, the RE-doped glasses serve as an
active medium for several technologically significant sectors, including fibers, optical amplifiers, and
optical detectors [21,22]. There are several uses for luminescent materials. Glasses are thought to be
the best hosts because they may display intriguing characteristics including wide inhomogeneous
bandwidths, adjusting the wavelength, and significant doping capabilities. RE-doped glasses are
preferable to phosphors due to their unique properties as well as their straightforward manufacturing
procedure, low production costs, and strong thermal stability. We require a complete understanding of
the optical absorption and photoluminescence characteristics of RE-doped glasses in order to forecast
novel luminescent materials for their use in the diversified sectors of science and technology. Due to
their ease of molding and shaping into larger sizes, glasses are potential hosts for various activator ions.
The optical performance of glasses can be affected by the glass’s structure, composition, optical quality,
thermo-optical and thermo-mechanical capabilities, and chemical resistance. Among glasses’
outstanding benefits include the flexibility of selecting glass composition over an extensive series
[23-28]. Additionally, glasses are better than crystalline materials because they are less expensive and
have a higher doping capacity for RE ions [29-32]. Additionally, glasses are readily made and molded.
They are useful for the creation of luminous glass materials due to the above-mentioned fascinating

characteristics. It is well knowledge that when compared to other glassy systems, oxide glasses are the
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most stable. It is wanted to examine the relationship between local structure and fluorescence
characteristics of oxide glasses in which RE ions are introduced in order to create novel laser glasses

and glassy phosphors [33,34].

1.2. Glass

Glass is regarded as an amorphous solid in the realm of solids. When there is no regularity in the
organization of a material's molecular elements on a scale more than a few times the size of these groups,
a material is said to be amorphous. "An amorphous solid completely lacking in long-range, periodic
atomic structure and exhibiting a region of glass transformation behavior" is the most accurate definition
of glass . Glass is a typical transparent, brittle solid that is created by heating a chemical combination to
a high temperature until it melts, followed by a quick cooling process. With evidence of its
manufacturing stretching back thousands of years, it is one of the oldest and most adaptable materials
utilized by mankind. Glass possesses several desirable properties, including transparency, durability,
chemical inertness, and thermal resistance. These properties make it useful in a wide range of
applications, including construction, packaging, electronics, and art. It is now possible to construct
active devices like sensors, switches, solar cells, etc. out of glass, which was formerly thought of

primarily as an optical and passivating medium[33,35].

1.2.1. Glass compositions:

Depending on the desired qualities and applications of the glass, glass compositions might vary greatly.
The glass components are the primary determinants of the properties and uses of glass. Glass or network
formers, network modifiers, and intermediates are three groups of glass components with varying
binding strengths. It's vital to keep in mind that composition percentages might change based on
the product, manufacturer, and application. Glass compositions can be adjusted to obtain desired features
like transparency, strength, heat resistance, or optical characteristics by varying the quantities of certain

constituents, adding extra components, or altering the production method [28,34].
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e Glass Formers:
Glass formers are substances or elements that, when cooled from a molten state without
crystallizing, can produce glass. They are crucial parts of the glass composition because
they give it its distinctive amorphous or non-crystalline structure as shown in Fig. 1.1.
The ability of glass formers to rapidly cool and solidify without passing through a
crystalline phase transition is one of their main characteristics. As a result, they can
"freeze" into a disorganized atomic configuration, which leads to the creation of glass.
Oxides that have a bond strength greater than 80 kcal/mol often function as glass or
network formers. The glass formers SiO2, P2Os, PO4, B203, V205, GeO2, Asz0s, and

Sh20s were some of the more significant and widely utilized ones [9,36,37].

‘ ° . |
'“{4 Glass Formers
N~

J_(" ‘\rf‘ Glass Network Modifiers

Fig. 1.1: Schematic representation of glass formers and glass network modifiers.

e Glass Network Modifiers:
Glass modifiers slackly connect with oxygen atoms to disrupt the regular bonding

between glass-forming components and oxygen as shown in Fig. 1.1. Modifiers are oxides
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with bond strengths in the 10 to 40 kcal/mol range that do not join the glass network
former. The network modifiers' primary task is to change the glass's characteristics. Alkali
oxides make up the majority of glass modifiers. Other oxide materials, however, can also
be utilized as network modifiers. K20, CaO, NaO, MgO, LiO, BaO, SrO, and ZnO are a
few significant network modifiers [38,39]. Choosing a modifier wisely, cation-oxide is a
substance that has a wide range of modern uses, including sensors, bioactive materials,
conducting glasses, and optoelectronic devices. The selection of a modifier is therefore of
highest importance when preparing a particular type of glass for certain uses. The
modifiers can therefore be added to glass formers as they still allow for the formation of
glass, although in a changed structure [40,41].

e Glass Intermediates:
Glass intermediates, which are primarily metal oxides, are introduced to connect up with
the core glass network and maintain structural continuity. The location of the
intermediates is halfway among the glass modifiers and formers. The intermediates Al20s,
Be, TiO2, ZnO, CdO, and PbO are a few of the most significant ones [42,43]. The phrases
glass formers, modifiers, and intermediates are widely used to refer to the individual
oxides' functions in multi-component glasses. Depending on the glass's composition,
intermediate oxides may occasionally participate in the glass's network as well as serve
as network modifiers.

1.2.2. Formation of Glass:

Materials with covalent, ionic, molecular, metallic, and hydrogen bonds all exhibit glass formation.
Elements, simple chemical compounds, complex organic molecules, salt solutions, and alloys have all
been used to make glasses. There is no particular arrangement of glass forming materials that is

favourable. Practically all materials may be manufactured as amorphous solids by rapid cooling, which
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avoids the crystallisation process and allows for the creation of glass [44]. Each substance cools at a
different rate, which results in a different glass. When a substance is quickly chilled from a super cooled
liquid, glass is created. The material is cooled to below what is known as the glass-transition temperature
in order to create an amorphous solid. After then, the material starts to turn into glass as the atoms start
to move more slowly in a molecular fashion. It is more organised than a liquid, but the freshly generated

non-crystalline structure is not as organised as a crystal.

/é‘b
<

Enthalpy ———»

T T, T
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Temperature ——»

Fig.1.2. V-T diagram showing glass formation

The behavior of amorphous materials when they have transition from the super cooled state to glass
must be plotted on a V-T diagram as depicted in Fig.1.2 to understand the glass transition process. The
temperature is represented by the x-axis in the V-T diagram, while the volume and enthalpy of the
material are represented by the y-axis. Melting point and glass transition temperatures are denoted by
the letters Tm and Tg, respectively. When a super-cooled liquid freezes into an amorphous solid at or

near the glass transition temperature, there is no abrupt discontinuity in volume. This is when the glass
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transition occurs. The crystalline material state's Tg is shown to have a smaller value than its Tm. One

of two things may happen as a liquid cool [44].

e Converted to super cooled below T

e Crystallization at T

As the temperature falls even further, the liquid becomes more viscous and crystallizes into glass. The

main principles of glass transition are as follows:

To prevent crystal development and nucleation, the cooling rate is increased for the
creation of glass.

e Viscosity rises as temperature falls

e The V-T graphic shows that glasses have more free energy.

e The condition of the glass is metastable.

1.2.3. Glass Classifications:

Glass may be broadly divided into two categories: natural glass and manufactured glass. Natural glass
is created by natural processes, as opposed to manufactured glass, which is created by melting a variety
of basic ingredients. Obsidian and pumice creation has to be the most well-known of these processes.
Lava from volcanic eruptions is the source of these organic varieties of glasses. Such natural glass was

utilized by humans for a variety of reasons even a few millennia ago [45].

(i) Natural glasses:

Natural shockwaves like tektites that produce a rapid rise in temperature result in the formation of natural
glasses. The alternative method for the creation of natural glasses involves biological activity and molten
lava that has crossed the earth's crust and quickly cooled [46]. For instance, pechsteins, obsidian, and

pumice.
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(if)  Artificial glasses:

Acrtificial glasses, also known as engineered or synthetic glasses, are a category of glasses that are

deliberately designed and manufactured with specific properties for various applications. Unlike

naturally occurring glasses, such as obsidian or tektites, which form through natural processes like

volcanic activity or meteorite impacts, artificial glasses are created in controlled laboratory or industrial

settings. Many materials may be utilized to create artificial glasses, but only a select handful of them are

useful in practice and can be employed as network formers.

Chalcogenide glasses:

Semiconductor glasses are another name for chalcogenide glasses. These glasses are
made from a mixture of elements from the VI group (S, Te, Se), the V group (As, Sb,
Bi), and the IV group (Ge, Si, Pb). They can be used as infrared deflectors, modulators,
electrical switches, and infrared optical transmission [47,48].

Halide glasses:

The most suitable materials for thermonuclear fusions and high power lasers are the
halide glasses. PbF2, BeFs, AlF3, and GaFs are network formers and serve as a weak
model of SiO2 among the halide compounds. ZnCl falls within the halide group as well.
It does not, however, create glasses as quickly as BeF» [48].

Metallic glasses:

Metallic glasses have become quite important in recent years. Metal-metal alloy and
metal-metalloid glasses have been divided into two categories for classification.
Metallic glasses are distinguished by features including low magnetic loss, no
magnetization, excellent hardness and strength, and strong resistance to chemical
corrosion. Recording cartridges and high-frequency power transformers have both

utilized the metallic glasses [49].
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e Oxide glasses:
These glasses are designed to have high transparency and excellent optical properties,
making them suitable for lenses, prisms, optical fibers, and other components used in
optics and photonics. Due to their greater bandgap, or more than 5eV, these glasses are
extremely significant since they are color less and exceedingly transparent. Tellurite
(TeOz2), germinate (GeO.), phosphate (P20s), silicate (SiO2) and borate (B203) glasses
are common examples of this glass, which functions as a glass former [49].

1.2.4. Glass characteristics:

Glass exhibits several characteristic properties that make it a unique and versatile material. Here

are some key characteristics of glass [50]:

e Transparency: Owing to its extreme transparency, glass permits light to flow through it
with little diffraction or absorption. Glass is useful for applications where visibility or
light transmission are sought, such as windows, lenses, and optical equipment, because
to its feature.

e Hardness: Glass is a material that is moderately durable and offers resistance to abrasion
and scratching. It is not, however, as durable as substances like diamond or certain
ceramics.

e Brittle: Due to its lack of ductility, glass is brittle and will shatter or fracture under stress
as opposed to deforming. If treated to a severe impact or abrupt temperature
fluctuations, it may be prone to breaking.

e Amorphous structure: Glass has a non-crystalline, amorphous structure as opposed to
crystalline materials. This shape develops when molten glass cools quickly, delaying

the creation of a normal crystal lattice. Glass has distinctive qualities due to its
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amorphous structure, including transparency, isotropy (lack of preferred direction), and
lack of grain boundaries.

Thermal stability: Glass is capable of withstanding high temperatures without
significantly deforming or melting because it has exceptional thermal stability. Thermal
stress, on the other hand, can be brought on by abrupt temperature changes and may
result in cracking or breaking.

Electrical insulation & conductivity: Glass is a superb electrical insulator, making it
appropriate for situations where electrical conductivity must be restricted or electrical
insulation is necessary. The electrical conductivity of a material might change
depending on its composition since electrical conductivity and resistance of materials
are related to one another. In addition, the size of the ions in the network and the strength
of their connections can have an impact on the electrical properties.

Chemical inertness: Glass is appropriate for handling and storing corrosive substances
since it is chemically inert and resistant to the majority of chemicals. However, some
substances, especially powerful acids and alkalis, can interact with various forms of
glass and etch or destroy them.

Recyclability: Glass can be broken down and remade several times without significantly
losing its qualities since it is extremely recyclable. Recycling glass contributes to
resource conservation and trash reduction.

Optical properties: Glass may be produced with a variety of optical qualities, including
transmission, dispersion, and refractive index. Glass may be used in optical applications
such lenses, prisms, and fibre optics. The highly transparent qualities of glasses have
improved living conditions and has been employed as optical fibers for quick and

improved communication as well as vision lenses, glass windows, and light bulbs. The
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refractive index, transmission, and dispersion characteristics of glasses are primarily
what determines their suitability for optical fiber communication. The composition of
the glass can alter the refractive index and other optical characteristics. The pace of
cooling has an impact on the refractive index of the glass as produced. Glasses with a
high refractive index should be chilled more quickly. In the current work, the main focus
is oriented towards the luminescence characteristics of the glasses doped with RE ions

and their photonic applications [50].

1.3. Luminescence:

Luminescence is the emission of light from a material or substance as a result of various processes such
as chemical reactions, electrical energy, or exposure to radiation. It is the phenomenon where energy is
absorbed by a material and subsequently released as light. Luminescence is a general word used to
describe cold body radiation scenarios that include energy absorption and subsequent light emission.
Luminescent materials are those that have the ability to transform absorbed (invisible) energy like
ultraviolet, x-rays, B, a and so forth into visible light [51]. Phosphor is a crystalline substance that falls

under the category of luminous materials, while luminescent glass is often made of amorphous materials.

() (b)

Fig.1.3. Mechanism of luminescence involving activator and sensitizer
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Activators are certain substances that can emit immediately after being excited by suitable sources.
When activator ions exhibit insufficient energy absorption, a different class of impurities called
sensitizers may be added. The energy is transmitted to the activators by sensitizers after they have
absorbed it. Energy is transported by the luminous materials during this process. The activator and
sensitizer roles in the luminescence process are shown in Fig. 1.3. The basic building block of
luminescent materials is an inert imperfect host lattice to which dopant ions and/or other deliberate
imperfections have been introduced. Depending on their electrical configuration, solubility, and host

lattice structure, the dopants perform diverse functions in various host lattices [35].

Activator: An activator (A) or luminous center is a dopant ion electron that jumps to the excited state

after absorbing excitation energy and emits the energy as radiation when it returns to the ground state.

Sensitizer: When there are two dopants in a crystal lattice, one of them is referred to as an activator (A)
and the other as a sensitizer (S) as displayed in Fig. 1.3 (b). The majority of the energy is absorbed by

the "S" before being transferred to the "A" for emission [52].

There are several types of luminescence on the basis of source of excitation as discussed below,

including photoluminescence:

Electroluminescence: When an electric current flows through a substance, it emits light, a process
known as electroluminescence. Organic light-emitting diodes (OLEDSs), light-emitting diodes (LEDSs),
and electroluminescent displays are just a few examples of the devices that make advantage of this

phenomena.

Bioluminescence: A type of luminescence that occurs naturally in living things is called
bioluminescence. It happens when certain species, such bacteria, deep-sea critters, and fireflies, emit

light as a result of chemical processes taking place inside their bodies [51].

Chemiluminescence: Without the need for an external light source, chemiluminescence is the process

by which light is emitted as a result of a chemical reaction, often an oxidation. Glow sticks and the light
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produced by some chemical processes, such as the interaction between luminol and hydrogen peroxide,

are typical examples[52].

Numerous industries use luminescence, including lighting, displays, forensics, environmental
monitoring, medical diagnostics, and materials research. Scientific research imaging methods,
fluorescence microscopy, and LED lighting have all benefited from the capacity to manipulate and

utilize luminescence.

1.3.1. Photoluminescence (PL):

Photoluminescence is the term used to describe the phenomenon when light is released from molecules
or atoms once they absorb photons. Electrons in the material migrate into allowable excited states as a
result of photo-excitation. A phonon (a non-radiative process) or visible light (a radiative process) is
produced when these electrons reach their lower energy or ground states, releasing the surplus energy.
The energy of the light that is emitted (photoluminescence) is determined by the energy levels at which
the two-electron states that are engaged in the process of transition across the higher energy excited state
and the equilibrium (lower energy) state are at different energy levels . PL can be categorized into two

ways based on emission or decay time [35].

Fluorescence: In fluorescence, a substance swiftly reemits energy as visible light after rapidly absorbing
energy from an external source, such as ultraviolet (UV) radiation. Once the excitation source has been
removed, the emission stops quickly. When emission happens within 10 seconds of the excitation
source being removed, fluorescence occurs in PL. As electrons transition from an excited state to a

different ground state energy level, a rapid emission of visible photons occurs [53].

Phosphorescence: The main distinction between phosphorescence and fluorescence is the time lag
between the emission of light from the phosphor even after the source of excitation is stopped. When
the excitation source is taken away, the material continues to emit energy after it has been absorbed as

light over a longer time. Glow-in-the-dark stickers and other phosphorescent materials continue to
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generate light after being exposed to a light source for a while. While the excited electron gradually
returns to the ground state, the materials that exhibit phosphorescence light for several minutes to hours

[53] Thus delayed fluorescence process is otherwise called as phosphorescence.

1.4. RE elements:

Rare-earth ions are chemical elements that belong to the rare-earth elements family and have distinct
optical and electrical characteristics. They are situated in the f-block, a group of elements in the periodic
table. The 15 elements ranging from lutetium (Lu) to lanthanum (La) make up the lanthanides. When
these elements gain or lose electrons, rare-earth ions are produced, creating a charged species. Despite
being referred to as "REs," lanthanides are not as scarce as their name would imply. However, they are
normally present in low quantities in the crust of the earth and frequently co-occur with other rare-earth
elements. They can be difficult and expensive to extract and refine. The existence of a deep-lying,
partially filled 4f shell in the ion is responsible for the RE ions' distinctive features (from Ce3* to Yb®*).
La and Lu elements, on the other hand, lack 4f electrons and cannot, therefore, cause optical excitation
and emission processes in the visible range or close by. It is also well known that lanthanides' ionic
radius reduces as their atomic number rises. The phenomenon known as lanthanide contraction, which
has a negligible impact on luminescence output, results from the poor mutual shielding effect of 4f
electrons. The RE ions can be utilized as either a sensitizer (S), activator (A), or co-activator depending
on the ionic radii, oxidation state, and solubility in various host lattices [22,52]. A total of 7 (= 2 + 1)
orbitals, each of which can hold two electrons, are created when the azimuthal quantum number (I) of
4f orbitals is increased to 3. The distribution of electrons in the ground state is such that the total spin
angular momentum (S) is as high as possible. In order to obtain the total angular momentum (J), the spin

angular momentum (S) is further coupled with the orbital angular momentum (L) [13,53];

J=L +§S, if 4f electrons >7

J =L -5, if 4f electrons <7
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211y notation is used to indicate an electronic state. where L signifies S, P, D, F, G, H, I, K, L, M, ...,

supportivetoL=0,1,2,3,4,5,6,7,8,9, .... Respectively.

Table 1.1: Electronic configurations of trivalent RE ions in ground state.

Atomic | RE* L J
4f electrons S Xs

number | ions X1 | X(L+S)
57 La** 0 0 0
58 Ce¥* | 1 1/2 3 5/2
59 Pré* | 1 | 1 1 5 4
60 N |+ | 1 |1 32 | 6 9/2
61 Pm* |t 1t 11 2 | 6 4
62 sm* [+ [+ 11111 52 | 5 5/2
63 Vot O N T O O O e 3 3 0

64 Gl | 1 1 1111111111 m2lo 712

65 LIS T N O < O B I

66 Dy |11ttt 1t 1t 11171525 1812

67 | Ho* [l [ttt [t [t 2 6] 8
68 Er [ty rL et r v 11326 152

60 | Tm* [ L[ [T 5] 6
R T T T N A RN 77
o weE e o oo

Rare-earth ions exhibit distinctive optical, magnetic, and luminescent capabilities because of their
unusual electron configurations and energy levels. They are helpful in a variety of applications because

of their qualities. The essential energy levels of RE ions must be understood in order to comprehend
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their luminous characteristics. The energy level may be categorized into three groups: 4f" configurations,

4f ™ -5d configurations and energy transfer associated involved nearby ions.

1.4.1. Discrete 4f"— 4f" transitions:

Discrete 4f"-4f" transitions refer to electronic transitions that occur within the f orbitals of rare-earth
elements or lanthanides. These elements have partially filled f orbitals, which can undergo transitions
between different energy levels when they absorb or emit photons. Because the outer 5s and 5p®
electrons protect the 4f electrons from external electric fields, the 4f electronic energy levels of
lanthanide ions are not much influenced by their surroundings. Transitions within 4f shells are absolutely
prohibited since the parity does not change in accordance with Laporte's criterion. The observed
prohibited transitions result from the RE ion's contact with the crystal field or with the vibrations of the
lattice, which can combine states of various parities into 4f states. Alternatively, such transitions are
permitted when spin-orbit interaction takes place. Because the luminescence transition is banned, the
luminescence lifetime resulting from 4f -4f transitions is typically in the millisecond range . There are

three ways to comprehend how 4f-4f transitions should be interpreted.

(1)  Electric quadrupole transitions: When a charge has a quadrupole nature or a zero-
dipole moment, an electric quadrupole is created. Even parity follows electric
quadrupole transitions, which are considerably weaker than induced ED and MD
transitions. There has not yet been any investigative proof of the quadrupole transitions
in RE ions. Certain transitions, known as hypersensitive transitions, abide by the
quadrupole transitions' selection laws [54].

(i) Induced electric dipole transition: Induced electric dipole transitions take place when
the activator (RE) ions and the electric field vector component of the incoming source
electromagnetic radiation interact. According to the literature review, the majority of

the transitions in RE ions are of the induced electric dipole type. Charges moving
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(iii)

linearly are the primary cause of the electric dipole (ED) transition. Due to the odd
transformation that follows the ED transition and corresponds to the inversion center,
the ED transition has odd parity. According to the Laporte selection rule, intra
configurational electric dipole transitions are prohibited but non-centro symmetrical
interactions, also known as induced electric dipole transitions, allow for the
accommodation of electronic states with opposing parity [55].

Magnetic dipole transitions: An induced magnetic dipole (MD) transition takes place
when the electromagnetic radiation's magnetic field vector component interacts with
activator (RE) ions through a magnetic dipole. When a charge moves along a curved
route, it creates a magnetic dipole. When compared to the ED transition, the MD
transition is thought to have a low intensity rotating displacement of charge. The fact
that spin does not reverse results in even parity for the MD transition. Therefore, the
MD operator exhibits consistent transformation features under inversion and is followed

by transitions with the same parity [56].

1.4.2. 4f ™1 —_5d Transitions:

It is possible to explain the formation of the 4f " - 5d levels as the result of an interaction between the

4f™! core and the electron in the 5d orbital. The 4f"* 5d configurations of RE ions in solids differ

significantly from those of free ions due to the high crystal field influence on the 5d electron. The 5d

level is separated into many levels that are each around 15,000 to 20,000 cm™ apart as a result of this

crystal field. The spectral location of the absorption bands related to a certain 4f -5d transition also

changes significantly from one lattice to the next because of how the crystal field splitting fluctuates.

Contrarily, the splitting of 5d orbitals and 4f -5d de-excitation are not necessarily necessary for the

emission bands to form. The most researched RE ion is Eu®*, which glows as a result of the 4f"-5d

transition. Since the Eu®* ion often emits broad-band emission as a result of the f-d transition, the lowest
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excited state of the 4f level is situated at about 28 x 10° cm* and is higher than the 4f°5d* level in most
crystals. The host crystals have a significant impact on how the emission bands' wavelength location
shifts from the near UV to the red area [. Crystal characteristics indicating electron-electron attraction
or repulsion have an impact on the luminescence peak energy of the 4f -5d transition. In comparison to

other permitted transitions, the lifetime of the Eu®* is unusually lengthy at 105-10 s [55].

1.4.3. Energy transfer in RE ions:

In this part, a thorough discussion of the energy transfer (ET) in RE ions will be described. The majority
of luminescent glasses are made of inorganic glass compositions that have been lightly activated or
doped with transition metal ions or RE ions. Either the glass host lattice or the sensitizer absorbs the
electromagnetic energy. Radiative emission occurs through activator ions only. As a result, the activator,
which produces light ideally in the visible spectrum, has been receiving electromagnetic energy from
the sensitizer, which has been sensitizing it. One activator can occasionally transfer a tiny portion of the
excitation energy to another activator; however, this is very rare. The energy in the excited states and
the transit of electrons in the luminous center to excited states can often be distributed in the following
ways [22,57]: The activator can be directly excited to emit a photon of visible light (i), as shown in Fig.
1.4 (a), or indirectly excited to emit a photon of visible light (ii), as shown in Fig. 1.5 (b), via phonon

emission or other energy transfer from the sensitizer to the activator.

Excitation \

Excitation
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Fig.1.4. Schematic representation of (a) excitation and emission, (b) excitation, energy transfer and

emission in the host lattice.

The main emission type found in down-conversion luminous materials was Stokes emission. The energy
of the photons released during the Stoke emission is lower than the energy of the incident photons. The
Stokes shift is the void between the absorption and emission energy bands. Lattice relaxation results in
energy loss because the chemical bond's strength changes. Following the adsorption of electromagnetic

radiation, ET activities between ions include four fundamental stages [13,58]:

Sensitizer emission and activator re-absorption by resonance radiative energy transfer

Sensitizer and activator resonance-related non-radiative transfer.

Cross-relaxation (CR) between two identical ions.

Multi-photon assisted energy transfer.

a ba™ B c d

S A S A S A S A

Fig.1.5. Anillustration of the ET processes using a schematic diagram

Based on how effectively the activator is activated by the sensitizer emission, as shown in Fig. 1.5 (a),
radiative energy transfer efficiency may be calculated. The excitation spectrum of the activator and the
sensitizer should have a significant amount of overlap in their emission spectra. If primarily radiative
energy transfer occurs, the lifetime of the sensitizer fluorescence is not affected by activator
concentration. Figure 1.5 (b) shows a non-radiative energy transfer with a considerable decrease in the
decay period of the sensitizer fluorescence with increasing activator concentration. The energy transfer

process is driven by an energy differential of the same magnitude between the excited states of the
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sensitizer and activator. If the gap between the ground and excited states of the sensitizer and activator
is considerable, non-resonant ET may be facilitated by a phonon. The sensitizer and activator's potential
interactions, distinctive transitions, and the energy differential between them all play a significant role
in the ET process in luminous materials. The likelihood of energy transfer is minimal for phonon-
assisted non-radiative transitions, which are illustrated in Fig. 1.5(c), if the two ions are in different
excited states. The phrase "cross-relaxation” describes all types of down conversion energy transfer
between similar, next-to-each-other luminous centers or ions. Cross-relaxation is a simple possible
energy level scheme that occurs when the first ion, which is initially in an excited state, trades energy
with the second ion, which is initially in the ground state. This results in both ions lying to some

intermediate states simultaneously within the energy between the two initial states.

1.5. Judd-Ofelt (J-O) theory:

A model known as J-O theory describes the intensity of electron transitions that occur in the 4f shell of
RE ions in solids/solutions as a result of the process of electromagnetic radiation absorption or emission.
In 1962, George S. Ofelt and Brian R. Judd [59] both separately introduced the hypothesis. With just a
few parameters, this theory offers a straightforward tool for calculating the probable outcome of
the absorption and radiation emission process. The following equation may be used to calculate the

oscillator strength (fe, ) parameter of RE ions as it was measured .

fexp = fep + fup (1.1)

It is made very apparent that both the magnetic and electric dipole oscillator strengths are included in
the experimental oscillator strength of RE ions. In an absorption band with energy v (cm™), the total

oscillator strength is written as [60]:

8m?mcv [n(n2 +2)

fen Wi W) = [ Seo (W), w5r) + nSup (¥ ;1) (12)

Iin
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n(n2+2)

Here, represents the dipole-dipole correction term , for the Lorentzian local field

corresponding to dipole-dipole correction for the recorded absorption and h stands for Planck’s

constant. The degeneracy of the ground state is (2] + 1), where J is the quantity that indicates total
angular momentum. Around 1% of the strengths of the electric dipole oscillator are used to measure the
intensity of magnetic dipole transitions. Since electric dipole oscillator strengths are almost equal, the

overall experimental oscillator strength is also nearly equal [60].

fexp = fep (1.3)

The experimental oscillator strengths

foxp (03 077) = fear (W, 07) = || [ S (9, w)| (04)

Less Square Fitting Process is used to assess how well f.; and f.,,, and fit together. Using the following

formula, one may determine the root mean square deviations[32,61].

1
Z(fexp_fcal)z]E

- (1.5)

Orms = [

where the total number of energy levels used in the fitting process is denoted by the letter p. Three RE
ion intensity parameters Q, Q4 and Qs, have been analyzed using the J-O theory. The covalency between
RE and oxygen ions as well as the symmetry surrounding RE ions in the specific host may be determined
using the J-O intensity characteristics, which are of great relevance. In addition to giving information
regarding the effectiveness and performance of the luminous material, these factors also play a crucial
role. Dependent on covalency parameter. The structural modifications and symmetry of the ligand field
surrounding the RE ion site are related to Q2. On the other hand, the magnitudes of the intensity
parameters €4 and Qs affect bulk characteristics like as the medium's stiffness and viscosity, which are

both affected by RE ions [62].
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1.6. Nephelauxetic effect & oscillator strengths:

Finding additional crucial characteristics like nephelauxetic ratios and bonding parameters makes use
of the absorption spectrum data. To understand the type of bonding between RE ions and oxygen ligands
in the glass, such parameters are helpful. The existence of the nephelauxetic effect in the titled glasses
is caused by partially filled RE ion f-shells in the host matrix. Using the following relation, the

nephelauxetic ratio ((B) is determined [63].

9

B=7% (1.6)
Where wave number (cm™) 9._c is the wave number (cm™) of a certain transition for the RE ion under
consideration and wave number a is the wave number for the same transition for an aqua-ion. The
average value § of is determined once the values of for all of the observed transitions have been

determined. Using the following relation, the bonding parameter is then calculated [64,65].

1_
B

I

5=

(1.7)

The covalent or ionic link between the RE ion and the ligand anion will depend on whether § is positive
or negative.

The area under the absorption curve may be used to measure the oscillator strength, which is energy of
an absorption band of a RE doped host. The oscillator strength notion was initially put out by Ladenburg.

Utilizing the following formula, experimental oscillator strengths (fz.,, ) are assessed. [66]

__2.303mc? _

foxp = = = 4318 X 107° [ £(9)d¥ (1.8)

In above equation, e, m are the electron's charge and mass, respectively, and £(9) is the molar extinction

coefficient. The Avogadro number is N, and the speed of light is c.
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1.7. Radiative characteristics of RE ions:

Owing to their distinctive radiative qualities, RE ions are widely employed in a variety of applications,
such as optics, lasers, and lighting technology. These ions have unique energy levels that enable effective
absorption and emission of light at particular wavelengths. The J-O theory may be used to correlate
absorption and emission spectrum data in order to determine the radiative parameters. The radiative

transition rate (Ar) of any given excited state y;,[ is used to calculate the intensity of the f-f transition

of RE ions [67,68].

64mtv3 ] [(n2+2)25

AW ¥3) = |sg7es oo (V5 W) + nSup (07, 951)| (1.9)

Iin

Here, v is the energy band gap (cm™), and n is the refractive index. The electric and magnetic line

strengths are Sgp and Syp, respectively.
The following equation is used to estimate the total radiative transition (Ar) [50].
Ar =Ty, ARy Y1) (1.10)

The following formula represents how long an excited RE ion will radiate (tr):
1
TR ) = [;] (1.11)

According to the expression, the fluorescence branching ratio (8g) from the excited state to a lower

lying state is as follows [62]:

.BR(lpj:le,) = AR(‘/Jjﬂ/er)TR(IIJjJ/er) (1.12)

A crucial measure that shows the material's energy extraction rate is the stimulated emission cross-

section, as. (Y}, ¥;,). It may be written as [69]:

4
AP

050 W1 ¥)1) = gtz An 1) (113
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In the above relation, A4,stands for effective emission line width and, A, for peak wavelength.

Another crucial metric is quantum efficiency, which may be measured by comparing the experimental

lifetime (z.,) to the radiative lifetime () [62].

n=22 (1.14)

TR

1.8. Excited and de-excitation process of RE ions:

Following sufficient energy, the intra 4f-4f electronic transition of the RE ion triggers the excitation
and de-excitation process. The excitation and de-excitation process are illustrated in Fig. 1.6 by a time-

resolved intensity spectrum [70].

Time (ms)

Fig. 1.6. Excitation and de-excitation process of RE ions.

The excited RE ion can revert to its ground state via cross relaxation channels, radiative transition,
energy exchange between neighboring RE ions, or other means. Since RE ions cannot interact with one
another at low RE ion concentrations, the decay curve for intensity against time is fitted with a single

exponential function. The equation below can be used to represent the PL intensity [31,71].
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I =1y + Ay exp (— %) (1.15)

I, in this case represents the PL intensity at time zero. 7 displays the lifespan of the excited RE ion,
which may be assessed by looking at the logarithmic plot of intensity against time. As seen in Fig. 1.6,
the intensity of the excited state gradually diminishes with time as 1/e. The following equation can be

used to predict the experimental lifetime of an excited RE ion [72].

_ Jt@®adt

exp — W (116)

On the other hand, the decay profiles fit the bi-exponential function well at greater RE ion

concentrations. Equation may be used to represent the PL intensity for bi-exponential fit [64,73].
— _t _t
I, =1y + Ay exp ( Tl)+A2 exp ( TZ) (1.17)

The following equation is used to calculate the average lifespan (z,4) in this situation[63,74].

_ A11%+A1‘r%

Tavg = (1.18)

AT +A57,

In this case, the lifespan components 7, , are exponential, and A1, A; are fitting constants.
1.9. Inokuti-Hirayama (I-H) model:

The two separate processes by which an ion can relax to the lower energy state after attaining an excited
state are widely understood. Before the energy reaches the unexcited acceptor ions, the donor ions in
the first mechanism might move it amongst themselves. The second mechanism allows for direct energy
transfer from the donor ions to the acceptor ions. When donor and acceptor ions are evenly dispersed
throughout the host matrix and the energy movement between donor ions is minimal, the energy transfer
that occurred between the donor and acceptor ions is what causes the rapid decay. The I-H model is a
good choice in these circumstances to comprehend the main energy transfer process. In this scenario,

the luminescence intensity is determined by [64]
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Itzloexp{—% -Q (é)%} (1.19)

Here, "t" is the elapsed time following excitation, and "'z,"" denotes the intrinsic decay period of the
donors in the absence of acceptors. The following equation can be used to evaluate "Q," the energy

transfer parameter [59]:
Q=2r(1-2) NoRy? (1.20)

In the above relation, N, is the acceptor ion concentration, and R, is the necessary energy transfer
distance. The interactions that make up the mechanism may be categorised as dipole-dipole (S=6,
I'(x)=1.77), dipole-quadrupole (S=8, I'(x)=1.43) and quadrupole-quadrupole (S=10, I'(x)=1.43) based
on the values of S and gamma function (x). The energy transfer probability Wy, and the donor-acceptor

interaction parameter Cp 4 are calculated using the following formulas [49,75].
CDA = RO(S)TO_l and WET = CDARO(S) (121)

1.10. Current glass composition importance:

It is reported in the literature that, heavy metal oxide glasses are quite suitable for the development of
non-linear optical devices, electro-optic modulators, electro-optic switches, solid-state laser materials
and IR technologies because of their high density, refractive index and low phonon energy. Depending
on the oxygen-to-phosphorous (O/P) atomic ratio, the phosphate glasses are made up of various
structural components. Phosphate glasses have a tetrahedral structure that may be characterized using
the notation Q" (n = 0-3), where n is the number of bridging oxygen atoms in a tetrahedron. Based on
the proportion of (O/P) atoms, the phosphate glasses exhibit various structural characteristics. The three
structures are ultra-phosphate, meta-phosphate, and polyphosphate, respectively, depending on the O/P
atomic ratio. For ultra-phosphate structures, the O/P atomic ratio ranges from 2.5 to 3, and the network

is made up of Q? and Q? structural units. The O/P ratio for the meta-phosphate structure is 3, and the
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network is made up of long chains and/or rings of Q2 structural units. The polyphosphate structure has
an O/P atomic ratio larger than 3 and is made up of shorter chains of Q? structural units that are
terminated by Q!. Fig.1.6 depicts the many tetrahedral locations that can exist in phosphate glasses

[76,77].

Q3 Q2 QM Qo
' P '\ P ' p P E _'
:7{'\ "”'\f' R

Fig. 1.7: Many tetrahedral structures of phosphate glass.

In general, the host glass with relatively low phonon energies can give high quantum efficiency
and therefore useful for the designing of a good photonic device . There are several glass formers,
including fluorides, phosphates, borates, tellurites, silicates, and borosilicate, that have been created and
used to study different spectroscopic characteristics. Due to its unique characteristics, including clear
visibility in a broad spectrum, softening, a lower melting point, good thermal stability, high RE
solubility, and low dispersion, phosphate is one of the most ideal glass formers [78,79]. Although
phosphate glasses have several uses in photonic devices, their hygroscopic nature and weak chemical
stability pose certain restrictions. The main focus of the current work is to investigate the benefits of
heavy metal oxide glasses that are well suited for photonic devices such as lasers, fiber amplifiers, and
light-emitting diodes and have relatively low phonon energies. We looked into these RE-ionized glasses

because of the importance of heavy metal oxides in research and technology. To overcome these
limitations, network modifiers (BaO, Li»O) and intermediate (ZnO) have been added to the host
glass, which can increase chemical stability and reduce thermal expansions. Moreover, ZnO
helps to overcome hygroscopic nature and increases the solubility of RE ions. All the above-

discussed characteristic features possessed by the chemical species P20s, Li2O, BaO and ZnO
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prompted us to prepare a glassy system namely barium zinc lithium phosphate (BZLP) glass.
Phosphate based glasses doped with RE ions are effective in improving the luminescent

characteristics of a materials to have potential applications in the field of optoelectronics. [69,75

.1.11. Objectives of thesis work:

The main objectives of the present research work are as follows.

% To prepare fine quality optical glasses having relatively less phonon energy and doped
with RE ions.

% Physical and optical characterization of such selected glass system doped with RE ions.

% To calculate Oscillator Strengths from the recorded absorption spectral features of RE
doped glasses.

%+ To measure radiative properties of as prepared glasses by using Judd-Ofelt theory.

% To measure the stimulated emission cross-sections, branching ratios and quantum
efficiency of doped glasses by correlating absorption spectra data with emission data.

% Optimization of glass composition and concentration of doped RE ions for better
photonic device applications.
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Experimental and Instrumentation Part of the Research
Work

The current focuses on the experimental procedure utilized to prepare RE doped
glasses as well as the procedures for analyzing the luminescence characteristics of
the created glasses. The melt quench method, which is used to synthesize as-prepared
glasses, is also thoroughly discussed. In order to study different properties, including
thermal, structural, photoluminescent, and colorimetric properties, this chapter
describes the use of numerous advanced experimental techniques, including

differential scanning calorimetry, thermo gravimetric analysis, X-ray diffraction,

Fourier-transform infrared spectroscopy, UV-VIS spectrophotometer, temperature
dependent emission study and spectrofluorophotometer. ///

Prcparalihn of RE doped glass samples
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2.1. Glass synthesis procedure:

The specific preparation steps may vary depending on the intended use of the glass sample and the
desired analysis or experiment. For precise glass sample preparation, it is crucial to refer to certain
processes, requirements, or methods of experimentation. Some of the procedures described below can

be utilized for developing amorphous glass samples [80,81].

o Thermal evaporation

o Melt quenching

o Chemical vapor deposition

o Chemical reaction

J Gel — desiccation

o Glow- discharge decomposition

o Reaction and Shear amorphization
o Sputtering

o Electrolytic deposition

The melt quenching procedure is the simplest and most often utilized of the aforementioned

processes.

2.1.1. Melt quenching procedure:

The most popular and traditional way to develop amorphous solids via melt quenching
procedure. Using this technique, melts that are abruptly forced to cool can be formed into any
desired shape and size. The amorphous solid is prepared by continual hardening of the melt,
which is the distinctive characteristic of the melt quench process. Different materials require a

varied cooling rate in order to create a glassy state. After removing the melt from the furnace,
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it should be quenched promptly before being placed over metals such as copper or brass plates

for efficient cooling. According to Fig. 2.1, glass samples have been formed using the melt

quenching procedure [82].

e Selection of precursors: A suitable material precursor should be chosen. It could be a

pure material and not contaminated.

e Mixing of precursors: If necessary, grind or crush the precursors material into a fine

powder in any liquid medium (acetone, ethanol, DI water) to ensure uniform melting

and cooling.

Weighing Mixing Heating & \leltmg

Anncaling Quenching Homogenization

Glass

Fig. 2. 1: Preparation of glass samples by using melt quenching process.

e Melting: Put the sample in an appropriate container or crucible that can endure high
temperatures. The sample should be heated progressively until it reaches its melting

point using a heating source like a furnace.
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e Homogenization: Keep the sample at its melting point for long enough to achieve
homogeneity when it reaches that temperature. If necessary, agitate or stir the sample to

encourage even mixing.

e Quenching: After the homogenization step, quickly remove the sample from the heat
source and transfer it to a quenching heated metal plat medium. The fast cooling ensures

the solidification of the sample in an amorphous or glassy state.

e Annealing: In order to remove thermal stresses, the manufactured samples of glass were
annealed in a box furnace, mostly at 1/4™ of the melting temperature. Allow the sample

to cool in the quenching medium until it reaches room temperature.

e Obtaining the glass sample: After cooling, gently take the sample from the furnace and
handle it as needed. Depending on your particular experimental needs, either store it in
an appropriate container or analyze it. The glass samples that had already been made

were then acquired for further characterization and outcome analysis.

2.2. Preparation of glass and physical properties:

2.2.1. Precursor materials:

The oxides raw chemicals have been bought from a number of businesses that could guarantee

99.99% purity, mostly for dopant RE ions. Table 2.1 summarizes the precursor materials used in

this thesis, along with their purity and manufacturer:
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Table 2.1. List of chemicals and purity along with manufacturer:

S. _ _ Manufacturer
Chemicals Purity (%)
No.
1. BaCOs 99.90 Fisher Scientific
2. | LiCO3 99.90 Fisher Scientific
Pro analysis
3. | NH4H:PO4 99.90
Merck
4. |1 ZnO 99.90 Oualigens
5. Dy203 99.99 Sigma Aldrich
6. | ThsO7 99.99 CDH
7. PreO11 99.99 Sigma Aldrich

The doped and un-doped glass samples have the molar configuration as follows:

(15-x) BaO-15Zn0-10Li>0-60P20s:XxREO where x value varies between 0.1

to 2.5 mol% depending on the glass system prepared and the kind of doped RE ions.

2.2.2. Glass preparation procedure:

Glass samples with trivalent RE REions doping were manufactured using the melt quenching

approach. BZLP glass samples were made using annular grade precursors and 99.9% pure

RERE elements. The raw chemical materials were weighed in accordance with the composition

calculation. Using an agate mortar and pestle and ethanol as the dispersing medium, the

compounds were crushed for one hour. This uniform and smooth chemical mixture was then

put into an alumina crucible and heated in a muffle furnace at a rate of 5°C per minute from

room temperature to 1150°C, where it was held for an hour. This homogeneous melt mixture
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was then removed and quickly quenched between preheated (approximately 320 °C) brass
plates to made glass of required shape and thickness. To remove air bubbles and thermal strains,
the prepared glass was annealed at 320°C for 3 hours. Finally, BZLP doped and un-doped glass

samples were ready for the physical, structural, optical and other characterizations.
2.2.3. Physical properties:

Spectroscopic investigation is dependent on various physical parameters like thickness, density,

refractive index, and RE ion concentration. The aforementioned physical parameters are needed to
calculate experimental oscillator strength (fexp), which can then be used to evaluate intensity
parameters and radiative parameters and providing knowledge about the utility of as-prepared

glass.

m Thickness: Screw gauge is the tool used to measure the thickness of BZLP glass
samples. Least count of the screw gauge is 0.001 cm. Every set of BZLP glasses has
the same thickness, which is 2.7 £ 0.01 mm.

(1)  Density: By using the Archimedes principle, density (d) of BZLP glasses is
estimated with an accuracy of £ 0.0001 g using water as the immersion liquid. For

calculating density, the following equation is used[83,84]:

Wy
Wy W,

d =

(2.1)

Where, Wy and W- is the weight of glass in air and water respectively.

(1) Refractive index: The refractive indices (ng) of BZLP glasses are calculated using

Brewster's angle method with a He-Ne laser (6328 X 101°m).
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(1V) Concentration of RE ion: The following equation was used to calculate the amount of

RE ions (x) (mole liter?) present

x="RE w2 5100 2.2)
mr MW

here, MW is the molecular weight of the RE salt and my is the mass of the RE salt. my is
the total weight of the chemical composition. The unit is transformed from mole liter? to

cm?® by multiplying x by Avogadro's number (N).

These four physical properties are then used to calculate other physical parameters such as
Avogadro molecular weight (M) (g), mean atomic volume (g/cm®atom), molar volume
(Vm) (cm®mol), dielectric constant (), optical dielectric constant, molar refractivity,
reflection losses, polaron radius, interionic distance, molecular electronic polarizability and

field strength of RE ions doped BZLP glasses by using the following expression as given

in literature :
Dielectric constant, € = n,? (2.3)
Optical dielectric constant, e — 1 = ny2 — 1 = P§—£ (2.4)
Molar refractivity, Ry, = [(ndz_l) g (2.5)
Yo im = [0l a '
; _ (ng-1)?
Reflection loss, R = a7 (2.6)
Polaron radius, rp = ! T (2.7)
2(m/6Mm)3
o 1\ /3
Interionic distance, r; = (ﬁ) (2.8)
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2 —
Molecular dielectric polarizability factor (a)), o = % [Ezd%g (2.9)
e d
3

LN

Field strength, F = (2.10)

T

<

Where, the oxidation number of cations i, the ionic ratio with respect to total number of
oxides, basicity moderating parameter and the Pauli electronegativity are represented by Z;, r;,
y; and x; respectively. Various physical parameters listed above are represented in respective

chapters.

2.3. Characterization techniques:

Characterization techniques are the procedures and equipment used to examine and
comprehend a material's characteristics, composition, structure, and behavior. These methods
help in the development of novel materials or the enhancement of current ones by offering
insightful information on the properties and functionality of materials. Extensive systematic
characterization procedures are required to investigate the different structural, chemical,
optical, and luminous characteristics of RE doped BZLP glasses. In this part, the

characterization tools' basic operating principles have been briefly explained.

2.3.1. Thermal analysis:
Thermal analysis techniques, including differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA), involve subjecting materials to controlled heating or
cooling while measuring changes in temperature, heat flow, weight, or other properties. This is
useful in figuring out a material's thermal stability, phase transitions, thermal behavior

and kinetics of breakdown.
As a function of temperature or time, DSC, a thermal analysis method, evaluates the heat flow

into or out of a sample. As a sample is heated or cooled, it gives information on the physical
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and chemical processes taking place inside of it. In DSC, the heating or cooling conditions for
a sample and a reference material are the same. Phase changes, melting points, crystallization,
and other thermal events may all be identified by comparing the heat flow between the sample
and the reference, which records any differences. DSC can be applicable for determining the
melting points, phase transitions, thermal stability and decomposition kinetics, analysis of glass
transitions and crystallinity.

TGA is a method for analyzing weight changes in samples that are heated or cooled under
precise temperature control. It offers details on the composition, deterioration, and thermal
stability of materials. In TGA, a sample is constantly weighed while being heated or cooled at
a steady pace. Indicating thermal events such as breakdown, oxidation, desorption, or changes
in moisture content, the weight gain or loss is tracked as a function of temperature or time. TGA
is useful for the determination of thermal stability and degradation kinetics, analysis of
decomposition and weight loss etc. The DSC TGA was performed by using Setaram Labsys

Evo instrument as visible in Fig. 2.2.

Fig. 2.2: DSC/TGA simultaneous instrument (SETARAM, Labsys Evo)
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2.3.2. X-Ray diffraction:

A non-destructive method known as X-ray crystallography is used to determine a crystal's atomic and
molecular structure as well as the crystallite size, phase, and internal stress of tiny crystalline areas. In
order to examine the crystal structure of materials, X-ray diffraction (XRD) is a widely used method in

material science. XRD works on the principle of Bragg’s law for diffraction. Constructive

interference in between these waves is satisfied by the Bragg’s equation and is represented in

Fig 2.3 (a) [85]:
2d sin@ =nAl

Glass, on the other hand, lacks a regular and recurring crystalline structure since it is an amorphous
substance. Hence the glassy and amorphous nature can be confirmed via XRD profile. Un-doped glass
sample have been analyzed by using the X-ray diffractometer apparatus (Bruker D8 Advance) as shown
in Fig 2.3 (b). The recorded XRD profile for an un-doped BZLP glass consists of huge hump rather than

sharp peaks which confirms the amorphous nature of the titled glass.

Fig. 2. 3: (a) Brags law for diffraction (b) X-ray diffractometer instrument (Bruker D8 Advance).
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2.3.3. Fourier transmission infrared spectroscopy (FT-IR):

An equipment called an FT-IR Spectrometer is used to identify absorption peaks in the near-to-
far infrared spectral band. One of the multiplex types of spectroscopic techniques that collects all
wavelengths simultaneously is FT-IR spectroscopy. To determine vibrational groups and bonding
in compounds, FT-IR is frequently utilized. Additionally, it may categorize the atomic conformations
of networks that constitute glass. The molecules vibrate in two different ways, stretching and bending
[88]. Stretching causes a change in the distance between two nearby atoms but not in their angle.
However, as an object bends, the atom's location in relation to the bond axis changes. When a molecule

is exposed to IR radiation, the amplitude of a certain frequency of vibration rises in direct proportion.

Fig. 2. 4: Perkin Elmer’s frontier FT-IR spectrometer

A beam splitter, a detector, a fixed mirror, and a moving mirror make up the FT-IR. By using a beam
splitter, IR radiation from the source was separated into two equal beams. In order to reach the fixed
mirror, one portion of the beam is transmitted via the beam splitter, and in order to reach the moving
mirror, the other portion is reflected off the beam splitter. Both stationary and mobile mirrors were used
to reflect these transmitted and reflected beams back to the beam splitter. After several iterations, the
detector ultimately picks up one beam that is travelling through the sample, while the second beam
returns to the source. In most cases, wave numbers (cm™) or wavelengths (A, nm) are used to represent
the places of FT-IR absorption. The quantity of waves per length is indicated by the wave number [89].

As a result, wave numbers and the energy of IR absorption are both linearly proportional to frequency
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[88]. The Frontier FT-IR spectrometer from Perkin Elmer carried out the FT-IR, as shown in Fig. 2.4.
Sample in pellet form was required for the FT-IR spectra recording. In order to create the pallet, KBr
powder and glass powder were combined in a ¥4 ratio, and the pallet was then crushed using a hydraulic

press at a pressure of 2.5 tones.

2.3.4. UV/VIS/NIR Spectrophotometer:

The three distinct electromagnetic radiation phenomena, i.e., transmission, absorption, and reflection,
take place when electromagnetic radiation or light impacts anything like a material's surface.
Measurements of the samples' transmission, reflectance, and absorption of light were made using a
UV/VIS/NIR spectrophotometer. In spectroscopy, a light source that emits light in the UV to NIR range
(200 to 1500 nm) impacts the sample, and the light that is transmitted is collected at the other end of the
sample. After interacting with them, the sample's optical data is included in the light that was sent. In
order to quantify the optical characteristics of diverse organic and inorganic materials, UV-VIS

spectroscopy is employed [52].

In UV/VIS spectroscopy, the Beer-Lambert law is used. According to the Beer-Lambert equation, the
rate at which the intensity of radiation decreases when the thickness of the absorbing solution is
increased or decreased in correlation to the amount of radiation that hits it as well as the concentration

of the solution itself. The following is how absorbance (A) is expressed mathematically [90]:
A =logy, (5—5) (2.3)

where, o and I; denotes the incident light intensity and transmitted light intensity, respectively. The
formula for the transmittance, T, is T =1/Io. Using the following relationship, the absorbance

coefficient was determined from the absorbance values. [91]:

a(v) = éln (1—0) (2.4)

It

here, d represent the thickness of sample, a(v) signifies the absorption coefficient.

42



CHAPTER 2

Fig. 2.5: Jasco V-770 UV/VIS/NIR spectrophotometer

A converged beam from the light source enters the monochromator in a UV/VIS/NIR
spectrophotometer. Deuterium and tungsten lamps served as the corresponding sources of UV and NIR
light. The monochromator's grating scatters the light, which exits via the exit slit. By use of a sector
mirror, this light is divided into two light streams, one of which incident on the sample being measured
and the other on the reference sample, such as solvent. The sample or reference sample's light is incident
on the detector after passing through it. In order to record the spectrum, a detector photomultiplier tube
is employed. Software was then used to analyze the captured spectrum and produce a spectrum on a

wavelength scale. A UV/VIS/NIR spectrophotometer (Jasco, V-770) is displayed in Fig. 2.5.

2.3.5. Spectrofluorophotometer: photoluminescent studies

A versatile, non-destructive way of examining a material's optical features is photoluminescence
spectroscopy. Usually, a laser or UV/visible/NIR radiation beam from source strikes a sample and is
absorbed there. The material's surplus energy can be released by emitting light, a process known as
luminescence. This luminescence is referred to as "photoluminescence™ since the sample is excited by
light. Thus, PL is the spontaneous light emission from a substance when it is being excited by light. This
light may be captured and subjected to spectral, spatial, and temporal analysis. In actuality, PL
spectroscopy provides details on the system under investigation's low-lying energy levels [10,35]. The
most frequent radiative transition in semiconductor systems occurs between states in the conduction and

valence bands; this energy difference is referred to as the band gap. The electrons and holes that make
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up the photo-excited carriers relax towards their respective band edges and recombine by producing
light at the band gap's energy. Excitation source light impacts the sample after passing via an emission
monochromator. The sample absorbs some of the input light and then emits light in all directions. The

absorption monochromator allows some light to pass through and reach the detector [12].

A Xenon lamp is employed as the UV light source because of its continuous emission spectra and
virtually constant intensity in the 300-800 nm region. When using a monochromator, collimated light
illuminates a diffraction grating and departs at a varied angle depending on the wavelength. The
transmitting wavelengths can then be chosen by adjusting the monochromatorBasically, a
monochromator selects a certain wavelength of light from a light source (Xenon Lamp) and directs it
towards the target sample in a typical PL experiment. The sample's light is captured by lenses, spread
out by a second monochromator, and then detected by a photodetector. An A/D (analogue to digital)
converter transforms the analogue electrical output produced by the optical detector into a digital signal,
which is then processed by software on a computer [92]. The spectrum is shown as a function of the
wavelength of the emitted light in terms of the intensity of PL light that is emitting (proportional to the

electrical signal created).
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(a) (b)

Fig. 2. 6: (a) Jasco 8300FP spectrofluorophotometer (b) Edinburg, FLS 980
spectrofluorophotometer.

PL characteristics were recorded by using Jasco 8300FP spectrofluorophotometer and Edinburg, FLS

980 spectrofluorophotometer as shown in Fig. 2.6 (a) & (b) respectively.

Time-Resolved Photoluminescence (TR-PL) is an improvement above the common spectrophotometer.
A rapid photodetector is used to capture a sample's emission as a function of time following stimulation,
and a pulse light source is used to excite it. This technigue may be used to track material quality, identify
spectrum emissions with distinct emissive states, or research energy transfer from one ingredient to an
alternative in mixed composites or samples. The photoluminescent characteristics' inherent property of
recorded lifespan can shed light on the species' excited state dynamics. TR-PL is one of the top options
for researching decay time or lifespan, which are terms used to describe the quick and slow electrical
deactivation processes that cause photon emission. The surrounding molecular environment and
interactions with other molecules may have an impact on its lifespan [31,93]. The local chemical
environment may therefore be learned about or response processes can be understood via lifetime

changes. As shown in Fig. 2.6 (b), lifetime profiles were captured using an Edinburgh Instruments
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(FLS980) Spectrofluorophotometer. Here, a microsecond xenon flash light was employed as the

excitation source.

2.3.6. Temperature dependent PL (TD-PL) emission studies:

TDPL studies refer to investigations that examine the changes in the emission properties of a material
or system as a function of temperature. By studying the temperature dependence of emission properties,
researchers can gain insights the thermal stability of as prepared glass samples. This information is
crucial for optimizing the performance of devices, understanding energy transfer mechanisms, designing

sensors, and exploring fundamental phenomena related to light-matter interactions [94-96].

Fig. 2.7: Schematic representation of Temperature-dependent spectrofluorophotometer.
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Photoluminescence downshifting studies of
thermally stable Dy>" ions doped phosphate glasses for
photonic device applications

Trivalent dysprosium (Dy?3*) activated barium zinc lithium phosphate (BZLP)
glasses were prepared by employing melt quench routes. To understand the
possible applicability of prepared glasses in photonic device applications,
numerous structural, optical, and radiative characteristics have been explored
in detail. The non-crystalline character of BZLP glass has been confirmed with
the help of an X-ray diffraction pattern. The titled glasses doped with Dy3* ions
show several absorption peaks in 330-2000 nm range with an indirect optical
band gap of 3.41-3.76 eV. The Judd-Ofelt (J-O) theory was employed on the
absorption profiles and estimated various radiative parameters for the Dy3* ions
activated BZLP glasses. The Dy®* ions activated glasses exhibit intense
excitation at 350 nm and three sharp visible emissions at blue (*Fo2—°®His/2),
yellow (*Fo—°Hisp), and red (*Fo2—°®Hi12). To ascertain the lasing
potentialities of BZLP glasses, the stimulated emission cross-section and
branching ratios have been assessed by correlating the emission spectral
information with the radiative parameters calculated from the absorption
spectral features. The colorimetric properties show the coordinates situated in a
bright white region. Temperature-dependent photoluminescence (TD-PL)
spectral features recorded revealed the thermal stability of as-prepared glasses.
The explored distinctive features for Dy3* ions activated BZLP glasses suggested

the superiority and direct utility of the as-prepared glasses in advanced photonic

device applications such as lasers and w-LEDs.
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3.1. Introduction

Recently, enormous research has been focused on the non-crystalline glasses activated with RE
ions owing to their excellent features such as high transparency, low manufacturing cost, easy
fabrication technique, highly durable, excellent emission properties, and high thermal stability.
RE ions activated glasses have direct utility in numerous areas such as solid-state lasers, optical
fibers, sensors, light converters, and other optoelectronic devices [97]. The spectroscopic
investigations for instance absorption, PL excitation, PL emission, PL decay, and TD-PL
features recorded for the RE ions doped glasses explore the utility of the host glass matrix for
the aforementioned various photonic devices applications. The spectral features of the active
ions (RE ions) doped into a host matrix can be varied by appropriate choice of host matrix
composition or by varying the RE ion concentration in a host. RE ions doped glasses have
distinct optical properties in various host glasses like phosphate, borate, silicate, telluride and
chalcogenides from the perspective of their applications in solid-state lasers [98-100]. To
enhance the lasing properties, the glass host can be formed by using a good former added with
intermediates and network modifiers [101,102]. For the best optical and lasing properties, the
selection of host glass with various RE ions is a still difficult task [103]. To increase the
stimulated emission cross-section and quantum efficiency, host glass with low phonon energy
is very much essential. A host glass with relatively less phonon energies can increase radiative

properties by suppressing non-radiatve decay process [104].

In quite recent times w-LEDs replace traditional fluorescent and incandescent lamps. These
diodes serve many purposes, including excellent durability, less power consumption, and a
longer life span [105]. For the commercial availability of w-LEDSs, phosphors activated by the

blue LED chip to emit green and red lights alternately are usually employed. The majority of
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current research, on the other hand, is focused on white emission by UV excitation without the
usage of an LED chip. RE doped glasses provide many advantages, including decreased

manufacturing costs, a straightforward manufacturing process, and no halo effect [106].

There are various glass formers like fluorides, phosphates, borates, tellurites, silicates,
borosilicate etc. The researchers working in the field of glass science & technology have
prepared variety of glasses using the above mentioned glass formers along with network
formers and studied their spectroscopic properties. Among various glass formers, phosphate is
one of the suitable glass formers owing to distinctive properties like clear visibility in the wide-
ranging spectrum, softening, less melting temperature, high thermal stability, high RE ion
solubility and low dispersion [107]. Phosphate glasses possess various applications in photonic
devices but it has some limitations because of its hygroscopic nature and poor chemical stability
[108].. All the above-discussed characteristic features in chapter 1 possessed by the chemical
species P2Os, Li2O, BaO and ZnO prompted us to prepare a glassy system namely barium zinc
lithium phosphate (BZLP) glass. Phosphate based glasses doped with RE ions are effective in
improving the luminescent characteristics of a materials to have potential applications in the

field of optoelectronics [109-112].

Dy** is one of the very attractive RE ions for fabricating visible solid-state devices as its
emission takes place in the visible region due to f-f transitions. In general, Dy** doped materials
have two major peaks in blue and yellow regions, and if their intensity ratio is appropriate, then
Dy®* ions doped materials show a white light. The Y/B ratio can be enhanced by changing Dy?*
ions concentration and excitation wavelength, which further gives magnificent emission from
glassy materials in the visible region [113-117]. Recently, S. Tian et al. investigated Silicate-

clad Dy** doped multi-component phosphate glass core glass fiber for yellow laser applications.
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The sample with 1 mol.% Dy»03 (2.6 wt.%) doping concentration exhibits the most intensive
yellow emission and its internal quantum efficiency was determined to be 39.27% [118]. P.
Babu et al. prepared Dy** ions doped zinc oxyfluorotelluride glasses. The CIE coordinates of
as-prepared T20ZofNDy1.0 glass are very nearer to the white light region, showing their
applications in w-LEDs [119]. R.J. Amjad and his co-workers synthesized Dy** doped PbO—
Zn0-B»03-P»0s glasses for white light-emitting materials and solid-state laser applications

[120].

In the present research work, BZLP glasses doped with varying concentration of Dy** ions were
prepared by using melt quench route. Various spectroscopic characterizations were performed
to on Dy** ions doped BZLP glasses to explore its structural, optical absorption, PL properties
and thermal stability. The J-O theory has been applied to the measured absorption bands (called
oscillator strengths) useful in assessing various radiative properties for the prominent
fluorescent levels of Dy®* ions in the titled glasses. Further, the absorption and emission
properties are correlated to understand the lasing potentialities of the titled glasses. TD-PL
spectral features are recorded to understand the thermal stability of the titled glasses.
Colorimetric studies were also conducted on the titled glasses to understand the usage of the

titled glasses for lighting industry as epoxy-free w-LEDs.

3.2. Experimental procedure and characterization:

BZLP glasses doped by varying concentration of Dy3* ions in accordance with the molar
composition 60P20s- (15-x)BaO -15Zn0O -10Li.0-xDy.03 (x = 0, 0.1, 0.5, 1.0, 1.5 and 2.0
mol% named as PDYO0, PDY1, PDY2, PDY3, PDY4 and PDY5 glasses, respectively) were

prepared via melt quench approach. The process used to synthesize these phosphate glasses has
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been depicted in Fig. 2.1 in chapter 2. Further, all the glasses were characterized through various

techniques to check their suitability for photonic devices.

3.3. Results & discussion:

3.3.1. Structural analysis:
The XRD pattern recorded for an un-doped BZLP glass in angular range (10-70 degrees) has
been depicted in Fig. 3.1. It shows a wideband rather than distinguish sharp peaks, which

indicates the non-crystalline character of BZLP glass.

- PDY( Glass

Intensity (arb. units)

10 20 3 -'8'0 50 60 70
20 (Degree)
Fig. 3.1: XRD pattern of an un-doped BZLP glass.
3.3.2. Physical properties:
Several physical and optical characteristics for BZLP glasses were assessed using the relevant
mathematical expressions given in the chapter 2 and shown in Table 3.1 It is noted for BZLP

glasses, as the Dy*" ions concentration is increasing from PDY1 (0.1 mol%) to PDY5 (2.0
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mol%), substantial quantities such as density, mean atomic weight, molar volume, molar
reflection, and field strength are increasing, while others such as refractive index, optical
dielectric constant, reflection loss (R%), polaron radius, mutually distance between atoms (ri),
and electronic polarizability are reducing. Densities for BZLP glasses increases because the
molecular weight of host compounds i.e., P2Os (141.94 g/mol), ZnO (81.37 g/mol), BaO
(153.33g/mol) and Li20 (29.88g/mol) is lower than that of Dy>O3 (372.9 g/mol) which reveals

the degree of structural closeness in BZLP glasses [121,122].
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Fig . 3.2(a): Density and molar volume variation with Dy** ions concentration in BZLP glasses.

52



CHAPTER 3

B INTER ATOMIC DISTANCE /O
16 - @ FIELD STRENGTH 7~ - 16
- -
v g
- /O’ =
< 2
1 o 3
2 12- £ -12 2
= ’ L]
% 4 -
S A -
2 7 5'
g 5] rd o
& 8- / g =~
5 ¢ S
E 4 @
A e
7/ -
4 p s L 4
e
/
o
: ' . y v ' . '
0.0 0.5 1.0 1.5 2.0

~
D)3+ ion Concentration ( x I()z' ions/ cm")

Fig . 3.2(b): Variation of inter atomic distance and Field strength with Dy®* ions concentration
in BZLP glasses.

The average molecular weight of BZLP glasses is also escalating due to the addition of Dy,03
in the host glass. The variation of density and molar volume alongwith varying Dy** ion
concentration in BZLP glasses is represented in Fig 3.2 (a). From Fig 3.2 (a), it is conspicuous
that density and molar volume are surging as the concentration of Dy** ions increase. With
increase in Dy** ions concentration, the number of dysprosium ions per unit volume also
increases in host glass which intern leads to increase in molar volume and other physical
properties. Furthermore, in the present work, alkaline earth oxide (Li2O) is added to enhance
the stability of glass network by bridging oxygen atoms with Dy** ions. The inter atomic
distance decreases as the concentration of Dy** ions increase for the prepared glasses. The
decrease in inter atomic distance results in the surge of Field strength. The interatomic distance

and field strength shows inverse relationship with increase in the concentration of Dy** ions in
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BZLP glass as shown in Fig 3.2(b). Comparatively, low values of Field strength for BZLP

glasses represents the high solubility of Dy**ions in the host glass. Molecular electronic

polarizability is another important physical property which relates optical, chemical and

dielectric properties like UV absorption, ionic reflection and chemical stability. BZLP glasses

with relatively low values of molecular electronic polarizability helps in increasing its stability.

Table 3.1 Various physical properties of Dy** ions in BZLP glasses.

S.No Physical Property PDY1 PDY2 PDY3 PDY4 PDY5
1 Refractive index (na) 1.60 1.60 1.59 1.599 1.59
2 Density (gm/cm?) 2.88 2.89 2.90 2.91 2.92
3 Average molecular weight
g g 123 124 125 126 127
Dy?*" ion concentration, N(10%
4 5 0.14 0.70 1.39 2.08 2.77
ions/cm?)
5  Molar Volume (cc/mol) 42.70 42.90 43.10 43.29 43.49
Mean atomic volume
6 , 8.36 8.38 8.39 8.41 8.42
(g/cm?/atom)
7 Dielectric constant () 2.56 2.56 2.55 2.55 2.55
Optical dielectric constant (€ —
8 n 1.56 1.56 1.55 1.55 1.55
9  Reflection losses (R %) 5.32 5.32 5.32 5.32 5.32
10 Molar refraction (Rm) (cm™®) 14.59 14.67 14.73 14.80 14.86
11 Polaron radius (rp) (A) 3.59 2.10 1.67 1.46 1.33
12 Inter-atomic distance (ri) (A) 8.92 5.22 4.15 3.63 3.30
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Molecular electronic

polarizability (10 cm?) 5.79 1.16 0.58 0.39 0.29

Field Strength F (X10"°cm™?) 2.32 6.77 10.7 14.0 16.9

3.3.3. Vibrational spectroscopy:

FT-IR spectrum recorded for an un-doped BZLP glass (PDY0) within 400-4000 cm range has
been depicted in Fig. 3.3. The FT-IR spectrum displayed in Fig. 3.3 show several peaks situated
at 490, 789, 909, 1097,1290,1648, 2855, 2922 and 3465 cm™. The band at 490 cm™ may be
assigned due to bending of PO, vibrations and also tetrahedral bond stretching of Zn-O [123].
Other bands located at 789 cm™ and 909 cm™ may be attributed due to symmetric stretching
(vs) and asymmetric stretching, (v,s) of PO2 connection of Q1 tetrahedral and Q- tetrahedral
respectively with non-bridging oxygen atoms [108,124]. The band at 1097 cm™ may be due to
asymmetric stretching of Q> tetrahedral vibrating in PO mode, v, (P-O’) and may be resembled
as linkage of P-O-Zn stretching band [125]. The band at 1290 cm™ is ascribed due to stretching
vibrations of P-O bonds in PO4 units. The band at 1648 cm™ is ascribed due to O-H bending
vibrations integrated because of air present in making of KBr pellets for FT-IR characterization
[126]. The band at 2855 cm™ represents the presence of carbon contaminants [127]. The band
observed at 2922 and 3465 cm™ are on account of asymmetric and symmetric vibrations of the

H20 molecules respectively [128].
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Fig. 3.3: FT-IR spectrum of an un-doped BZLP glass.

3.3.4. Absorption spectral analysis:

Absorption spectra of Dy** ions doped BZLP glasses recorded from 330-1850 nm wavelength
range in UV-vis-NIR region is shown in Fig. 3.4. The spectra depicted in Fig. 3.4shows a series
of dysprosium absorption peaks observed in UV, Visible, and NIR regions arising from its
ground (®His2) to numerous higher energy states such as °Pzz2, *li1z + ®Pap, *“M1giz + *Kizzz,
*Guusz, *l1si2, *For2 °Farz, ®Fspz, ®F12, ®Forz + ®Hasz, ®F1112 +°Her2 and ®Haay at wavelengths of 351,
364, 386, 425, 452, 487, 753, 803, 900, 1095, 1278 and 1685 nm, respectively [129]. From Fig.
3.4, it is conspicuous that, the absorption bands observed in NIR region (spin allowed) are
relatively stronger than the once observed in visible region (forbidden). Among various
absorption transitions observed in NIR region, the one pertaining to ®Hisz to SFi12 + ®Hop
detected at 1278 nm follows spin allowed rule IASI = 0, IAL I< 2 and IAJ I< 2 and is highly

intense than the other transitions.
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Fig. 3.4: Absorption spectra of Dy** ions doped BZLP glasses in UV-vis- NIR region.
The indirect optical band gap for Dy** ions activated BZLP glasses were assessed as per

recorded absorption spectra with the help of relation given by Davis and Mott as follows [108]:
ahv = B(hv — E,p)" (3.1)

In the above relation, a denotes the absorption coefficient, hv represents the incident photon
energy, B signifies the band tailing parameter, E,,, indicates the energy bandgap. The value of
parameter n describes the type of transition having values where n = % and n = 2 for direct and
indirect allowed transitions, respectively. The E,,; values were acquired for indirect and direct
optical transition using Tauc’s plot by extrapolating the linear portion of the plot (ahv)™ versus
(hv) withn =1/2 and n= 2 [as presented in Fig 3.5 (a) & (b)] respectively. The estimated

indirect E,,,, Values were found to be 3.64, 3.53, 3.41, 3.56 and 3.76 eV for PDY1, PDY2,
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PDY3, PDY4 and PDY5 glasses, respectively. Similarly the values for direct E,,,were 4.28,

4.33. 4.35,4.16 and 4.83 eV for respective glasses.
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Fig. 3.5: (a) Indirect bandgap plot for Dy3* ions doped BZLP glasses.
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Fig. 3.5 (b): Direct bandgap plot for Dy** ions doped BZLP glasses.
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Furthermore, in most of glassy materials, the fundamental absorption edges is identified by the
degree of exponential tail. These absorption edges may arise due to inter-band transitions

included tails of the localized states and followed by the Urbach rule [130]

The Urbach rule is explained by the following formula:

a(9) = Cexp (Z—Z) (3.2)

Where C is constant, AE is the Urbach energy represents the width of band tails of localized
states.The Urbach energies are evaluated by plotting a graph between In (ahd) versus hd9 and
then taking the inverse of the slope of plotted graph as shown in Fig 3.5 (c). The values of
AE are decreasing (0.324, 0.316, 0.283, 0.280 and 0.239 eV) with increase in the concentration
of the doped RE ion concentration from 0.1 to 2.0 mol%. Relatively lower values of

AE indicates the minium defect present in host galss network.
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Fig. 3.5 (c): Urbach energy plot for Dy** ions doped BZLP glasses.
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The nephelauxetic effect, an estimation of the covalent character of transition metal-ligand
interaction in BZLP glass matrix will appear as of partially filled f shells. Electronic orbitals
for 4f configuration are disfigured because Dy®* ions are present in BZLP glass [131]. To get
an idea about the bond linking in metal transition ions (Dy**) and nearby ligands, nephelauxetic
ratio () and bonding parameters (6%) were determined by using formula 1.6 & 1.7 given in
Chapter 1 and are given in Table 3.2 [132]. The bonding nature of ligands around the RE ions
is dependent on positive or negative values for 8. In Table 3.2, it was observed that & has positive

values, which represent covalent bonding is prominent in these glasses.

The experimental oscillator strength (fexp) is a key parameter, which was used to know the
radiative properties of BZLP glasses. The value of fexp and fca were calculated using the
equation 1.8 and 1.4 respectively given in chapter 1 and are shown in Table 3.2 along with

bonding parameters and refractive index [133-135].
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Table 3.2 Experimental (fexp) (x10°), calculated (fear) (x10°) oscillator strengths, r.m.s
deviation (8,.,,5), nephelauxetic ratio (B), bonding parameters (3), and refractive index (nq) for

Dy®*ions in BZLP glasses.

Transitions PDY1 PDY2 PDY3 PDY4 PDY5
from SHsp,—
fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal
P71, - - 021 173 0.3 192 117 270 0.92 2.396
*l11i2 + ®Pap - - 017 004 025 007 065 0.09 0.24 0.069

Mgz + Kz 067 036 068 026 08 033 095 037 061 0.325

‘G - - - - 004 005 014 0.07 0.06 0.065
*l1s12 046 026 052 021 054 026 062 028 031 0.247
“Forz 0.41 005 042 002 046 004 055 0.05 0.2 0.040
®Fa12 - - 0.1 002 011 003 012 0.04 0.09 0.032
®Fs2 043 029 044 011 051 019 074 0.22 0.5 0.172
®F a1 055 0.66 0.8 038 1.08 055 118 0.68 1.07 0.555
®For2t®Hzs 051 046 09 039 105 049 116 065 1.05 0.556
®F11/2+°Har 416 416 456 4.40 5 482 541 523 492 4.758
®H1172 - - 011 071 017 084 021 091 0.18 0.805
8rms (X 10°°) +0.25 +0.55 +0.60 +0.62 +0.52
Ng 1.600 1.600 1.599 1.599 1.599
B 0.996 0.995 0.994 0.994 0.993
é 0.38 0.49 0.53 0.59 0.61

J-O theory is employed to compute the intensity parameters (Qo2, Q4, Qs) through a method of

least-squares fit, as per the formula given in the literature [134]. To measure the quality fit
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between fexp & fcal, the rms deviation indicated by drms can be estimated by using equation 1.5

given in chapter 1.

Comparatively less value of oms IS attained to justify the J-O theory in calculating J-O

parameters and to know radiative properties of BZLP glasses. The J-O parameters (Q2, Q4, Q6)

were computed by the method of least squares fit and were represented in Table 3.3 and

compared with other glasses reported in literature [136-145]. Intensity parameters imitate a

similar trend (Q2> Q4> Qg) for BZLP glasses as given in the literature for other glasses [146-

152].

Table 3.3 Judd-Ofelt parameters (€, x102°cm?) of Dy** ions in BZLP glasses along with

various reported host glasses.

Glass System Q, Q Qs Trend References
PDY1 10.63 0.89 0.069 Q> Q4 > Qg Present work
PDY?2 1124 118 0.27 Qy > Q4 > Qg Present work
PDY3 1224 130 0.46 Qy > Q4 > Qg Present work
PDY4 12.87 183 0.53 Qy; > Q4 > Qg Present work
PDY5 11.78 1.63 0.40 Qy; > Q4 > Qg Present work
Lead 1143 438 3.82 Q, > Q4 > 0 [148]

Borosilicate
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The intensity parameter (€22) presents the highest value for all BZLP glasses, which represents

covalent character for metal-ligand and asymmetric of BZLP ions near Dy*" ions. For BZLP

glasses intensity of transition ®His> to SF11 + ®Hoyz increases as Qo increases, and vice versa.

The prepared glasses show a value of Q2 rises from PDY1 to PDY4 glasses and drops for PDY5

glass. Among various prepared glasses, PDY4 glass has highest intensity for the hypersensitive

transition and the lowest for PDY5 glass, which represents a higher symmetrical crystal

structure of Dy** ions for PDY4 glass. Radiative parameters were calculated from intensity

parameters such as Ar (radiative probability), Br (luminescence branching ratio),zr (radiative

lifetimes) as tabulated in Table 3.4. Required expressions for evaluating radiative properties

were used from published literature [153].
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Table 3.4 Transition probability (Ag) (s*), luminescence branching ratio (8), total transition
probability (Ar) (s1) and radiative lifetime (tr) (us) for the observed emission transitions of

Dy®*ions in BZLP glass.

Sample name Transition Ar At Br TR

PDY1 *For, —>®Hu112 16.49 1094.61  0.0151 913
*Forz —°Haap 824.28 0.7530
*For2 —°Hasy 109.91 0.1004

PDY2 *For —®Hu1p2 36.02 1202.90  0.0299
*Forz —®Hizn 896.93 0.7456  g31
*Forz —H1s12 116.89 0.0972

PDY3 *For2 >°Hi1r2 52.30 1332.17 0.0393 750
*Forz —>°Huar 991.13 0.7440
*Forz —H1s12 126.79 0.0952

PDY4 *Forp —®Hu1 64.15 1428.17 0.0449 700
*Forp —Haap 1057.46 0.7404
*For2 —>°Hisp2 133.65 0.0936

PDY5 *Forp —®Hu1 51.99 1297.93 0.0401 770
*Forz —>°Hiap 959.92 0.7396
4Farp —®Hisp 123.00 0.0948

3.3.5. PL excitation, PL emission and radiative properties analysis:

PL properties of Dy** ion activated BZLP glasses have been recorded at room temperature. The
recorded PL excitation spectrum recorded for PDY3 glass (1% mol Dy3* ions) exhibits several
peaks in range 300 -500 nm via monitoring the emission wavelength at 575 nm as illustrated in

Fig. 3.6. The spectrum consists several excitation peaks at wavelength 322, 337, 350, 362, 386,
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425, 449 and 473 nm, which arises due to transition from the lower energy level (°*His;) to
several higher energy states ®Psp, *lor2, ®P712, ®Psi2, *liar2, *Gi12, *Hisz and *Forz, of Dy®* ions,
respectively. The dominant transition was noticed at wavelength 350 nm, which is opted for

recording the PL emission spectra for Dy** ions activated BZLP glasses.
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Fig.3.6: Excitation spectrum of 1.0 mol% of Dy** ions in BZLP glasses under 575 nm emission
wavelength

The emission spectra recorded for Dy** ions activated BZLP glasses at an excitation wavelength
of 350 nm were depicted in Fig.3.7. The PL spectra for all doped glasses have shown three
peaks at 483, 575 and 663 nm due to transition from higher energy state *Fg/2 to lower energy

states at *Hisi2, ®Hia2 and ®Hau, respectively. Amid these PL peaks, transition (*Forz — ®Hiz)
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was the most prominent as compared with other two transitions. The intense transition (*Forz —
®H132) was electric dipole in nature, extremely affected by nearby Dy** ions and followed
selection rule AL =+2, AS =0, AT =0 or +2. The (*Fo;2 — ®His2) transition was magnetic dipole
(MD) in nature, which following AJ = 0 or +1 selection rules & insensitive to the glass host

environment.

S PDY1 PDY2 PDYS PDYS  PDYS
Glass Smaple

—a &
= > Il'q

Intensity (arb, units)

Wavelength (nm)

Fig. 3.7: Emission spectra of Dy®** ions in BZLP glasses monitored at 350 nm excitation
wavelength. The inset plot shows the relative intensity variation of a most intense peak with
different Dy-doped BZLP glasses.

The yellow to blue (Y/B) intensity ratio is used to measure the rate of deformation in the glass
matrix surrounded by Dy®* ions and is also known as the asymmetry ratio. The ratio between
yellow and blue PL peaks has been utilized as a tool to observe the configuration of radiant

glass. The asymmetry ratio of RE i.e. (Dy®*) ions that change with the configuration of glass.
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The Y/B ratio is calculated for all the prepared glasses with the help of PL spectra and is
tabulated in Table 3.7 In present studies, the Y/B ratio for all prepared glasses is greater than 1.
From the inset plot of Fig.3.7, it can be perceived that the intensity of emission spectra gradually
rises from PDY1 to PDY4 glass as the concentration changes from 0.1 to 1.5 mol% of Dy**
ions and reduces for PDY5 glass. This decrement in intensity beyond 1.5 mol% of the doped
ion is due to concentration quenching that took place by resonant energy transfer (RET) and

mutual interactions between Dy®*- Dy** ions that describes the self-quenching mechanism [8].

An energy level diagram depicted in Fig. 3.8 explains all processes such as excitation, emission,
RET, and CR channels. Due to the small energy gap in the higher excited states above *Fgs, the
non-radiative transitions take place and are therefore known as radiation-less relaxation energy
levels. Such non-radiative relaxations ultimately populate the “Fg» energy state and
consequently radiative emissions starts occurring from “Fo2 energy state to ®Haisi ®Hisr and
®Hi12 lower levels producing intense peaks at blue, yellow, and red color of the visible
spectrum, respectively. The energy gap between *For and ®Fs is sufficiently large (~6600 cm-
1) than the phonon energy of the host glass (~1300 cm™), and this leads to achieve intense
luminous radiative transitions as shown in Fig.3.8 [154]. Fig. 3.8 also depicted the resonance
energy transfer (*Forz+%His2 <> SHisi2 +4Fr2) and possible cross-relaxation channels, CRC-1,

CRC-2 and CRC-3 for as prepared glasses [137,155-158].
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Fig. 3.8: Partial energy level diagram showing absorption, excitation, emission and cross-
relaxation mechanism for Dy** ions in BZLP glasses.

To understand more about the utility of the titled glasses for laser and optoelectronic device
applications, the PL spectra for Dy*" doped BZLP glasses has been further used to estimate
some radiative parameters like luminescence branching ratio (Br), radiative transition
probability (Ar), total transition probability (At) and radiative lifetime (tr) using relevant
formulas that are given in the literature [159]. Stimulated emission cross-section (ose) IS an
important parameter used to know more about the lasing potentiality of a host matrix can be
calculated by employing equation 1.13 in chapter 1. Radiative parameters Ar, Br, and At
calculated for Dy** doped BZLP glasses are tabulated in Table 3.4. Branching ratio is another
crucial parameter for the designing of a laser. The higher value of Br > 0.5 specifies the

probability of achieving more stimulated emission for a particular transition. An important
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parameter was the high value of stimulated cross section for obtaining high gain and identifying
laser transitions of Dy®* ions in host glass for various CW laser applications. Moreover, higher
values of 6se X ALp (gain bandwidth) and ose x tr (Optical gain parameters) have characteristics
of good optical fiber and were listed in Table 3.5. The value of 6se and Br Were highest for
PDY4 glass related with “Fo,—®H13/2 transition and similar to other reported values [160,161].
Further, it is observed that various radiative parameters as mentioned above have the highest
values for PDY4 glass for its relatively intense transition *Fo>—®Hi3/2, which makes this glass

suitable in solid-state lighting and lasing applications.

Table 3.5. Emission peak wavelength (1,)(nm), effective bandwidths (AAp)(nm), measured
and experimental branching ratios (Br & Sexp ), stimulated emission cross-sections (o) (cm?),
gain bandwidth (o4, x A4p) (cm®) and optical gain parameter (o5, X TR) (cm? s) parameters for

the emission transitions for Dy** ions in BZLP glasses.

Ezf;:;:iers PDY1 PDY2 PDY3 PDY4 PDY5
4Fo2—C%His/2

A 663 663 663 663 663
Ap 14.53 15.16 15.29 15.45 15.93
Br 0.01 0.02 0.03 0.04 0.04
Bexy 0.02 0.02 0.02 0.02 0.02
Oeo 1.13 2,37 3.42 4.15 3.26
Geo X AAp  1.65 3.60 5.23 6.42 5.20
oo, X1z 103 1.97 2.56 2,91 2,51
4Fo2—C%H13s2

p 575 575 575 575 575
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A\p 13.22 13.18 13.33 13.36 13.37
Br 0.75 0.74 0.74 0.74 0.73
Bexp 0.56 0.56 0.59 0.60 0.59
Ose 35.32 38.53 42.10 44.84 40.66
Oge X AAp  46.70 50.82 56.15 59.92 54.39
Ose X TR 32.24 32.02 31.58 31.39 31.31
4Fare—°H1112

Ap 483 483 483 483 483
Ap 12.30 11.67 12.05 11.90 11.97
Br 0.10 0.09 0.09 0.09 0.09
Bexp 0.35 0.35 0.36 0.34 0.34
Oge 2.51 2.82 2.96 3.16 2.89
Ose X Adp 3.10 3.29 3.57 3.77 3.47
Oge X TR 2.30 2.34 2.22 2.21 2.23

3.3.6. Colorimetric properties:

The Commission International de I'Eclairage (CIE) coordinates were evaluated for Dy3*
activated BZLP glasses using PL spectra under wavelength 350 nm. CIE coordinates for PDY'1
to PDY5 BZLP glasses were tabulated in Table 3.6. The CIE coordinates for optimizing glass
i.e., PDY4 glass is (0.362, 0.391) as indicated in Fig. 3.9, which is placed in a white zone and

nearby with a standard white light point (0.33, 0.33).

70



CHAPTER 3

09
520 nm CIE x, v chromaticity diagram R Red
530 nm B Blue
0.8 G Green
540 nm b ¢ Yellow
2 O ()ranrgc
550 nm P Purple
el ) Pk Pink
S60-min LLower case:

“ish™ takes suffix

y - chromaticity coordinate

0.1 7 02 0.3 04 0.5 0.6 0.7 0.8
380 nm . _ chromaticity coordinate

Fig. 3.9: CIE chromaticity coordinates of 1.5 mol% Dy** ions in BZLP glass.
One of the important parameters known as correlated color temperatures (CCT) is used to get
familiar with the trait of emission. Moreover, it is specified as a black body Planckian radiator
temperature, the color emitted by the Planckian radiator is nearly similar to the color emitted
by the white light source. CCT is evaluated using the McCamy formula with the help of

chromaticity coordinates in this manner:

CCT =-449 n® + 3525 n? - 6823.3n + 5520.33 (3.3)

where, n = % is inverse slope line and (Xe, Ye) (= 0.332, 0.186) is epicenter [162,163]. CCT

values were evaluated for differing concentrations of Dy** doped BZLP glasses and represented
in Table 3.6. The calculated values of are observed in the range 4000K-5000K specifically lie

in the bright white region, which makes them reliable for visible lasers and lighting applications.
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Table 3.6. CIE coordinates of Dy** ions in BZLP glasses

Name of the sample CIE co-ordinates CCT(K)
X co- Y co-ordinate
ordinate
PDY1 0.354 0.412 4609
PDY2 0.356 0.40 4588
PDY3 0.361 0.394 4525
PDY4 0.362 0.391 4474
PDY5 0.372 0.414 4453

3.3.7. PL decay spectral analysis:

The PL radiative decay curves for highly intense peak *Fo>—®Hi32 observed at 575 nm
emission under 350 nm excitation were shown in Fig. 3.10. For the different concentration of
Dy** ions, the PL decay profile curves are recognized as exponential in nature. The
experimental lifetimes (zexp) for all the as prepared glasses were estimated by using the observed
PL decay curves and tabulated in Table 3.7 along with radiative lifetime (7r) values. From
Table 3.7, it has been noticed that the 7exp Values are smaller than r. The variation in the
observed data arises because of phonon energy transfer by the donors and interlinked between

Dy**ions with OH vibrational bands available in prepared glasses [164].
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Fig. 3.10: Decay profile of Dy** ions in BZLP glasses for *Fo,—®Hisp (575 nm) transition

under 350 nm excitation wavelength.

One more important parameter useful in understanding the lasing potentiality of the as prepared
glasses is quantum efficiency (n), which is defined as the ratio for output photons to input
photons. Practically such j value can be evaluated for the glasses under study by using the

expression 1.14 given in chapter 1.

The calculated values of n for all the titled glasses are given in Table 3.7. From the data
appearing in Table 3.7, it is conspicuous that among all the glasses investigated in the present

work, PDY4 glass is best suited for lasing action at 575 nm as it has relatively high n value in
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comparison with other glasses. The non-radiative energy transfer (Wnr) can be calculated by

using the following formula:

- (3.4)

The estimated Wnr values for the titled glasses are depicted in Table 3.7. Among all the titled
glasses, PDY4 glass perceives relatively least Wnr value indicating its superiority in achieving
more radiative emissions that other glasses. Glasses having relatively less Wnr values are more
liable and prone to show high stimulated cross-section and quantum efficiency, which are

essential for getting potential lasing action.

Table 3.7 Experimental lifetime (texp) (MS), radiative lifetime (tr) (MS), quantum efficiency

(), Y/B ratio and non-radiative decay rates (Wnr) (s), for Dy*" ions in BZLP glasses.

Sample Texp (US) R(4S) M (%) Y/B WR
PDY1 584 913 63 1.73 617
PDY?2 565 831 67 1.88 566
PDY3 955 750 74 1.80 468
PDY4 536 700 77 1.86 437
PDY5 489 770 63 1.92 746

3.3.8. Temperature dependent PL (TD-PL) studies:

In the process of understanding the thermal stability of the optimized glass (PDY4), the TD-PL
spectra has been recorded for it 575 nm under Aex = 350 nm and is shown in Fig. 3.11. The data

plotted in Fig. 3.11 reveals that the PL intensity of Dy®* ions in PDY4 glass is diminishing as
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the temperature rises from room temperature (27 °C) to 200 °C. The PL intensity of all the
peaks were reduced due to the thermal quenching on the luminescent characteristics. Clear
analysis of the data shown in Fig.3.11 allows us to contemplate that PDY4 glass at 150 °C
retains 85.34% of its intensity in comparison to its initial intensity. Further this values falls
down to 75.49% at 200 °C. This data obtained from TD-PL spectra reveals that the optimized

glass is having relatively high thermal stability.
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Fig. 3.11. Temperature-dependent PL spectra for 1.5 mol% Dy** ions in BZLP glass.
Furthermore, the activation energy (AEa) for the optimized glass has been evaluated using the

expression given by the Arrhenius equation [165]:

Io
It = —————— 3.5
T 1+Cexp<—$) ( )

as per the expression I, and I, indicate the PL intensity at room temperature and T (K)
temperature, respectively. C signifies a constant and K signifies the Boltzmann constant. The

linearly fitted graph between In((lo/IT)-1) with 1/KgT plot gives the slope value, which is equal
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to the activation energy for the prepared glass as presented in Fig. 3.12. The AE value is found
to be 0.159 eV for PDY4 glass which is less than the value already reported literature [166].
Thus, the TD-PL spectral data obtained for PDY4 glass showcases its superior nature in

exhibiting excellent thermal stability.
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Fig. 3.12. Graph between In[(lo/IT)-1] and (1/KgT) for 1.5 mol% Dy?* ions in BZLP glass.

3.4. Conclusions:

BZLP glasses with varying Dy®* ions concentrations were prepared via melt quenching routes
and studied their numerous spectroscopic characteristics to know its applicability in the visible
photonic device applications. The non-crystalline nature of the un-doped BZLP glass is
confirmed by the XRD pattern. From the FT-IR spectral recording several vibration bands were

noticed in the as prepared un-doped BZLP glass and confirms the formation of various bonds.
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Dy** activated BZLP glasses are effectively absorbing UV, visible and NIR radiation having
the optical bandgap in the 3.64 - 3.76 eV range. Radiative properties of distinguished glowing
levels of Dy** ions in BZLP glasses were measured through J-O parameters. The PL spectra of
BZLP glasses reveal three sharp peaks, out of which yellow emission (575 nm) was the more
intense as compared with blue, and red emission under 350 nm excitation wavelength. The
decay curves show the exponential in nature. The calculated CIE coordinates are in good
approximation with standard white light points (0.33, 0.33) of equal energy and lie in the visible
region. The values of CCT of BZLP glasses fall in the bright white light and make them suitable
for w-LEDs. Relatively high activation energy obtained for PDY4 glass from the recorded TD-
PL spectrum reveasls excellent thermal stability for it. From the various calculated radiative
parameters especially quantum efficiency and stimulated emission cross-section, it was
summarized that among various Dy** activated BZLP glasses, PDY4 glass (BZLP glass with
1.5 mol% of Dy** ion concentration) is quite suitable for the fabrication of visible photonic

devices such as yellow lasers and w-LEDs.
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Down-shifting photoluminescent properties of Th** doped
phosphate glasses for intense green-emitting devices

applications

Tb®* doped BZLP glasses were prepared via melt-quenching route and
investigated thoroughly using spectroscopic techniques such as XRD, UV-VIS
absorption and PL to explore their utility in visible photonic device applications.
The information pertaining glass transition temperature, melting temperature
and thermal stability were understood by using recording the differential
scanning calorimetry (DSC) spectrum for an un-doped BZLP glass. The total
weight loss during the glass composition melting process was analyzed using
thermo gravimetric curves. The UV spectral information recorded for the titled
glasses reveal the optical bandgap falling in the range from 4.57 to 4.19 eV. The
prepared Th®" doped BZLP glasses exhibit intense green emission along with
relatively less intense blue, yellow and red peaks under 373 nm excitation. In the
resultant PL spectra, the emission intensity increases with the activator
concentration of Tb®" ions from 0.5 to 5.0 mol%. The estimated CIE
chromaticity coordinates falling in the green region reveals the aptness of the
titled glasses as a green constituent in visible photonic devices. The PL decay
curves show the bi-exponential behaviour with an average decay time of 2-3 ms.
The temperature-dependent PL profile shows fewer changes in spectra and has

a relatively high activation energy value, confirming the high thermal stability.

Various results obtained for Th3*doped BZLP glasses finally reveal their usage
as a green emitter needed to fabricate w-LEDs and other green emitting photonic

device applications.
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4.1. Introduction:

Over the last few decades, the fabrication of rare-earth (RE) activated inorganic glasses have
received lot of attention because of their significant role in the advancement of photonic devices
and their applications[24,36,167,168]. Furthermore, RE doped glasses have specific properties
such as high luminous efficiency, thermal resistance, chemical stability, extended durability,
low production cost, and many more, which can position them as a critical player in the field
of science and technology [64,168]. These different properties of RE doped glasses are required
in many sectors and multiple advantageous applications to build sophisticated display devices,
variable power lasers, solar cells, optical fibers, waveguides, optical memory systems, advanced
lighting devices, sensors, and so on [40,46,169,170]. Modern lighting devices, such as white
light emitting diodes (w-LEDs), are replacing traditional and long-lasting illuminating systems.
The RE doped glasses are one of the utmost promising materials for fabricating w-LEDs since
they can overcome the disadvantages of phosphor materials, do not require organic epoxy
resins, and have no aging effects. [171]. Furthermore, the RE activated glasses act as an
appropriate wavelength converters as well as an encapsulant in the fabrication of w-LEDs [172].
The luminescent features of the RE doped glasses depend not only on the RE ions but also on
the host matrix that provides a crystal field environment to the RE ions. As a result, selecting a
glass host matrix is equally important along with the choice of a particular RE ion for the
designated applications. Out of many host glass matrices, the phosphate glass host offers
outstanding features such as high thermal stability, reduced melting point, thermal resistance,
chemical durability, high transparency and many more. These unique properties of phosphate
glasses motivated us to explore more about them [173-176]. An alkaline oxide, such as BaO,
can be used as a network modifier in phosphate glass formers, forming non bridging oxygen

groups and lowering the melting temperature of the glass host [177,178,179]. Adding alkali
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oxides helps to minimize the non-radiative losses that lead to the enhancement of the
luminescence characteristics. Furthermore, alkali oxides such as lithium oxide added to a
phosphate glass increases the transition temperature. The only setback with phosphate glasses
is its hygroscopic nature which can be mitigated considerably by adding zinc oxide to it.
Addition of ZnO can modify P-O-P to P-O-Zn bonds and improves moisture resistant
characteristics [36,180]. All the aforementioned special characteristic features owned by the
constituent chemical substances such as BaO, ZnO, Li»O and P>Os motivated us to synthesize
barium zinc lithium phosphate (BZLP) glass system doped with distinct RE ions to understand

the suitability of the BZLP host glass for numerous photonic device applications.

The desired luminescence characteristics of Lanthanide ions in tri/divalent states show the
different energy states in UV to the IR region of the electromagnetic spectrum, making available
a broad range and producing visible lasers and other photonic device applications. In
lanthanides ions, mostly a sharp excitation and sharp radiative emission (f — f transitions) were
perceived due to the partially filled 4f shells shielded by 5s?5p® orbitals [181]. The highest
effective green emitting PL ingredient among the RE ions was found when the host was
activated with Tb3* ions. The PL properties of Th®" ions in the host were determined by °Ds—'F;
transitions, which were affected by the amount of Tb*" ions doped, the composition of the
surrounding host, and the pumping wavelength [181,182]. Long lifetime, high quantum
efficiency, and narrow emission spectral width can make Tb3* ions contained molecules more
suitable for many distinctive applications such as biological probes, green color components in
displays, sensors, thermos luminescent dosimeters, field emission displays, and other photonic
devices [183-185]. Many researchers have recently investigated Th3" doped glasses for

luminous device applications.
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Due to the distinctive optical characteristics and direct applicability of RE induced glassy
systems in diversified areas, Th®" doped BZLP glasses have been prepared and studied for its
spectroscopic properties. UV-vis absorption, luminescence properties and lifetime profiles were
used to distinguish the suitability of the Th** incorporated BZLP glass for appropriate w-LEDs

and luminescent devices applications.

4.2. Experimental section:

4.2.1. Synthesis:

Th*" ion doped BZLP glass samples have been synthesized using melt quenching process with

molar composition given below:

60P205 -15Zn0-(15-m) BaO -10Li,0: mThsO-
where m = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 mol% in BZLP glasses abbreviated
as PZBalLThos, PZBaLThio, PZBaLTh1s, PZBalLTh20, PZBalLThzs, PZBalLThso, PZBaLTbss,
PZBaLThas.o, PZBaLThas and PZBaL Ths o respectively. Here m signifies the doping content of

Th®* ions.
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Fig.4.1: Schematic diagram of a melt-quenching technique
Fig. 4.1 indicates the steps followed to prepare the aforementioned glasses through most
commonly used melt quenching technique. The transparent and uniformed glasses were

obtained and ready for further characterizations at ambient temperature.

4.2.2. Characterization:

The density of the as-prepared glasses has been calculated using Archimedes’ principle in the
distilled water medium. DSC-TGA data were recorded in the range of 50-1300°C by DSC/TGA
real-time instrument (SETARAM, Labsys Evo). XRD has been done to confirm the glassy
nature of the titled glasses (D8 advance, Bruker). The absorption spectral studies have been
done via spectrophotometer (JASCO, V-770). Photoluminescence excitation and emission
spectra were recorded via Spectro fluorophotometer (JASCO, 8300 FP) at 300 K. The lifetime

measurements were investigated via spectrophotometer (Horiba, Fluorolog-3). The
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temperature-dependent PL (TD-PL) studies have been performed using a spectrophotometer

(FLAME- S-XR1-ES, Ocean optics) with a heating sample assembly.
4.3. Results and discussion:

4.3.1. DSC/TGA analysis

The DSC curve for the un-doped BZLP glass has been plotted in the range of 50-1300°C, as
presented in Fig.4.2. It contains various endo as well as exothermic peaks. The values of glass
melting, peak crystallization, onset crystallization and transition temperature were found to be
Tm=1193 °C, Tp = 226 °C, Tc = 179 °C, and Ty = 157 °C, respectively. The thermal stability
of the as-prepared glass composition can be analyzed on the basis of temperature difference
(AT) and thermal stability parameter (S). These two critical parameters can be estimated by

using the following expressions [182,183].

AT =T, —T, (4.1)
S = (TP_TC)(TC_TQ) (42)
Tg

The AT value signifies the range of temperature where the material can endure crystallization
through any type of heat treatment. Here it was found to be 69°C which is relatively higher than
the other reported values [183]. Such a significant value reveals that the as-prepared glass is
thermally stable. Furthermore, the value of S was found to be 6.58. Also, the endothermic peak
observed at 1193°C indicating the melting temperature of the glass composition, which is used
for glass preparation. Based on the observed values of AT and S, the un-doped BZLP glass may
be considered a good host for photonic device applications. The two stages of weight loss in
TGA curve plotted for an un-doped BZLP host glass and shown in Fig 4.3. The first weight loss
was observed between 50-600°C and the corresponding loss was found to be 21.38 %, owing

to water molecules and ammonia.
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Fig. 4.3: TGA curve for un-doped BZLP glass.
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It means the reaction happening is an exothermic reaction. This is in the correlation with the
outcomes of the DSC curve. The second stage of the weight loss at 600°C ascribed because of
the release and decomposition of CO> gas, which was found to be 10.47 %. Initially, we have
taken a sample amount is 35.67 mg, which is homogeneously mixed. After heating it to 1300
°C, the remaining sample is 24.26 mg. Hence, a total of 68.15 % of the weight remained after

the preparation of BZLP glass.

4.3.2. Physical properties:

The density of Tb®* doped BZLP glasses was determined based on the experimental approach.
Several physical parameters were estimated including average molecular weight, molar
reflection and refraction losses (R), dielectric constant (€), electronic polarizability (e) and
optical electronegativity (yopt) by following the expressions from already published papers
[184]. The increase in Th** ions concentration increases the value of refractive index (n) and
density (d) in BZLP glasses. A heavy weight of ThsO7 responsible for an increase in the
molecular weight of the glass samples, which could explain the increase in density. By linking
the oxygen atom to Tb3* ions in BZLP glasses, the incorporation of Li2O in our host matrix
produces non-bridging oxygen’s and helps to improve the network stability. In addition, the
inter-ionic radius (ri) and the polaron radius (rp) of the as-synthesized BZLP glasses decrease

with the Tb** ion content. All these physical parameters have been depicted in Table 4.1.
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Table 4.1. Physical parameters of Th** doped BZLP glasses.

PZBaL PZBaL PzZBaL PZBaL PZBaL PZBaL
Physical Property Thbos Tb1o Th2o Thso Thao Thso
Density (gm/cm?) 3.02 3.04 3.20 3.21 3.26 3.33
Average molecular
_ 21151 21447 22041 22635 23230  238.24

weight
Th3*ion
concentration N 0.4278 0.8691  1.7254 25424  3.3276  4.0823
(10% ions/cm?)
E’X;aron radius (rp)  2.4836 1.9602 1.5467 1.3703 1.2453 1.1705
Inter-atomic 61.6329 48.6232 38.736  34.0098 31.1092  29.0502
distance (r)) (A)
Optical band gap 4.57 4.38 4.32 4.27 4.21 4.19
(eV)
(Efgi)electric constant 42759  4.4106  4.4549  4.4926 45387  4.5538
Optical  dielectric 32759 34106  3.4549  3.4926 35387  3.5538
constant (€-1)
Molar  refraction 18493  19.098  19.382  19.656  19.723  19.784
(Rm) (cm®)
Reflection losses (R §.883 7.418 7.487 7.522 7.582 7.698

%)

The increase in field strength (F) signifies that the bond strength between Th and O is
increasing, and tri-borate units are converting into tetra-borate units [185]. With an increase in
Th*" ions concentration, some more parameters such € and R are also increasing. The variation
in all these physical parameters tells the behaviour of the as-prepared glass with change in

concentration of RE ions.
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4.3.3. Structural analysis:

XRD was performed to confirm the glassy nature of the titled glasses. The XRD patterns
investigated for all (un-doped as well as doped) glasses are the same, so we have shown the
XRD pattern of PZBaLThsg glass only in Fig. 4.4. It has only a large hump about an angle of
28°C without any solid crystalline peak, which discloses the non-crystalline and glassy

characteristics of the as-prepared glasses.

—PZBaLTh 5 I

Intensity (arb. units)
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1
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Fig. 4.4: XRD pattern of 5.0 mol% Th** doped BZLP glass (PZBaLTbs).
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4.3.4. Absorption properties of glass:

Fig. 4.5 illustrates the absorption spectra recorded for Th®* doped BZLP glasses in the range of
250-500 nm. It consists eight peaks at 284, 302, 318, 339, 350, 370, 379 and 484 nm related to
f-f transitions of Tb®" ions based on the Carnall report [186]. The electric dipole-induced
transitions followed the selection rule |J| < 6, whereas the magnetic dipole-induced transition

followed [J|=0, +1.

6 ——PZBal.Th 5
——PZBaLTh
———PZBal.Th 5
~——PZBalTh 3
——PZBaLTh 4
e PZBaLTh 5

Intensity (arb. units)

AJ ' LJ l L ' A ' A ' v ' Ll
350 375 400 425 450 475 500

Wavelength (nm)

T T
250 275 300 325

Fig. 4.5: Absorption spectra of Th®* doped BZLP glass with variable concentration of Th®*

ions.
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Fig. 4.6: Indirect optical bandgap Tauc plot of Th3* doped BZLP glasses.

Using the absorption spectra, the optical band gap of Th3" doped glasses was estimated by

employing the relation 3.1 given in chapter 3 [187]:

. The a(v) was estimated by using the expression [188]:
a) = () In (j—T) (4.1)

Here d is glass thickness and the absorbance represents by the factor in (Iy/I7). The E, . values
for Th®* doped glasses were evaluated for indirectly allowed transitions via Tauc's plot, as
presented in Fig. 4.6. These values were found in the range of 4.57 — 4.19 eV and placed in

Table 4.1.
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4.3.5. PL analysis:

PL excitation spectra of the as-prepared glasses were recorded in 250-500 nm range by fixing
emission wavelength at 545 nm. The excitation spectrum in Fig. 4.7, exhibits many excitation
peaks. The excitation peaks were detected at 284, 302, 318, 339, 350, 368, 375, and 485
pertaining the transitions from ground level (“Fs) to various energy levels °Fa, °Hg, °H7 + °Do,
L7+ °G3, SLo + °D2, °Gs, °Gg +°Ds3, and °D4 of Th*" ions, respectively [189,190]. The dominant
excitation peak was observed at 373 nm corresponding to the transition from the lowest energy
state "Fs (4f%) to the higher spin—allowed excited state *Hg (4f’5d?) of the Th®" ion. Hence, the
as-prepared glasses have been effectively excited by that n-UV excitation source. Further, this
excitation wavelength (373 nm) was chosen to record the PL emission spectra of Tb*" doped

BZLP glasses.
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Fig. 4.7: The excitation spectrum of the PZBaLTh1 o glass with monitoring the emission

wavelength at 545 nm.

The PL spectra of BZLP glasses doped with the varying concentration of Th3* ions under 373
nm excitation wavelength shown in Fig. 4.8. The resulting PL profile exhibits several peaks in
the range of 450 to 700 nm. The blue, green, yellow and red emission peaks were situated at
490, 542, 585 and 620 nm due to the characteristic transitions °Ds — "Fs, 'Fs5 ‘F4 and F3 of Th®*
ions, respectively. The blue emission peak related to the °Ds — Fe transition followed the
selection rule AJ = £1 rule and magnetic dipole in nature. The green emission peak arises due
to the °D4s — Fs transition following the Laporte-forbidden selection rule, which is the most
intense among all the emission peaks [191-194]. In the resultant PL spectra, the emission

intensity changed with a surge in the doping concentration of Tb®* ions in BZLP glasses. The
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emission intensity intensifies with an increase in activator concentration of Th®* ions from 0.5

to 5.0 mol%. No concentration quenching was observed up to 5.0 mol% of Th*" ions in BZLP

glasses.
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Fig. 4.8: PL spectra of Th®* doped BZLP glasses with the doping concertation varying from
0.5 to 5.0 mol% at 373 nm excitation wavelength. The inset plot shows the variation of the

emission intensity with Tb®* ions concentration.

This is another key feature of the BZLP glass host having high RE solubility and can be suitable
for photonic applications. The ratio between blue (°Ds—'Fe) and green (°Ds—'Fs) emission
peaks defines the center of symmetry around the Th®* ions in BZLP glasses. Hence the green
color (G) to blue color (B) ratio was evaluated, which was reckoned to be more than four and
varies with activator ions content. The high value of the G/B ratio recommends no center of

symmetry around the Th® ions in BZLP glasses [192].
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Fig. 4.9: Partial energy level diagram of Th** doped BZLP glass.

Fig. 4.9 illustrated the partial energy level of Th®" doped BZLP glasses, which clarified the
excitation, radiative and non-radiative transitions mechanism involved. It is represented that
Th*" ions were excited at 373 nm wavelength and populated the energy level. The occupied °Ds
excited energy level may release the energy in two ways, initially some non-radiative relaxation
up to the °Dy level. Finally, radiative emission occurs from the D4 to “Fe-3 levels of Th** ions
in BZLP glasses, giving visible blue, green, yellow and red light in the range of 450 to 700 nm
[176].

4.3.6. Colorimetric study:

The recorded emission profiles under 373 nm excitation for Th%* doped BZLP glasses were
used to evaluate chromaticity color coordinates. The chromaticity coordinates for all glasses

were tabulated in Table 4.2. All the evaluated coordinates were situated in the green region of
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the CIE diagram. The chromaticity coordinates for PZBaLTbs o glass (0.309, 0.597) as shown
in Fig. 4.10, closely match the green emitting component by the European Broadcasting Union
illuminant (0.290, 0.600). The CCT was evaluated with the help of the formula 3.3 given in

chapter 3 Click or tap here to enter text.:

Fig. 4.10: CIE chromaticity coordinates of PZBaLThs o glass.

Table 4.2. CIE coordinates (x, y), CCT (K), color purity (%) and lifetime (ms) of Th*" doped
BZLP glasses.

. The emitted light can be considered as a cool green light because CCT values are greater than
5000K as placed in Table4 2. Based on chromaticity coordinates, the color purity has been

evaluated for all glasses by using the following expression [186,195-196]:
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Glass Chromaticity coordinates CCT Color Purity Lifetime

X y (K) (%) (ms)
PZBalL Thos 0.302 0.499 6201 69 % 2.893
PZBaLTbio 0.308 0.562 5972 71% 2.851
PZBalLThzo 0.307 0.576 5971 73 % 2.828
PZBalLThazo 0.307 0.586 5949 74 % 2.793
PZBaLThao 0.310 0.593 5902 77 % 2.757
PZBalL Thso 0.309 0.597 5917 79 % 2.724

. (x—Xee)2+(Y—Yee)?
Color Purity = \/ et Oaye)? (4.2)

here, (X, Y), (x4, ¥4) and (x.., Yee) Specify the CIE coordinates of glass, dominate wavelength
point and standard white point, respectively. The calculated color purity for prepared glasses is
listed in table 4.2. The color purity for PZBaLTbso glass was found to be 79%. The result
described above favors that Th®" doped BZLP glasses are very effective green emitting

constituents for developing w-LEDs and other photonic devices.

4.3.7. Decay profile analysis:

PL decay curves of Th3" doped BLZP glasses were recorded from the °D4 level via monitoring
the emission of 542 nm at 373 nm excitation, as illustrated in Fig 4 11. The recorded PL decay
curves at room temperature for all the glasses show the exponential behaviour. The decay
curves of the as-prepared glasses were found to best fit with the bi-exponential equations and
average decay time can be calculated by using relation 1.17 & 1.18 given in chapter 1 [196].
The average decay time for the series of Tb®" doped glasses was listed in table 4. 2, which
shows the minor disparity with changes in doping concertation. The average lifetime value for

the PZBaL Thos glass is 2.893 ms, which was reduced to 2.724 ms for the PZBaL Ths o glass.
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Fig.4.11: Decay curves of Tb3* doped BZLP glasses at 373 nm excitation and emission at 545 nm.

4.3.8. Temperature-dependent PL characteristics:

To investigate the luminescence features and thermal stability of the as-prepared glasses, the
TDPL spectra were recorded at different temperatures under 373 nm excitation. TDPL spectra
of PZBaL Thsoglass are shown in Fig. 4.12. The TDPL spectra reveal a slightly falling intensity
with temperature rise. It may be described as thermal energy increasing with temperature. It
supported the electrons to pass the point of ground and excited level, emitting energy through

the non-radiative transition process.
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Fig.4.12: TDPL spectra of PZBaLTbs o glass with the upsurge in temperature from 300 to 473
K at the excitation wavelength of 373 nm. The inset plot shows the decrease in relative

emission intensity with the surge in temperature from 300 to 473 K.

The thermal stability can be considered a direct measure of activation energy. Arrhenius
equation was used as given in 3.5 in chapter 3.The graph between In[(l,/I;) — 1] and
(1/KgT) was plotted and fitted with a linear equation as shown in Fig.4. 13. Using the plotted
graphs, the estimated activation energy is 0.161 eV. This high value of AE value proposes the
high thermal stability of the present glass system, which supports the utility of the as-prepared

glasses.
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Fig. 4.13: Variation of In[(lo/IT)-1] with (1/KgT) for PZBaLThs o glass.

4.4. Conclusions:

In this work, the Th®" doped BZLP glasses have been synthesized using the melt-quenching
technique. We have characterized the titled glasses through several techniques, analyzed and

then summarized them as:

e The XRD pattern recorded for Th*" doped glasses confirmed their glassy nature.

e UV- vis spectra were employed to estimate the energy band gap for Th3* doped BZLP
glasses via Tauc's plot, which is found in the range of 4.57-4.19 eV.

e The dominant emission attributed to the °Ds—'Fs transition gave the intense green

emission at 542 nm under 373 nm excitation wavelength.
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e All the evaluated coordinates were situated in the green region of the CIE diagram. The
chromaticity coordinates for PZBaLThso glass (0.309, 0.597) matched with green
emitting standard data.

e The PL decay profiles of Tb** doped BZLP glasses are found bi-exponential in nature.

e A significantly slighter decrease in emission intensity with rising temperature and the
high activation energy value (0.161 eV) suggests that the prepared glasses have good

thermal stability.

The above-mentioned characteristics indicate the suitability of Tb®* doped BZLP glasses
for green color emitting components useful in various photonic device applications such as

display devices and w-LEDs.
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Spectroscopic Studies of Pr** doped Red Emitting BaO-ZnO-

Li2O-P20s Glasses For Luminescent Devices Applications

Pr¥* doped BaO-ZnO- Li,0-P,0s (BZLP) glass samples synthesised through melt
quenching route were studied. The x-ray diffraction (XRD) confirms the amorphous non-
crystalline nature of un-doped and doped BZLP glass. Absorption spectra show several
bands in ultraviolet, visible and infrared regions. The absorption data was used in Judd-
Ofelt (J-O) theory to evaluate various radiative parameters. Three peaks are visible in the
photoluminescence (PL) emission spectra with the strongest peak positioned at 604 nm
for which stimulated emission cross section and quantum efficiency has been assessed .
The CIE color coordinates of the samples lie in the red region. The decay time values for

604 nm emission decreased with increased Pr3* concentration. The luminescence intensity

decreased to 88.12% and 82.61% of maximum value at 423 K and 473 K respectively

showing high thermal stability. These BZLP glasses can work as an effective deep red-

emitting component for w-LEDs and other photonic applications.
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5.1. Introduction:

Lighting is one of the most fundamental & essential parts of our everyday lives. A variety of
electricity-based artificial lighting technologies are available and are being used for
indoor/outdoor illumination and lighting industries, complexes, and other areas [197,198,].
Solid-state lighting (SSL) technology is one of the advanced artificial lighting technologies. It
is eco-friendly in nature and more efficient thereby saving enormous energy in various sectors
[199,200]. The white light emitting diodes (w-LEDs) are most widely researched amongst all
SSL devices. w-LEDs are developed by mixing a yellow color emitting phosphor d with an
inorganic compound (epoxy resin) and coated over a blue InGaN chip [201]. This technique
has some shortcomings like less color rendering index, inappropriate correlated color
temperature and a halo-effect owing to absence of a red color component. To overcome the
drawbacks as mentioned above, numerous other approaches were explored and published
[199,202]. These approaches involved usage of inorganic phosphors having less thermal
stability, which reduced efficiency and performance of illuminating devices [203]. Therefore,
a suitable glass doped with an appropriate lanthanide/ transition metal ion is the best
replacement for a phosphor. So, in this work, thermally stable red-emitting inorganic glasses

were synthesized and explored for lighting applications.

Inorganic oxide glass formers like phosphates are used to prepare excellent glasses for use in
numerous applications due to eco-friendliness, high transparency, ease of synthesis, low
preparation cost, better mechanical and thermal stability etc. [204,205]. Also, high transparency
in ultraviolet (UV) to infrared (IR) regions and high rare-earth solubility make phosphates a
superior glass host material for photonic applications as compared with borate and silicate

glasses [206,207]. But phosphate glass is hygroscopic in nature, which restricts the utility of
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phosphate glass for many applications in various fields. The hygroscopic nature of phosphate
glasses can be tackled by adding ZnO, which constitutes P-O-Zn bonds and makes the glass
moisture resistant 208,209,]. Also, the addition of ZnO offers superior characteristics like direct
bandgap, non-toxicity, less cost, non-hygroscopic and large exciton binding energy [208].
Alkaline earth metal oxide can work as an active network modifier, which can disrupt the glass
network thereby leading to creation of non-bridging oxygen groups and bringing down the
melting temperature of glass compositions [73,177]. The addition of alkali oxide in glass
compositions may reduce the non-radiative losses, heighten the stability of host matrix.
Addition of lithium oxide to the host leads to the intensification of transition temperature and
lowering of thermal expansion coefficient [179]. With aforementioned characteristics in minds,
we were able to synthesize BZLP glass that is highly transparent, moisture-resistant, has less

phonon energy, is thermally and mechanically stable with excellent optical characteristics.

Lanthanide ions exhibit a ladder like energy level structure in the ultraviolet (UV) to infra-red
(IR) range which is extremely useful for lasing and other photonic device applications
[209,210]. The radiative emissions in the lanthanide ions are due to the f-f transitions of 4f
shells that are screened by the 5s%/5p® orbitals [179,211]. Europium, praseodymium and
samarium ions in trivalent states produce radiative emission in orange/red regions via pumped
by UV/near-UV/blue radiations [79]. Among these lanthanides, Pr3* ions can effectively absorb
blue emission emanating from blue LED chips and has significant fluorescence emission in the

conspicuous deep-red range of the electromagnetic spectrum. [212,213].

In this work, various optical and morphological characteristics of highly transparent Pr3* doped
BZLP glass samples have been examined in detail. Absorption data was used to determine the

bandgap of the as prepared glass. Photoluminescence (PL) excitation and emission studies were
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conducted on the glass samples. Under 445 nm excitation, the glasses show a sharp band
centered at 604 nm. Decay curves for 604 nm emission were plotted as well. Temperature
dependent PL studies were performed to check whether or not the samples are thermally stable.
The aim of performing all the aforementioned studies was to check the applicability of Pr3*

glass in w-LEDs and SSL applications.

5.2. Experimental work and characterizations:

5.2.1. Preparation of glass
Trivalent praseodymium (Pr3*) doped glass samples were synthesized by employing melt
quenching route. The doped and un-doped glass samples have the molar configuration as

follows:
(15-x) BaO-15Zn0-10Li,0-60P20s5:xPrsO11

In the above-mentioned molar composition, x represents the amount of Pr3* ions in BZLP
glasses. In this study, x varies as 0.0, 0.01, 0.05 0.1, 0.5, 1.0, 1.5, 2.0 & 2.5 mol% and the
glasses have been assigned names as BZLP, BZLP:0.01Pr, BZLP:0.05Pr, BZLP:0.1Pr,
BZLP:0.5Pr, BZLP:1.0Pr, BZLP:1.5Pr, BZLP:2.0Pr and BZLP:2.5Pr respectively. The

detailed synthesis procedure for the preparation of glass has been explained in 2.2 chapter 2.

5.2.2. Characterization techniques:

The physical characteristics for Pr¥* doped BZLP glass samples such as density and refractive
index and other related parameters were assessed using Archimedes principle (H20 used as a
contribution medium) and He-Ne laser (650 nm). Diffraction patterns of un-doped and Pre*
doped BZLP glass samples were recorded at room temperature (300 K) via Bruker D8 Advance
X-Ray diffractometer attached with a Ni filter and Cu (K,) radiation source in 20° <26 <70°

range. Using a spectrophotometer JASCO, V 670, optical absorption spectral investigations
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were measured in the UV to near-infrared (NIR) range. The spectral luminescence studies for
Pr3* doped BZLP glass samples were carried out via spectrofluorophotometer JASCO 8300FL
at 300 K. Decay profile for Pr3* doped BZLP glass samples were recorded via spectrometer
Edinburg, FLS980 coupled with a microsecond Xenon flash lamp. Temperature-dependent
photoluminescence (TD-PL) features were observed with spectrophotometer FLAME- S-XR1-

ES, Ocean optics and sample holder attached with heating assembly.

5.3.  Results and discussion:
5.3.1. Physical properties of Pré* doped BZLP glass samples

The density and refractive index of the samples were calculated using Archimedes’ principle
and Brewster’s angle method respectively [187]. Other related physical parameters were also
calculated using formulae from relevant articles in literature and have presented in Table 5.1

[214].

The physical parameters for Pr3* doped BZLP glass samples showed variation with an increase
in Pr3* ions concentration due to altered environment around the Pr3* ions. The values of
parameters like molar refraction, average molecular weight, optical dielectric constant, molar
refraction and reflection losses were seen to be increasing with increase in the Pr3* ions
concentration in BZLP glass samples whereas polaron radius and interatomic distance

decreased with increasing Pr3* ions.

Table 5.1 Physical Properties of Pr¥* doped BZLP glasses.

BZLP: BZLP: BZLP: BZLP: BZLP: BZLP: BZLP: BZLP:

Physical
Property 0.01Pr 0.05Pr  0.10Pr 0.50Pr 1.00Pr 1.50Pr 2.00Pr 2.5Pr
Refractive 1.78 1.81 1.84 1.86 1.89 1.93 1.94 1.96
index (nq)
Density 2.99 3.09 3.14 3.18 3.20 3.22 3.26 3.28
(gm/cm?d)
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Average 208.61
molecular
weight

Pré* ion
concentration
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Inter-atomic
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Optical band
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Dielectric
constant (€)
Optical
dielectric
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Molar
refraction
(Rm) (Cm'3)
Reflection
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0.008

9.10

22.60

3.57

3.16

2.16

29.18

4.25

208.96

0.04

5.27

13.09

3.51

3.27

2.27

29.14

4.51

209.39

0.09

4.16

10.33

3.48

3.38

2.38

29.45

4.78

212.86

0.45

2.43

6.05

3.64

3.45

2.45

30.10

4.96

217.20

0.88

1.94

4.82

3.92

3.57

2.57

31.30

5.23

221.54

1.32

1.70

4.23

3.94

3.72

2.72

32.67

5.59

22589  230.23

1.73 2.14
1.55 1.44
3.85 3.59
4.02 4.07
3.76 3.84
2.76 2.84

33.19 34.09
5.69 5.87

5.3.2. Glass structural analysis:

Diffraction patterns for BZLP and BZLP:0.1Pr glass samples have been recorded at room

temperature and shown in Fig. 5.1. The spectra shows a broad ranging hump and absence of

any sharp peaks thereby confirming the amorphous nature of the glass.. Also, the doping of Pr3*

ions in BZLP glass does not affect the amorphous properties of the doped glasses.
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Fig. 5.1. XRD patterns recorded for BZLP and BZLP:0.1Pr glasses.

5.3.3. Absorption properties of glass:

Fig.5.2 shows the absorption spectra from UV to IR region for BZLP glasses doped with Pré*
ions that were measured at room temperature. The absorption profile exhibits numerous peaks
in 300 to 2000 nm wavelength range. In the spectra, three peaks related to *Hs—%P2, 1, o
transitions and one peak related to *Hs—!D, transition is present in the visible range and the
residual three peaks were related to *Hs—>'Ga, 3Fa 32 transitions present in NIR region [215].
These transitions are in agreement with Carnall’s work [216]. The absorption intensity increased
with increase in the concentration of Pr3* ions. . The 3Hs—3P transition is hypersensitive in
nature [|AS| =0,|AL| <2 and |AJ| <2] which predominantly depends upon on the
neighbourhood of Pr3* ions and correspondingly affect the J-O intensity parameters[217]. The
hypersensitive transition's peak position is shifted towards shorter wavelengths as depicted in

Fig. 5.2 when the concentration of Pr3* ions rises. This change in shift arises due to
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nephelauxetic effect [218]. For the mentioned band positions in absorption spectra,
nephelauxetic ratio (£) and bonding parameters (8) were assessed for Pr®* doepd BZLP glasses
by employing expression in literature [219,220] . Bonding parameters can represent the covalent
or ionic character of as-prepared glasses by having +ve or -ve values respectively. Table 5.2,
shows that the bonding parameter values are positive, indicating the covalent character of as
prepared glasses. This covalent nature increases in the as prepared glasses as the concentration

of Pré* ions rises.

3
H,
2
s
s BZLP: 2.50Pr
8
-
S
£ A"\ A_BZLP: 2.00Pr M
E
&
E A“\ A_BZLP: 1.50Pr AN
__ BZLP: 1.00Pr N .
—— BZLP: 0.50Pr
- e —— P —
e _BZLP: 0.10Pr g
BLLYP: 0.05P:
BZLP: 0.01Pr
JL
4 L) d \ o L b ) . LA | b ) » ] L4
300 400 S00 600 700 800 1000 1500 2000 2500

Wavelength (nm)

Fig. 5.2. Absorption spectra of doped BZLP glasses with varying concentrations of Pr3* from
0.01 to 2.5 mol%.
An essential parameter, the experimental oscillator strength (fexp), has been evaluated by

relation 1.8 given in chapter 1.
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Table 5.2. Experimental (fex)) (x10°), calculated (fca) (x10°) oscillator strengths, r.m.s

deviation (8,.,5), nephelauxetic ratio (B), and bonding parameters (5) for Pr®* ions in BZLP

glasses.

BZLP: BZLP: BZLP: BZLP: BZLP: BZLP: BZLP: BZLP:
sy, OOIPr 0.05Pr 0.1Pr 0.5Pr 1.0Pr 1.5Pr 2.0Pr 2.5Pr
.

feal T ™ ka  fa  ofa  fa  fal

P p p p p p p
E, 476 473 579 576 973 972 574 575 421 422 409 411 395 398 3.73 3.76
E, 605 631 6.83 7.8 104 103 6.89 650 555 522 512 470 467 399 456 3.83
S, - - 35 364 365 505 187 318 163 255 143 230 037 165 021 156
X 0.58
D: - - 877 117 128 165 586 104 4 084 278 075 267 060 263 |
%, 572 518 6.03 394 654 594 236 379 193 315 132 275 1 313 078 3.10
S, - - 229 401 266 604 23 38 222 321 193 280 181 319 177 3.16
3, 761 305 7.75 371 129 514 928 327 59 265 404 236 388 184 37 176
Srms
x 229 3.41 5.34 3.06 1.85 1.23 1.55 1.58
10%)
5 09 0.99 0.99 0.99 0.99 0.99 0.99 0.99

7 5 4 3 8 8 7 7
5 003 0.05 0.06 0.07 0.12 0.15 0.20 0.21

The evaluated values had been presented in Table 5.2. The calculated oscillator strength (fca)
and J-O parameters (Q2, Qa, Qs ) were estimated through experimental oscillator strength (fexp)

. Least square fit method is used to evaluate the calculated oscillator strength for measured
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electric dipole transitions within 42 configuration using following relation 1.4 given in chapter
1. The best fit between fexp and fcar is assessed through the root mean square deviation (6rms),

that can be calculated by employing the formula 1.5 given in chapter 1.

The values of fcal, fexp, and 6ms for BZLP glasses are shown in Table 5.2. Table 5.3 lists the
evaluated J-O intensity parameters together with the values of other reported glasses from the
literature [221-224]. J-O parameters emulate the uniform trend (Q4> Q2> Qg) for all reported
glass samples. The intensity parameter Q2 is a depiction of covalent character of metal ligand
bond whereas other two parameters Qs and Qs indicate the rigidity and viscosity of host glass

matrix.

Table 5.3 Judd-Ofelt Parameters (€, x102°cm?) of Pr¥* ions in BZLP glasses along with various

reported hosts

Glass System Q, Q, Qe Trend References
BZLP: 0.01Pr 2.57 5.20 3.05 Q4 >0y > Qg Present work
BZLP: 0.05Pr 5.34 5.40 4.47 Q4 >0y > Qg Present work
BZLP: 0.1Pr 7.86 9.98 5.88 Q4> Q5 > O Present work
BZLP: 0.5Pr 4.94 5.45 3.67 Q4 >0y > Qg Present work
BZLP: 1.0Pr 3.48 4.00 2.87 Q4> Qy > Qg Present work
BZLP: 1.5Pr 3.23 3.38 2.50 Q4 >0y > Qg Present work
BZLP: 2.0Pr 3.03 3.22 161 Q4> Q, > Q6 Present work
BZLP: 2.5Pr 287 3.72 1.48 Q,>Q, >0 Present work
(GezoGasSess)100- x 6.00 16.8 5.00 Q> Qy > Qg [220]
(Pr2 Ses)x
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59.99Te0, -25W0; — 4.782  6.148  2.208 Q> 0, > 0 [221]

15PbF; — 0.01PrsO11

TeWLIK 8.56 9.64 2.80 Q> Q, > Q6 [222]
TeWNaK 9.39 9.55 2.81 Q> Q; > Q6 [ 222]
Phosphate 4.19 4.29 6.40 Qs> Qo> Q [224]
Mixed halide 2.70 4.40 5.40 Qs> Q> Q [225]
ZnAlIBiB 1.0Pr 7.36 4.46 4.17 Q> Q> Qp [228]
ZBP5 3.94 1.34 1.23 Q> Q> Qg [277]
40GaSs, .40GeS,.20Cs  9.05 7.26  7.28 QD> Q> [223]

:Br Pré*: GeAsGaSe

The Q, parameter of the BZLP 0.1Pr glass is greater than those of the earlier reported glasses
[221,222,225-227] and is comparable to those of Pr¥*doped ZnAIBiB glasses reported by
Mahamuda et al. [228]. The higher value of Q. parameter observed for BZLP 0.1Pr glass implies
a greater degree of covalency of the Pr3* ions bonding with the oxygen ligand, which is verified
by the bonding parameters listed in Table 5.2 and may also be an indication of a greater degree
of asymmetry in the ion sites around the Pr3* ions. In contrast, higher value of Q4 implies more
rigidity of host medium around the Pr3* ions [147,229]. For the present glass system, J-O
intensity parameter Q4 increases as the concentration of Pr3* ions rise from BZLP:0.01Pr to
BZLP:0.1Pr and then decreases up to BZLP:2.5Pr. Greater the value of Q4 intensity parameter

for prepared glasses indicates the rigidity of host material in which Pr3* ions are located [230].

The optical band gap is a vital parameter and was calculated for Pr®* ions doped BZLP glass
samples based on recorded absorption spectra. The optical band gap for glass samples are

estimated through using the relation 3.1 given in chapter 3.
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The value of a(v) was estimated using the relation 4.1 given in chapter 4. The E,,, values
were acquired for direct and indirect allowed transitions by extrapolating the linear section of
the Tauc’s plot [ (ahv)Y/™ versus (hv)] as presented in Fig. 5.3 with n = %. The estimated
direct bandgap E,,, values for Pr3* ions doped BZLP glass samples have been listed in Table

5.1 and lie in the range 3.48-4.07 eV.
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Fig. 5.3. Indirect bandgap plot of Pr3* doped BZLP glasses with varying concentration from

0.01 to 2.50 mol%.
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5.3.4. PL characteristics of glass:

PL excitation spectrum of BZLP1.0Pr glass sample was recorded in 400 to 500 nm range with
monitoring emission wavelength 4., = 604 nm and has been presented in Fig. 5.4. Three
excitation peaks ascribed to *Hs — 3P, 3P1,%Po transitions of Pr3* ions, respectively can be seen.
The most intense excitation was perceived at 445 nm corresponding to 3Hs — 3P, transition and

this selected for recording the photoluminescence emission spectra of all prepared glass

samples at room temperature [217].

A =604 nm e BZLP:0.01Pr

¢

Intensity (arb. units)

v . T v T
400 425 450 475 500

Wavelength (nm)

Fig. 5.4. The excitation spectrum recorded for BZLP:0.01Pr glass under 604 emission

wavelength.

The PL spectra of Pr¥*doped BZLP glasses at 1,, = 445 nm have been presented in Fig. 5.5.
Emission peaks were noticed at 604, 616 and 647 nm corresponding to Dz — 3Ha, 3Po — *Hs

and 3Po — 3F- transitions of Pr3* ions respectively. Among the emission peaks, the dominant
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one is due to D, — 3Ha transition at 604 nm. In the emission spectra ranging between 600 to
620 nm, emission bands (*D2 — *Ha and Py — 3Hg) are observed, which are overlapped in
proximity. The peak observed in the red region: 3Py — 3Hs has better sharpness as the
concentration of Pr®* jons is increased beyond 0.5 mol% while Dz — *Ha transition loses its
sharpness at this concentration. The band maxima shift from 604 nm to 616 nm as the
concentration of dopant ion is increased [231-233]. The intensity of the peaks increased with

increase in Pr¥* jons content up 0.1 mol% and decreased afterwards.

—— BZLP:0.01Pr =| @

~——— BZLP:0.05Pr CJ

——BZLP:0.10Pr  'p 'y g

—— BZLP:0.50Pr f £l 9

— BZLP:1.00Pr = .

—— BZLP:1.50Pr it S

—— BZLP:2.00Pr = ——0—0—o

— BZLP:2.50Pr
A_ =445 nm

00 05 10 15 20 25

Pr’ doping conc. (mol%)

Intensity (arb. units.)

3 3
4 ¢« Py Hg

3 3
P g Fz

550 575 600 625 650 675
Wavelength (nm)

Fig. 5.5. Emission spectra of Pr¥* doped BZLP glasses with varying the doping concentration
from 0.01 to 2.50 mol%. Inset plot shows the variation of the emission intensity related to

1D,—s 3H. transition with Pr3* ions concentration.

113



CHAPTER 5

This is due to concentration quenching. This occurs as soon as the interionic distance among
the Pr3* ions become lesser than the critical distance the minimum distance between two doping
ions. In this condition, the energy migration amongst dopant Pr®* ions happens via radiation
less transfer either by multiphonon or cross-relaxation process [234].The inset plot of Fig. 5.5
demonstrates the change in PL intensity with concentration of Pr3* ions in BZLP glasses.
The excitations, non-radiative and radiative emissions of Pr3* jons in BZLP glass and cross-
relaxation channels (CRC) were well clarified by the energy level diagram as demonstrated in
Fig. 5.6. The energy level diagram shows the absorption of specific energy and subsequently
movement of ions from the ground state to a specific excited state. After a certain time, the
excited ions return to the ground level via radiation less and radiative emissions. As per the
energy of presented levels of Pr3, the possible CRC responsible for the concentration
quenching are as below [230]:

CRC 1: *Po+3Hs — 'D2+°He

CRC 2: *Po+3Hs — *He+'Dy

CRC 3: 3Po+%Hs — 1G4+1Gy
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Fig. 5.6. Energy level diagram of Pr3* doped BZLP glasses.

The non-radiative energy transfer takes place in rare-earth-doped luminescent materials due to

the multipolar interaction among dopant ions. Dexter theory predicts three kinds of mechanisms

for interionic multipolar interactions between the dopant ions. As per the theory the PL intensity

is related to the amount of doping ion content in the host system as [235]:
log (E) = logf — $109(©)

d

(5.1)

here I denotes the PL intensity, c is the the Pr®* ion concentration in BZLP glass samples, d
denotes the dimension of the compound having the value of d = 3. f signifies a constant, which
is unaffected by doping ion concentration. The parameter s describes the type of multipolar

interaction within the adjacent Pr3* ions in BZLP glass samples. The value of parameter s is 6

115




CHAPTER 5

for dipole-dipole interaction, 8 for dipole-quadrupole inetraction and 10 for quadrupole-
quadrupole multipolar interaction [236]. For this research work, the value of parameter s was
estimated using the slope of the linear fitted plot of log (I/c) versus log(c) as shown in Fig.5.7
and was found to be 1.485. Therefore, the estimated value of parameter s was 4.455 which is
close to 6. This proves that the non-radiative multipolar interaction between the Pr3* ions is
dipole-dipole in nature. In accordance with Dexter Theory, the emission and absorption
spectrum of doped glasses will overlap. The visible range emission and absorption spectrum of
the 1D transition, as well as the cross relaxation channel overlap as shown in Fig. 5.8 [234].
This spectral overlap enables us to comprehend the resonant energy transfer between excited

and unexcited Pr3* ions.

6.0

® Data points
Linear Fit

5.5+ ®
5.0+
4.5+

4.0 4

log(l/¢c)

3.54

Slope = -1.485

log(c)

Fig. 5.7. Relation between log (I/c) and log (c) for different concentrations of Pr3*.
The photoluminescence performance for Pr®* doped BZLP glasses is estimated by calculating
the parameters like radiative transition probability (Ar), total transition probability (Ar),

radiative lifetime (tr) and luminescence branching ratio (Br) with the aid of J-O intensity
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parameters measured from the absorption spectra. These parameters have been listed in Table

5.3. To explore the luminescent process, the radiative transition probability (Ar), total transition

probability (Ar), radiative lifetime rR(aj,bj/ )and the luminescence branching ratio Pr

(aj,bjf ) for fluorescent levels can be computed by using the following equations 1.9, 1.10,
1.11 & 1.12 given in chapter 1 An essential parameter is stimulated emission cross-section (Gse)
and its value dictates high gain and low threshold for lasing applications and calculated by using
relation 1.13 given in chapter 1. Ag, AT, Bg and 7y radiatitve parameters computed for Pr3*

doped BZLP glasses for all fluoroscent transitions are listed in Table 5.4.

Table 5.4. Transition probability (Ar) (s), luminescence branching ratio (8z), total transition
probability (Ar) (s) and radiative lifetime (tr) (us) for the observed emission transitions of

Pr3*ions in BZLP glass.

Sample name Transition Ar At Br TR

3pp »%F;  10071.61 48833.47 0.2062 20
BZLP: 0.01Pr

D, »%Hs  978.62 3947.08 0.2479 253

%p; %3 17721.88 66333.76 0.2672 15
BZLP: 0.05Pr

D, »3%Hs 137252 6371.21 0.2154 156

3pp »%F;  32900.21 110698.7 0.2972 9
BZLP: 0.1Pr

D, —»%Hs  2001.65 11082.17 0.1806 90

3p; 5% 19264.42 68643.08 0.2806 14
BZLP: 0.5Pr

D, »3%H,s  1293.03 6665.77 0.194 150
BZLP: 1.0Pr 8py »%F;  13848.99 54324.4 0.2549 18
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D, »*Hs  1073.6 5003.91 0.2146 199
3P —»%F;  13504.31 51079.94 0.2644 19
BZLP: 1.5Pr
D, —»Hs  1000.98 4811.39 0.208 207
%Py —%F;  13605.71 53053.52 0.2565 18
BZLP: 2.0Pr
D, »*Hs  816.25 4636.94 0.176 215
BZLP:2.5Pr
13488.58 52998.95 0.2075 18
%P1 —%F3
1D; —3H,
799.31 4589.27  0.1742 217
Other radiative parameters like A, (peak wavelength), Ak, (effective  band

width), Bg, Bexpdiative and experimental brnching ratio) ose, (stimulated emission cross
section) cse x Akp (gain bandwidth) and ose x Tr (Optical gain parameters) are represented in
Table 5.5 for all reported glasses. Fluorescent Branching ratio (Br) is another significant
parameter for lasing action and its value should be around 0.5. From Table 5.5, it is noticed that
Br Vvalues for high intense transition D, —3Ha decreases as the concentration of Pr3* ions
increase up to 0.1 mol% and after that increases as the concentration increases upto 2.5 mol%.
This might be due to fluorescent quenching of *D, —3H4 transition [230,237-239] . Moreover,
higher value of stimulated emission cross-section (ose) is essential for luminescent transition
thereby showing that the glass can be used as an active medium for laser. From Table 5.5, it is

noticed that ose has maximum value for BZPL:0.1Pr glass for transition ‘D2 —3Ha.
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Table 5.5. Emission peak wavelength (1,)(nm), effective band widths (A1p)(nm), measured
and experimental branching ratios (Br & Bexp ), stimulated emission cross-sections (o) (cm?),
gain band width (o, X AZp) (cm3) and optical gain parameter (o, X Tg) (cm? s) parameters

for the emission transitions for Pr*ions in BZLP glasses.

Spectral BZLP: BZLP: BZLP: BZLP: BZLP: BZLP: BZLP: BZLP:

parameters 0.01Pr 0.05Pr 0.1Pr 05Pr 1.0Pr 15Pr 20Pr 25Pr

1D;—3Ha4

Ap 604 604 604 604 604 604 604 604
AAp 18.67 18.90 1954 16.01 1497 1450 1419 15.63
Br 0.247 0215 0.180 0.194 0.214 0.2080 0.176 0.174
Bexp 0.88 0.94 0.95 0.37 0.48 0.45 0.56 0.39
Ose 29.20 39.13 5342 4121 3545 3271 26.97  23.50

Ose X AAp 5454 7398 10441 66.00 53.07 47.45 38.30 36.74

Ose X TR 7.39 6.10 4.80 6.18 7.05 6.77 5.79 5.10
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Fig. 5.8. Spectral overlap of absorbance & emission spectrum of BZLP:0.1 glass for

transition D>— 3Ha

Furthermore, a glassy material doped with RE ions having high values of gain bandwidth (ose
x Alp) and optical gain parameters (cse X Tr) Can be used in construction of optical fibre. As it
is evident from Table 5.5, BZLP:0.1Pr glass has high values for all radiative parameters as
compared to other reported glasses. Therefore, BZLP:0.1Pr i.e. 0.1 mol% of Pr** doped BZLP

glass is best fitted for reddish —orange laser transition at 604 nm.

5.3.5. Colorimetric study:
Chromaticity color coordinates of Pri* doped BZLP glass samples were evaluated based on PL
results at A, = 445 nm. And have been shown in Table 5.6. The estimated color coordinates lie

in the red region of the CIE chromaticity diagram as shown in Fig. 5.9.
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Table 5.6 CIE co-ordinates of Pr¥* jons in BZLP glasses.

Name of the sample CIE co-ordinates
X co-ordinate Y co-ordinate
BZLP: 0.01Pr 0.606 0.386
BZLP: 0.05Pr 0.628 0.363
BZLP: 0.1Pr 0.629 0.367
BZLP: 0.5Pr 0.571 0.416
BZLP: 1.0Pr 0.554 0.4231
BZLP: 1.5Pr 0.544 0.440
BZLP: 2.0 Pr 0.532 0.307
BZLP: 25Pr 0.506 0.469

Fig.5.9: CIE chromaticity coordinates of BZLP:0.10Pr glass.
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Further, the color purity is one of the vital parameters stating how pure or monochromatic a
light for utilization in photonic applications. The color purity (CP) for all the glass samples
were calculated via using equation 4.2 given in chapter 4

. The calculated color purity for the optimized glass was found to be 98.61%. The highly pure
color of the Pr3* doped BZLP glass samples make them an ideal candidate as a red light-emitting
constituent in W-LEDs.

5.3.6. PL decay analysis:

PL decay profiles for Pr¥* doped BZLP glass samples have been documented at A,, = 445 nm
and A,,, = 604 nm and shown in Fig. 5.10. The curves follow an exponential behaviour. The
most proper fitting was attained for the bi-exponential function given by relation 1.17 in chapter

1 Click or tap here to enter text.

0.5.10: PL decay curves of Pr3* doped BZLP glasses with varying the doping concentration
from 0.01 to 2.50 mol% under 445 nm excitation and emission at 604 nm.

. The average (74y4) decay time for Pr3* doped BZLP glass samples was assessed with the help
formula 1.18 given in chapter 1 Click or tap here to enter text.

The 74,4 recorded decay profile of all glass samples was depicted in Table 5.7.
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Table 5.7. Experimental lifetime (texp) (1s), radiative lifetime (tr) (M), quantum efficiency
(n), and non-radiative decay rates (Wnr) (s *) for Pr3*ions in BZLP glasses.

Sample Texp (US) R(US) M (%) WNhR
BZLP: 0.01Pr 91 253 35.96 7036
BZLP: 0.05Pr 89 156 57.05 4825
BZLP: 0.1Pr 87 90 96.66 383
BZLP: 0.5Pr 86 150 4961

57.33
BZLP: 1.0Pr 85 199 42.71 6739
BZLP: 1.5Pr 83 207 40.09 7217
BZLP: 2.0 Pr 80 215 37.20 7848
BZLP: 25 Pr 75 217 34.56 8725

The average decay time decreased with an increase of Pr3* ions in the glass lattice. This is due
to reduced distance between the Pr* ions there by enhancing the non-radiative energy transfer.
The estimated average decay time for BZLP:0.1Pr was 7,4,,, = 2.57 ms which reduced to 7,4
= 1.23 ms for BZLP:2.50 Pr glass. From Table 5.7, it is seen that 7,,,, values are less than 7.
This small variation between t.,,, and tx values arise due to multi phonon relaxation process.
In this case 7., , Tz and non-radiative decay rate (Wnr) are related by equation 3.4 given in

chapter 3
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Table 5.7. contains the Wnr values t determined using the aforementioned equation. Another
crucial factor utilized to assess the luminescence intensity of reported glasses is the quantum
efficiency (n %). By calculating the ratio between z.,,, and 7, quantum efficieny for prepared
glasses has been estimated and presented in Table 5.7. It is evident from Table 5.7 that up to
0.1 mol% (BZLP:0.1Pr) glass, the value of n) % rises and after that declines with increasing Pr*
ions concentration. Furthermore , Table 5.8 represents the comparison between several radiative

parameters with the other reported glasses in literature [237,240,241].

Table 5.8 Comparison of emission characteristics parameters like effective band widths
(A2p)(nm), measured branching ratio ( Sz) and stimulated emission cross-sections (o, X 1022

) (cm?) of transition 'D2—3Ha in different Pr3* doped glasses.

Name of the sample Ap Br Ose n (%) References
BZLP: 0.01Pr 18.67 0.2479  29.20 35.96 Present work
BZLP: 0.05Pr 1890  0.2154  39.13 57.05 Present work
BZLP: 0.1Pr 19.54 0.1806  53.42 96.66 Present work
BZLP: 0.5Pr 16.01 0.1940 41.21 57.33 Present work
BZLP: 1.0Pr 14.97 0.2146 35.45 42.71 Present work
BZLP: 1.5Pr 14.50 0.2080 32.71 40.09 Present work
BZLP: 2.0 Pr 14.19 0.1760 26.97 37.20 Present work
BZLP: 25 Pr 15.63 0.1742 23.50 34.56 Present work
0.1 Pr:NaAIGdP 16.50 0.82 2764 78 [248]
ZNBBP-1 26.48  0.34 16.49 - [249]
LiPbAIBPr 1.0 1809 041 46.1 86 [237]

It has been observed that stimulated emission cross section of the Pr3* BZLP doped glasses
have larger value than other reported glasses [241,242] and are comparable with that of Pr*

doped LiPbAIB glass reported by Nisha et. al [234] . From the data in Table 5.8, BZLP:0.1Pr
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glass had the best quantum efficiency and stimulated emission cross section as compared to
other reported glasses. Therefore, under 445 nm excitation, BZLP:0.1Pr glass is most suited for

lasing emission in the reddish orange region.

5.3.7. Temperature-dependent PL (TD-PL) characteristics:

Thermal stability is one of the vital requirements of the luminescent materials for utility in W-
LEDs applications. So, using the temperature dependent-photoluminescence (TD-PL) spectra,
the thermal stability of the prepared glass samples was examined. The TD-PL spectra were

reported at excitation wavelength of 4., = 445 nm as presented in Fig. 5.11.

BZLP:0.10Pr
A =445 am 'D, N,

Intensity (arb, units)

L LS

.
550 575 600 625 650 675
Wavelength (nm)

Fig.5.11. TDPL spectra of optimized BZLP:0.10Pr glass with temperature varying from 27 °C

to 200 °C under 445 nm excitation wavelength.
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It is evident that with an increase in temperature from 300 K to 473 K, PL intensity diminishes
gradually but the spectral shape/peak position is unaffected. Further, the activation energy (4E)

was evaluated using the equation 3.5 given in chapter 3

The value of AE was assessed via the slope of the linear fitted plot between In((lo/lT)-1) and
1/KgT as shown in Fig.5. 12 [243]. The activation energy was found to AE = 0.175 eV for
BZLP:0.1Pr glass. Inset plot of Fig.5.12 reveals the PL intensity reduced from 88.12 % at 423

K to 82.61 % at 473 K, which shows that glass samples have brilliant thermal stability.
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Fig.5.12. Graph between In[(lo/I7)-1] and (1/KgT) for BZLP:0.10Pr glass. The inset plot shows
the decrease in relative emission intensity with rise in temperature from 27 °C to

200 °C.

5.4. Conclusions:

Trivalent praseodymium doped BZLP glass samples were synthesized through melt quenching

route and their structural, physical and optical properties were studied for utility in luminescent
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device applications. The diffraction pattern confirmed the unstructured and nonexistent
crystalline character of host glass. Absorption spectra showed several bands in ultraviolet,
visible and infrared regions. The indirect optical bandgap was estimated using Tauc’s plot for
each glass and was found to be in the range 3.48-4.07 eV. Using J-O parameters derived from
the absorption spectrum, several radiative parameters were assessed for the reported
fluorescence peaks of Pr¥* ions in BZLP glass samples. The PL spectra at 445 nm excitation
shows prominent emission peak at 604 nm due to ‘D, —3Hs transition of Pr®* ions. Beyond
0.10 mol% of Pr3* ion concentration, quenching effect is observed due to dipole-dipole type of
interaction between the dopant ions as confirmed by the Dexter plot. For the transitions
1D,—3H4, stimulated emission cross-section, branching ratios and quantum efficiency were
assessed. The CIE coordinates for the as prepared glasses fall in deep-red region. The average
lifetime values at Aex = 445 nm for 604 nm emission were observed to decrease with an increase
in Pr¥* ion content in BZLP glasses. The TD-PL study shows that the glass has an excellent
thermal stability with activation energy AE = 0.175 eV. After analyzing the several evaluated
radiative parameters, it was revealed that amongst all the Pr3* doped BZLP glass samples,
BZLP:0.1Pr glass can be used as a deep red-emitting component in blue pumped white LED

and other luminescent device applications.
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CHAPTER 6
SUMMARY AND FUTURE SCOPE OF THE WORK

(rhe current chapter provides a summary of the general research effort given in this
dissertation as well as the specific conclusions reached from the findings. This chapter also

explores how the current work might be expanded upon and utilized going forward to guide

new lines of investigation.

6.1. Summary:

The present researchers working in the field of glass science & technology the scholar has
prepared variety of glasses using the numerous glass formers along with network formers and
studied their spectroscopic properties. Among various glass formers, phosphate is one of the
suitable glass formers owing to distinctive properties like clear visibility in the wide-ranging
spectrum, softening, less melting temperature, high thermal stability, high RE ion solubility and
low dispersion. Phosphate glasses possess various applications in photonic devices but it has
some limitations because of its hygroscopic nature and poor chemical stability. To overcome
these limitations, network modifiers (BaO, Li20) and intermediate (ZnO) have been added to
the host glass, which can increase chemical stability and reduce thermal expansions. Moreover,
ZnO helps to overcome hygroscopic nature and increases the solubility of RE ions. All the
above-discussed characteristic features possessed by the chemical species P2Os, Li>O, BaO and
ZnO prompted the scholar to prepare a glassy system namely barium zinc lithium phosphate

(BZLP) glass. Phosphate based glasses doped with RE ions are effective in improving the
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luminescent characteristics of a materials to have potential applications in the field of

optoelectronics.

Dy®* activated BZLP glasses are effectively absorbing UV, visible and NIR radiation having
the optical bandgap in the 3.64 - 3.76 eV range. Radiative properties of distinguished glowing
levels of Dy** ions in BZLP glasses were measured through J-O parameters. The PL spectra of
BZLP glasses reveal three sharp peaks, out of which yellow emission (575 nm) was the more
intense as compared with blue, and red emission under 350 nm excitation wavelength. The
decay curves show the exponential in nature. The calculated CIE coordinates are in good
approximation with standard white light points (0.33, 0.33) of equal energy and lie in the visible
region. The values of CCT of BZLP glasses fall in the bright white light and make them suitable
for w-LEDs. Relatively high activation energy BZLP glass doped with 1.5 mol% of Dy®* ion
concentration measured from the recorded TD-PL spectrum reveals excellent thermal stability
for it. From the various calculated radiative parameters especially quantum efficiency and
stimulated emission cross-section, it was summarized that among various Dy®* activated BZLP
glasses, ( the one with 1.5 mol% of Dy** ion concentration) is quite suitable for the fabrication

of visible photonic devices such as yellow lasers and w-LEDs.

The XRD pattern recorded for Th** doped glasses confirmed their glassy nature. UV- vis spectra
were employed to estimate the energy band gap for Th®* doped BZLP glasses via Tauc's plot,
which is found in the range of 4.57-4.19 eV. The dominant emission attributed to the °Ds—'Fs
transition gave the intense green emission at 542 nm under 373 nm excitation wavelength. All
the evaluated coordinates were situated in the green region of the CIE diagram. The
chromaticity coordinates for BZLP glass with 0.5 mol% of Tb** ions show CIE coordinates

(0.309, 0.597) which matches well with green emitting standard data. The PL decay profiles
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of Th®" doped BZLP glasses are found bi-exponential in nature. A significantly slighter decrease
in emission intensity with rising temperature and the high activation energy value (0.161 eV)
suggests that the prepared glasses have good thermal stability. The above-mentioned
characteristics indicate the suitability of Tb®* doped BZLP glasses for green color emitting
components useful in various photonic device applications such as display devices and w-

LED:s.

Trivalent praseodymium doped BZLP glass samples were synthesized through melt quenching
route and their structural, physical and optical properties were studied for utility in luminescent
device applications. The diffraction pattern confirmed the unstructured and nonexistent
crystalline character of host glass. Absorption spectra showed several bands in ultraviolet,
visible and infrared regions. The indirect optical bandgap was estimated using Tauc’s plot for
each glass and was found to be in the range 3.48-4.07 eV. Using J-O parameters derived from
the absorption spectrum, several radiative parameters were assessed for the reported
fluorescence peaks of Pr* ions in BZLP glass samples. The PL spectra at 445 nm excitation
shows prominent emission peak at 604 nm due to D, —3H4 transition of Pr®* ions. Beyond
0.10 mol% of Pr3* ion concentration, quenching effect is observed due to dipole-dipole type of
interaction between the dopant ions as confirmed by the Dexter plot. For the transition
'D,—3Ha, stimulated emission cross-section, branching ratios and quantum efficiency were
assessed. The CIE coordinates for the as prepared glasses fall in deep-red region. The average
lifetime values at Aex = 445 nm for 604 nm emission were observed to decrease with an increase
in Pr* ion content in BZLP glasses. The TD-PL study shows that the glass has an excellent
thermal stability with activation energy AE = 0.175 eV. After analyzing the several evaluated

radiative parameters, it was revealed that amongst all the Pr®* doped BZLP glass samples,
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BZLP:0.1Pr glass can be used as a deep red-emitting component in blue pumped white LED

and other luminescent device applications.

6.2. Future scope of the work:

1. The host glasses are improved for better photonic device application by altering the
alkaline and alkaline-earth metals.

2. To investigate the energy transfer processes between the sensitizer and activator
incorporated into phosphate glass hosts and thereby to measure quantum efficiency

3. By applying heat to various phosphate glasses over varying lengths of time at a
temperature slightly below the glass transition point, glasses may be converted into
glassy ceramics and studied their radiative properties.

4. Fabrication of proto type LED devices utilizing appropriate technology to assess the

usability of the produced glasses in real-world situations.
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